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Abstract—A flow process with electron beam (EB) irradiation carried out the removal of NO in air by adding micro-
wave (MW) to improve the removal efficiency of NO. The EB irradiation combined with MW irradiation was very
effective in the range of NO removal efficiency of 70-80% and reduced required doses up to more than 30%, com-
pared to the flow process without MW. On the other hand, MW irradiation was unlikely to affect the NO removal above
90% of removal efficiency. In addition, MW effect appeared definitely in the dose ranges of 8-24 kGy, whereas the
effect became minor below 8 kGy and above 24 kGy. This study found that MW irradiation can play an auxiliary role
in NO removal with EB irradiation and the effect of MW on the NO removal is based on an intrinsic kinetic to the
exclusion of a thermal effect. The concentrations of removed NO could be linearly correlated as AC=k[NO],+k,. Where,
k was proportional to dose and k, could be related to k,/D"=aD+b, giving n value of 0.7 without MW irradiation and

0.4 with MW irradiation, respectively.
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INTRODUCTION

Main sources of air pollution are fine particles, hydrocarbons,
sulfur dioxide, nitrogen oxides, etc. Of these pollutants, emissions
of SO, and NO, are regulated in many countries because the com-
pounds can cause respiratory ailments. Moreover, SO, and NO, in
air can generate sulfuric acid and nitric acid, which cause the for-
mation of acid rain that is eventually damaging to soil, surface waters,
plants, etc. The acid rain can cause metals to leach from surround-
ing soils into the underground water system, ultimately destroying
the ecosystem.

Over the last few decades, extensive work has been carried out
for utilizing radiation technology for environmental remediation.
This includes application of radiation technology for simultaneous
removal of sulfur dioxide and nitrogen oxides from flue gases, puri-
fication of drinking water and waste water purification and hygien-
ization of sewage sludge for use of agriculture.

Many researchers have studied to remove SO, and NO, in flue
gas by means of electron beam (EB) radiation technology. This tech-
nology, called electron beam dry scrubbing (EBDS), has been de-
veloped due to several merits, such as simultaneous removal of SO,
and NO,, dry process, and no discharge of any wastes. It has been
well known that NO can be converted into nitric acid by oxidizing
it with OH radical, which was produced by a water radiolysis with
electron beam irradiation, and the nitric acid reacts with ammonia
eventually to produce ammonium nitrate (NH,NO;) under electron
beam irradiation. The ammonium nitrate is a white colored fine par-
ticle that can be used as a fertilizer.
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The EDBS process was first developed by Tokunaga et al. [1,2]
in Japan. The EBDS process has been implemented by commer-
cial scale in China [3], Japan [4] and Poland [5]. However, it isn’t
yet widely applied in industrial plants compared to conventional
processes such as wet gas desulfurization for SO, removal and se-
lective catalytic reduction for NO, removal. The main reason is that
EBDS requires high energy consumption for NO, removal, even
though the removal SO, with EBDS requires low energy consump-
tion [6-8]. Higher energy consumption in EBDS process needs more
units of EB accelerators [9]. A large number of accelerators installed
may cause a difficult operation of sequent accelerators as well as
an increase of total investment cost.

Several researchers have persevered in their efforts to increase
removal efficiencies of both NO, and SO,. Of those, it was found
that the microwave (MW) irradiation system combined with elec-
tron beam was effective to increase NO, removal efficiency remark-
ably [10-14]. In these studies, the role of microwaves was to generate
non-thermal plasmas that were capable of forming several radicals
leading to purification of flue gases. Ighigeanu et al. [10,11] found
that a simultaneous irradiation of EB and MW could reduce the re-
quired dose of EB at 80% removal efficiency of NO, more than
two times compared to EB irradiation, where the initial concentra-
tions of SO, and NO, were 2,000 ppm and 730 ppm, respectively.
Also, according to Radoiu et al. [12,13], the simultaneous treat-
ment with EB and MW irradiations was found to reduce the total
required dose with around 30% at the concomitant removal of NO,
(around 80%) and SO, (above 95%).

This study tried to investigate what the main role of MW is in
the removal process of NO with irradiation of EB and how the effect
of MW is dependent on both initial concentration of NO and ab-
sorbed dose of EB. In addition, the equation to predict the removal
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amount of NO was derived by correlating with dose and initial con-
centration of NO, in simultaneous irradiation process of EB and
MW as well as in EB irradiation process.

