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Basic study for gas cleaning using discharge and electrophoresis
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Abstract

A NOx removal method using discharge plasma and electrophoresis for exhaust control was studied. The 65–50% of NO was oxidized to
NO2 or HNO3 by the discharge plasma with specific input energy of 45 J/l. The electrophoresis was carried out to concentrate the NO2 or
HNO3 adsorbed on the adsorbents. As a result, 80% of the adsorbed nitrate ions were found in the anode region. A combination of molecular
sieve pellets of 13X and glass fiber cloth was tested for the collection of nitrate ions. The ability of simultaneous concentration of nitrate ions
and sulfate ions using electrophoresis was examined.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Specific input energy; NOx storage reduction; Electrophoresis

1. Introduction

NOx (NO and NO2) from diesel engine causes air pol-
lutions and health problems. Several effective catalytic
processes for NOx removal have been under development.
For gasoline engines, three-way catalyst and NOx storage
reduction (NSR) catalyst have been widely used[1,2].
These catalytic processes, however, require high tempera-
ture and low oxygen concentration, and are not effective
for diesel exhaust containing more than 10% of oxygen. At
the present stage, the reductive removal of NOx from the
diesel engine is still very difficult because of the following
reasons: (1) high concentration of oxygen results in the
oxidative reaction; (2) the activity of the catalysts is easily
hampered by fine particle and SO2.

The discharge plasma promotes oxidation even at room
temperature and has a high efficiency for collection of car-
bon soot. Recently, NO oxidation without noble metals and
the simultaneous removal of NOx and DEP have been under
investigation[3–6]. Furthermore, the combination of dis-
charge plasma and catalysts or adsorbents has been devel-
oped for reductive removal of NOx [7–11]. Reduction of
NOx in the presence of excessive oxygen, however, is still
difficult. Some researchers reported that the reduction of
NOx by N radical is negligible when the oxygen concentra-
tion is larger than 3.6%[12].

If the adsorbed NOx is separated and concentrated in a
low oxygen region, the reduction of NOx would be easier.
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In our previous study, a NOx removal method using dis-
charge plasma and electrophoresis was proposed for diesel
exhaust[13]. Using electrophoresis, the initial adsorbing ca-
pacity of the adsorbents was recovered by separating and
concentrating the adsorbed nitrate ions in anode region. The
concentrated nitrate ions can further be decomposed, e.g.
by discharge with reductive agent such as ammonia, etc. In
this work, the concept of concentrating nitrate ions outside
the adsorbing section for reduction has been investigated.
For this purpose, combination of molecular sieves’ 13X for
NOx adsorption and glass fiber cloth for the concentration
of ionic species was tested.

SO2 in diesel exhaust hampers the performance of the
conventional catalyst. If SO2 is oxidized on the catalyst and
removed from the adsorbing section, activity of catalysts
can be maintained. In this work, the ability of simultane-
ous concentration of nitrate ions and sulfate ions using elec-
trophoresis has been studied.

2. Experimental

2.1. Reactor

The experimental setup is schematically depicted inFig. 1.
Detail of the reactor is shown inFig. 2. The reactor consists
of the following two parts:

(1) Discharge reactor. The discharge reactor was employed
to oxidize NO to NO2 by dielectric barrier discharge
plasma. It consisted of a tungsten needle of 0.5 mm
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Fig. 1. Schematic diagram of the experimental setup.

in diameter serving as the high voltage electrode and
an aluminum sheet of 150 mm length wrapped around
a 12 mm diameter quartz glass tube as the ground
electrode.

(2) Adsorption cell for electrophoresis. The adsorption cell
was used for the adsorption of NO2 and the separation
of the nitrate ion. The cell was made of a quartz glass
tube of 26 mm in diameter.�-Al2O3 pellets of 2–3 mm
diameter (Sumitomo Chemical Co.) were used in this
experiment. A combination of molecular sieves’ pellets
of 1–2 mm diameter (13X-Na2O, Union Showa) and
glass fiber cloth (I&I Material Co.) was used as adsor-
bent materials for the comparison with�-Al2O3. The
glass fiber cloth is mainly composed of Al2O3 (47.1%)
and SiO2 (52.3%). A plate type platinum electrode and
a plate type copper electrode were used as an anode
and a cathode, respectively, and set on the ends of the
cell. Separation of the adsorbed nitrate ions was made
using a dc voltage applied to the electrodes.

2.2. Experimental conditions

The gas mixture of NO, O2 and N2 was adjusted using the
mass flow controllers (Kofloc Co.). The reactor was driven

Fig. 2. The reactor.

Fig. 3. Electrical circuit of the high voltage power supply.

by a square wave high voltage (peak voltage 20 kV, fre-
quency 120 Hz) to generate a non-thermal pulsed discharge
plasma. The electrical circuit of high voltage power supply
is shown inFig. 3. The specific input energy (SIE) was 45 J/l
in this experiment. The input power was measured using a
digital power-meter (Yokogawa, 2534).