EXPERIMENTAL

1. Equipment for NO Removal

A high voltage electron beam accelerator with maximum beam
energy of 0.7 MeV and a maximum beam current of 35 mA (ELV-
0.5, BINP, Russia) was used to produce an accelerated electron beam
as an energy source for removal of NO.

Equipment for NO removal in air mixture (Fig. 1) was com-
posed of consecutive several units: a flow control unit of inlet gases
(NO, air, water, and ammonia or ammonium hydroxide), tempera-
ture control unit for gas flow streams, reactor with simultaneous
irradiation system of both EB and microwave (MW), cooling sys-
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tems in reactor and microwave generator, collector of fine particles
with cotton filter, and analyzer of gaseous components. Inlet gas
mixture was synthesized by using 1 vol% of NO in nitrogen, air,
1 vol% of NH; in nitrogen, and pure water. The gas compositions
were controlled by three mass flow controllers (1179A, MKS In-
struments INC). Water content in gas mixture was controlled by 1
to 3 vol% with a syringe pump (KASP005/150T, Keun-A Mecha-
tronics), and the water was evaporated in the evaporator that was
positioned just at the front of the reactor. The evaporator was con-
trolled at 120 °C by means of an electrical heating device with PID
controller. All gaseous mixtures were electrically preheated by pass-
ing inside of 3/8" stainless steel tube with electrical heating device
and PID controller, and the inside of the tube was filled with glass
beads. Main flow rate of inlet gas was 5 liter/min (0.3 m*/hr). Fine
particles of ammonium nitrate produced were collected by means
of a cylindrical cotton filter inside filled with a ball of thread.
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Fig. 1. Schematic diagram of apparatus for NO removal with simultaneous irradiation system of electron beam and microwave.
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Fig. 2. Drawing of reactor with microwave generation system.
1. AC Detector 4. Power supplier 7. Dummy load 10. Water jacket

5. Controller
6. Circulator

2. Wave guide launcher
3. Magnetron
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8. Power meter
9. Teflon plate

11. EB window with titanium foil
12. Air jet stream
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Table 1. Specifications of magnetron used for generating micro- 1.0
wave i A 300 ppm without MW

Power rating (W) 700-900 05 A 300 ppm with MW

Cathode voltage (V) 4,100 ° v 500 ppm without MW

Anode current (mA) 300 0.4 v 500 ppm with MW

Heater voltage (V) 33 o v © O 900 ppm without MW

Current (A) 11 =z ® 900 ppm with MW

= 03 A v
Antenna (mm) 30 o PY
Frequency (GHz) 2.465 = * o
= 02
A ® ©
v
The EB-absorbed energy of gas mixture, dose, was controlled 0.1 1 2 3
by changing beam current at a given flow rate of inlet gas. The ab- 2 ;
sorbed dose is proportional to the beam current and inversely pro- 0.0 ‘ ‘ r
portional to flow rate. Compositions of NO in both influent and ef- ' 0 10 20 30 40
fluent streams were monitored by a flue gas analyzing instrument
. N v & e gas analyzing Dose (kGy)

(Ecom®-$" GA30136, Ecom®-America Ltd.).
2. Microwave Wave Irradiation System

Fig. 2 shows the EB-reaction system combined with microwave
generator. Reactor wall was made of stainless steel (SUS 304). Reac-
tor walls were equipped with water jackets to prevent overheating
from EB irradiation. Reactor window was covered with 40 pum thick
titanium foil, and electron beams irradiated into the reactor through
the window. The titanium foil was cooled by a high flow rate of
air-jet stream that was supplied from a 10 hp air compressor. The
titanium window was surrounded by an aluminum target with water
cooling jacket to protect the reactor from overheating by EB irradia-
tion.

Microwaves generated from magnetron were guided into the reac-
tor through a copper waveguide. Teflon plate of 5 mm thickness
was positioned at the end of waveguide, to prevent gases from enter-
ing into the microwave generator. The waveguide was equipped
with a circulator, which was able to suppress possible damage of
magnetron due to the reflected microwaves from reactor walls. The
circulator with a permanent magnet is capable of tuming the reflected
microwaves to water absorber (Dummy load) positioned at right-
angle for the waveguide. Microwave power was controlled by chang-
ing the input voltage of magnetron of 175 to 210 volts. The mag-
netron could not generate microwave radiation below 175 volts.
Table 1 shows the features of the microwave generator.

RESULTS AND DISCUSSION

1. Effect of Microwave on NO Removal

Fig. 3 shows that the microwave irradiation could have a syner-
gistic effect on NO removal in combination with electron beam ir-
radiation. Where, NH; was added by a stoichiometric amount based

Fig. 3. Effect of microwave on NO removal under electron beam
irradiation (|[NH,],/[NO],=1; water=1%; input voltage of
microwave=210 V; gas flow rate=5 liter/min, reaction temp.
=70 °C).

on the initial molar concentration of NO ([NH,],/[NO],=1), and the
water was added by 1vol% in total flow rate. Additional irradia-
tion of microwave could considerably accelerate the removal effi-
ciency of NO regardless of inlet concentrations of NO: 8 kGy of
absorbed energy (dose) without microwave irradiation gave 77%,
70%, and 63% of removal efficiencies for 300 ppm, 600 ppm, and
900 ppm of initial concentration of NO, respectively, whereas the
removal efficiencies at the same dose with 210 volts of input micro-
wave were 84%, 77%, and 73% for the corresponding NO con-
centrations, respectively.

In Table 2, the required doses at target removal efficiencies were
estimated by interpolating the experimental data in Fig. 3. Since
the removal rate of NO (F) is inversely proportion to the dose, the
percent removal rate (AF) is correlated with the dose as in the fol-
lowing equation:

F=(F i sew= Frsitone s ) Fosihoue s 100
=(I/D i st= 1D sions i) 1D v 100

:(Dwilhz)ul wv— Do MW)/DW,',/, A< 100

For example, 80% of removal efficiency at 300 ppm NO required
9.8 kGy without microwave irradiation and 6.7 kGy with micro-
wave irradiation. Therefore, microwave irradiation could set to in-
crease the removal rate by 43.6%. In conclusion, in the NO concen-
tration range of 300-900 ppm, microwave irradiation increased the
removal rate by 40.4-154.0% at 70% of removal efficiency and it

Table 2. Predictions of required doses at target removal efficiencies from experimental data in Fig. 3

70% removal

80% removal

90% removal

[NO],, ppm

300 500 900 300 500 900 300 500 900
Without MW 63kGy 8.0kGy  16.0kGy 9.8kGy 14.0kGy 21.6kGy 16.0kGy 24.0kGy  36.0kGy
With MW 40kGy 5.7kGy 6.3 kGy 6.7kGy  10.5kGy  13.7kGy 140kGy 229kGy  36.0kGy
F* (%) 57.5 404 154.0 46.3 333 57.7 14.3 4.8 0

*AF=(D 00 s1v=Dhsicn vw) (Drsie ) % 100
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Fig. 4. Effect of microwave input voltage on NO removal under
electron beam irradiation ((NO]=500 ppm; [NH,]=500 ppm;
water=2%; gas flow rate=S5 liter/min, inlet gas temp.=70 °C).

did by 33.3-57.7% at 80% of removal efficiency. On the other hand,
at 90% of removal efficiency, the microwave could little affect the
removal rate of NO.

It has been known that microwave radiation is capable of vio-
lently vibrating polar substances, leading to increasing collisions be-
tween polar and non-polar substances, and eventually accelerating
their reaction rates [15]. Therefore, the removal rate of NO with
microwave irradiation might increase considerably at the existence
of polar substances such as water and ammonia.

Fig. 4 shows the effect of input voltages of microwave, in range
of 175-205 volts, on the removal efficiency of NO under electron
beam irradiation. It was seen that the magnetron could not generate
microwave at input voltage less than 175 volts. The removal effi-
ciency of NO increased with increasing input voltage of microwave:
at 16 kGy and 500 ppm of NO, the removal efficiency was 81%
without irradiation of microwave, but it increased to 85%, 88%,
and 94% for the input voltages of 175 volts, 185volts, and 205 volts,
respectively. In addition, even though the microwave effect definitely
appeared at doses of around 8 to 24 kGy, the microwave effect be-
came a little below 8 kGy and above 24 kGy. These results means
that, in the removal of NO, the microwave could present a syner-
gistic effect only in combination with electron beam and it does not
have removal ability by itself.