The sequence of NOx oxidation, adsorption, and elec-
trophoretic separation are as follows: 30 min after starting
the gas flow and plasma application in the discharge reac-
tor, the pulsed plasma was turned off and the gas flow was
stopped. Eighteen millilitres of NaOH solution (0.2N) was
injected to the adsorption cell using a syringe to increase
the conductivity. Subsequently, the electrophoresis was car-
ried out for 40 min. Temperature of the adsorption cell was
measured using an infrared thermometer during the elec-
trophoresis and remained within 70–90◦C. After 15 min of
electrophoresis, the valves V1 and V2 were opened and the
adsorbents were dried out for 25 min by feeding the nitro-
gen gas with 2 l/min at 150◦C. During this drying process,
the nitrate ions concentrated in the adsorption cell were re-
leased and as nitric acid in the outlet gas collected by two
dehumidifiers D1 and D2. Temperature of the gas and the
adsorbent during the sequence was controlled using a rib-
bon heater. The sequence was repeated three times. To start
the electrophoresis with equal amount of solution in the
adsorption cell, 16 and 13 ml of pure H2O were injected
into the adsorption cell instead of NaOH solution in the
second and the third cycle. The variations of the injected
H2O amounts were caused by the residual water of the
former injection. NO and NOx concentrations were moni-
tored by a NOx meter (Horiba, PG250) during the whole
experiment.

The reactor used in this experiment was divided equally
into four sections (A–D from cathode to anode) and pel-
lets in each section were analyzed separately. They were
washed with 100 ml of de-ionized water for 20 min us-
ing an ultrasonic cleaner to extract the ions adsorbed on
the pellets. The extraction process was repeated to wash
out the nitrate ions completely. The solution extracted as
well as the solutions collected by D1 and D2 dehumid-
ifiers were analyzed by an ion chromatography (Dionex
DX-120).
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3. Results and discussion

3.1. Reactivation of the adsorbents

The recovery of adsorbing capacity was confirmed by the
monitoring the gas phase NO and NOx concentrations. The
sample gas contained 350 ppm NO and 10% of O2 in N2.
Gas flow rate was 2 l/min. The adsorbing cell was packed
with the�-Al2O3 pellets of 2–3 mm diameter in this exper-
iment. The time-lapse change of NO and NOx concentra-
tions during the experiment is shown inFig. 4. During the
first 30 min, 65–50% of NO was oxidized to NO2, and more
than 95% of NO2 was adsorbed by the�-Al2O3 adsorbents.
Eighteen millilitres of the 0.2N NaOH water solution was
injected into the adsorption cell in the 30th minute and elec-
trophoresis started. After 15 min of electrophoresis N2 gas
was fed into the reactor to dry the catalyst pellets. NO and
NOx in the gas phase were not detected, which suggests
that desorption of NOx was negligible. After the drying pro-
cedure, the second cycle of the sequence was started. The
concentrations of NO and NOx in the second cycle of the
plasma oxidation were lower than that in the first cycle. The
lower concentration of NOx can be ascribed to a chemical
reaction between NOx and NaOH in addition to the physical
adsorption.

The NO and NOx concentrations in the third cycle were
similar to those in the second cycle, despite only 13 ml of the
de-ionized water was injected into the adsorption cell. This
result indicates that the initial adsorbing characteristics were
recovered by the electrophoresis. The nitrate ions were swept
to the anode side of the adsorption cell, and the sodium ions
were concentrated near the cathode by the electrophoresis.
The adsorption of NO2 mainly takes place near the cathode
side because the main gas flow passes the cathode region
in this experiment. Therefore, the activity of the adsorbents
can be kept high using this method.

Fig. 4. The time-lapse of NO and NOx concentrations during the experi-
ment (O: process of NO oxidation using discharge plasma, E: movement
of nitrate ions using electrophoresis, D: drying of the adsorbents and
collection of adsorbed ions. Electrophoretic voltage: 100 V).

Fig. 5. The distribution of nitrate ions after each cycle.

3.2. Adsorption and desorption of nitrate ions

For the ion distribution analysis, a cycle consisting of
(a) 30 min for oxidation of NO and adsorption using dis-
charge plasma, (b) 15 min for electrophoresis to move the
nitrate ions, and (c) 25 min for drying of the adsorbents was
repeated three times. The amount of nitrate ions (NO3

−,
NO2

−) contained in each section of the cell (A–D) and the
dehumidifiers (D1 and D2) were measured after each cycle.
The distribution of nitrate ions is expressed as a ratio of ni-
trate ions in a given section to the total amount of nitrate
ions in all sections. It is obvious that most of the nitrate ions
were concentrated in the area D and the dehumidifier D2 in
each cycle, as shown inFig. 5. This result indicates that the
adsorbed nitrate ions were driven from the cathode side to
the anode side by the electrophoresis and stored as HNO3 or
HNO2. The acids are evaporated during the drying process,
and collected by the dehumidifier.