2. Effect of Temperature on NO Removal

By microwave irradiation, the temperature of polar substances
rises rapidly by vibrating their molecules violently. This study exam-
ined whether NO removal efficiency might be affected by such ther-
mal effect. Fig. 5 shows that, at 70 °C of inlet gas temperature, elec-
tron beam irradiation increased the gas temperatures in the reactor
from 73 °C to 99 °C with increasing doses from 4 kGy to 80 kGy,
but microwave irradiation could not bring about additional temper-
ature rise. Fig. 6 shows that inlet gas temperatures that ranged from
60 to 90 °C hardly affected the removal efficiency of NO. The re-
moval efficiency was nearly independent of inlet temperature at
16 kGy but it tended to slightly drop above 80 °C at 8 kGy. From
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Fig. 5. Changing of gas temperature in reactor with irradiated dos-
ages (INO]=500 ppm; water=2%; gas flow rate=5 liter/min;
input voltage of microwave=205V, 70 °C).
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Fig. 6. Effect of inlet gas temperature on NO removal efficiency
without irradiation of microwave ([INO],=500 ppm; [NH;],=
500 ppm; water=1%).

Fig. 5 and Fig. 6, it can be concluded that the high removal effi-
ciency of NO with simultaneous irradiation of both EB and micro-
wave arises from their intrinsic kinetics under the exclusion of ther-
mal effect.
3. Effect of Water Contents on NO Removal

Fig. 7 shows the effect of water content on the NO removal. We
could find that, even without water, electron beam irradiation could
considerably remove NO to produce white colored fine powders.
Other studies [16] found the precursor ion, NO', could cluster with
NH; in NO-NH, gas mixture, such as NO'(NH,),. The cluster rapidly
increases up to n=13 and then it becomes nearly a stable structure
with constant size. An electron beam is also capable of producing
NO"ions and forming such kind of cluster even without the exist-
ence of water.
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Fig. 7. Effect of water content on NO removal under simultaneous
irradiation of electron beam and microwave ([NO]=500
ppm; [NH;]=500 ppm; gas flow rate=5 liter/min; input volt-
age of microwave=205 V).

Fig. 7 shows also that the addition of water into NO/NH; gas mix-
ture could accelerate the removal of NO in simultaneous irradiation
of electron beam and microwave. Addition of 1-3% water almost
removed NO near at 40 kGy. However, without addition of water,
the removal efficiency at 40 kGy reached near to 80%.

4. Kinetic Considerations for NO Removal Under Simulta-
neous Irradiation of Electron Beam and Microwave

Many studies have found the removal mechanism of NO with
irradiation of electron beam. Water radiolysis, which can be induced
by irradiating electron beam into water, can produce several kinds
of radicals and ions. The first step in the removal of NO, by elec-
tron beam is to produce the following radicals by a water radioly-
sis in the existence of air [17]. Microwave radiation can accelerate
the water radiolysis since water is a strong polar substance leading
to increasing their collisions considerably.

OZ’ NZa HZO =

Among the radicals, the hydroxyl radical (OH') is the strongest
oxidant. The hydroxyl radical reacts with NO and NO, to generate
HNO, and HNO,;, respectively. Since the OH radical is also a polar
substance, the following reactions can be accelerated by microwave
irradiation.

OH-, O, HO,", N:

NO+OH:-—HNO,, NO,+OH:-—-HNO;,

On the other hand, O- can produce gaseous ozone to react with
oxygen in air. The O- and ozone easily convert NO into NO,, which
is converted to HNO; by reacting with hydroxyl radical. Finally,
the nitric acid is converted to ammonium nitrate by reacting with
gaseous ammonia (or ammonium hydroxide).

HNO;+NH;—NH,/NO; (HNO;+NH,OH—NH,NO;+H,0)

It was found that [18], under electron beam irradiation, a part of
NH, could be oxidized to NH, radical, which reacts with NO and
NO, to produce N,, N,O and H,O. Therefore, it seems that NO, could

be removed apparently, but Fig. 7 indicated that the existence of
water could suppress these reverse reactions, leading to complete
removal of NO.

Since the consecutive reactions include several kinds of polar
substances such as H,O, OH-, HNO;, and NH,, microwave irradia-
tion is likely to accelerate NO removal rate and suppress side and
reverse reactions that may cause the removal efficiency of NO to
decrease. From these considerations, it is estimated that the micro-
wave effect on NO removal is related to an intrinsic kinetic, which
is induced by increasing collisions of polar substances, rather than
a thermal effect.

5. Correlation of the Removed NO with Dose

It was found that the amount of removed NO (AC=[NO],—[NO])
tended to increase linearly with initial concentration of NO, as already
indicated by Chemielewski [19]. Fig. 8 plots such correlation with
experimental data in Fig. 3, showing that the amounts of removed
NO were proportional to influent concentration of NO at each dos-
age. Table 3 shows that, by using a linear regression in SigmaPlot
7 program, k and k, in AC=k[NO],+k, could be correlated with
irradiated doses. Here, k values were proportional to the dose, giving

1000 {1 & 4 kGy (a) Without MW
o 8KGy
8001 ¢ 16kGy
6001 © 24 kGy
o 40 kGy
400
200 -
S
& 0 " "
£ 1000 & 4koy (b) With MW
O .
< 800{ |,
6001 *
L ]
400 -
200 -
0 , : ,
200 400 600 800 1000

[NO], (ppm)

Fig. 8. Linear relationships of the removed NO (AC) with influent
concentrations of NO ([NOJ],) at several doses by using ex-
perimental data in Fig. 3.

Table 3. Estimation of k and k, values with linear correlations in
Fig. 8 by using AC=K[NO],+k,

Dose, Without MW With MW
kGy k k, k k,
4 0.4761 38.8929 0.5661 38.8929
8 0.5575 66.7500 0.6757 48.4286
16 0.6875 66.7500 0.7861 38.8929
24 0.7457 69.4286 0.8361 38.8929
40 0.9057 24.4286 0.9639 6.1071

Korean J. Chem. Eng.(Vol. 26, No. 6)
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Fig. 9. Testing of linear correlation of k,/D"=aD+b.
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Fig. 10. Testing of linear correlations of both k and k,/D" versus
doses with microwave irradiation and without microwave
one.

larger value in microwave irradiation. However, it seems that k,
values could not have any relevance to dose.

To correlate k, with the dose, such correlated equation as k,/D"=
aD+b was tested by changing the n values between 0 and 1 with
increment of 0.1. Fig. 9 plots the coefficient of determination (R?)
in the linear correlation with n values. Higher value of R? is to better
fit the data, in which the best correlation value of * is one. Maxi-
mum values of R* were around n=0.7 (R>=0.96099) without micro-
wave irradiation and around n=0.4 (R*=0.97495) with microwave
one, respectively. In Fig. 10, k and k,/D" versus doses could be plotted
with good linear relationships. Table 4 shows the resultant equa-
tions of k and k, related to the dose.

Fig. 11 compares the calculated AC (AC=k[NO],tk,) with the
experimental AC and shows a good consistency between the two
values. As a result, when a desired dose is suggested, the removal
efficiency of NO can be estimated by means of these equations.
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Table 4. Dependence of dose on k and k, in AC=k[NO],+k,, which
were estimated from straight lines in Fig. 10

Without MW k=1.15186x107 D+0.46256
k,=—0.38480 D'7+16.92923 D*’
With MW k=1.03000x 107> D+0.57606

k,=—0.58647 D'*+24.50170 D**

1000 1 (a) Without MW
800
600 -
] 4 300 ppm
E 400 600 ppm
a 200 - © 900 ppm
e
2 1000 |
3 (b) With MW
S 800 -
2
6001 > 4 300 ppm
400 1 = 600 ppm
200 * 900 ppm
0

0 200 400 600 800 1000
ACexperimental (pp m )

Fig. 11. Comparison of calculated AC with experimental AC.

CONCLUSIONS

Adding microwave irradiation in the NO removal process under
EB irradiation could give a synergistic effect on NO removal. When
the required doses at target removal efficiencies were estimated by
interpolating the experimental data, the removal efficiencies of 70%
and 80% were sensitive to microwave irradiation. On the other hand,
at 90% removal efficiency, the microwave hardly affected the removal
of NO. In addition, the microwave effect definitely appeared in the
dose ranges of 8-24 kGy.

In the course of the NO removal reactions, microwave seems to
be capable of violently vibrating several polar substances including
water, OH radical, and NH; (or NH,OH), resulting in acceleration
of NO removal rate. It can be concluded that MW irradiation plays
an auxiliary role in NO removal with EB irradiation and the effect
of MW on the NO removal is based on an intrinsic kinetic to the
exclusion of a thermal effect.

From the linear correlation for amounts of removed NO (AC=
k[NOJ],+k,), it was found that k was proportional to dose, but k,
could be related to k,/D"=aD+b (n=0.7 without microwave irradi-
ation, n=0.4 with microwave irradiation), which correlation will be
useful for a preliminary estimation for NO removal efficiency at a
target dose.
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