Furthermore, the amount of nitrate ions in D2 increased
with the number of cycles, but decreased in the section D. For
example, only about 0.01 mmol of nitrate ions was collected
by D2 in the first cycle, compared with 0.21 and 0.5 mmol
in the second and the third cycle, respectively. The result in-
dicates that the adsorbents in the section D, where most of
the nitrate ions are concentrated, cannot store more nitrate
ions when the concentration exceeds a certain limit. In such
case the excess amount of the nitrate ions can be easily des-
orbed from the adsorbent and collected by the dehumidifier
during the drying process. In contrast to the removal of the
nitrate ions from the reactor, more than 90% of the injected
sodium ions still remained in the adsorption cell until the
experiment finished.

3.3. Comparison ofγ-Al2O3 with combination of molecular
sieves’ 13X and glass fiber cloth (combined absorbents)

The section A and B of adsorbing cell were packed with
13X pellets, and the sections C and D were packed with glass
fiber cloth. The results were compared with those of a reactor
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Fig. 6. The NOx adsorption by�-Al2O3 and mixed materials. (Elec-
trophoretic voltage: 100 V).

uniformly packed with�-Al2O3. The molecular sieves 13X
were used due to their better efficiency for NOx adsorption
and electrophoresis compared with�-Al2O3, reported by
our previous study[13]. The reason for packing the other
two sections (C and D) with the glass fiber cloth was the
possibility of easier retrieval of the concentrated nitrate ions
from the glass fiber cloth compared to the porous materials
of 13X and�-Al2O3.

Fig. 6 shows the NOx adsorption characteristics in time.
The result indicates that the NOx adsorption is better with
the combined absorbents. The electrical resistance of the
adsorption cell during the electrophoresis and the drying
process was evaluated for both cases:�-Al2O3 and the
combined absorbents (in the latter case pure water was used
instead of NaOH solution). The results are shown inFig. 7.
Using the combined absorbents, the resistance decreased
to about one third. In this case the energy efficiency of the
electrophoresis can be improved.

The efficiency of the collection of nitrate ions depended
on the absorbent material. Comparison of the distribution of
nitrate ions for the�-Al2O3 and the mixed materials is shown
in Fig. 8. About 0.038 mmol of nitrate ions were collected
by D2 when the mixed adsorbents were used, higher than

Fig. 7. The time-lapse of resistance of the adsorption cell. (Electrophoretic
voltage: 100 V).

Fig. 8. The NOx adsorption characteristics for�-Al2O3 and mixed mate-
rials. (Electrophoretic voltage: 100 V).

in case of the�-Al2O3. It indicates that the glass fiber cloth
has a lower adsorption ability of nitrate ions, compared to
porous�-Al2O3.

3.4. Separate concentration of nitrate ions and
sulfate ions

The ability of simultaneous concentration of nitrate ions
and sulfate ions was examined by monitoring the time
change of the concentration of gas phase NO/NOx and SO2.
The sample gas contained 360 ppm NO, 200 ppm SO2 and
10% of O2 in N2. Gas flow rate was 2 l min. The molecular
sieves 13X was used in this experiment. The time-lapse
change of NO/NOx and SO2 concentrations during the ex-
periment are shown inFig. 9. Almost 100% of SO2 was
adsorbed on the 13X. The amount of nitrate ions and sulfate
ions were measured after 15 min of the electrophoresis, and
the distributions are shown inFig. 10. The result shows that
almost 50% of SO42− was concentrated in the section C,
and 70% of NO3− was concentrated in the section D. This
result indicates that the nitrate ions and the sulfate ions can
be separated and concentrated in different section.

Fig. 9. NO/NOx and SO2 adsorption characteristics.
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Fig. 10. Distribution of nitrate ions and sulfate ions.

4. Conclusion

The removal of NOx and SO2 using the pulsed discharge
plasma and the electrophoresis has been experimentally in-
vestigated using the simulated gas. The following conclu-
sions were obtained:

(1) Activity of the adsorbents can be restored by the elec-
trophoresis.

(2) The adsorbed nitrate ions can be concentrated near the
anode. The concentrated nitrate ions can be retrieved
from the adsorbents during the drying process and col-
lected by dehumidifier.

(3) The efficiencies of NOx adsorption, electrophoresis and
collection by dehumidifier by using the combination of
the molecular sieves 13X and glass fiber cloth were
higher than those of the�-Al2O3.

(4) Nitrate ions and sulfate ions can be concentrated at dif-
ferent section of adsorption cell. This result suggests

that the selective removal of nitrate ions and sulfate ions
is possible.
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