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Abatement of Nitrogen Oxides in a Catalytic Reactor
Enhanced by Nonthermal Plasma Discharge

Young Sun Mok, V. Ravi, Ho-Chul Kang, and B. S. Rajanikar@8enior Member, IEEE

Abstract—Removal of nitrogen oxides using a nonthermal though it depends on country and driving conditions, and typ-
plasma process (dielectric barrier discharge) combined with cata- jcal temperature of iron-ore sintering plant is around 260

lyst was investigated. In this system, selective catalytic reduction g retqre ynless traditional SCR technology is modified in
of nitrogen oxides is affected by the operating condition of the '

plasma process and, thus, the characteristics of the plasma processorder that it may work well at lower temperature, it requires the
were separately examined before combining the two processes.heating-up of exhaust gas to a certain temperature, which leads
The oxidation of NO to NO; in the plasma reactor easily took to the increase in operation cost.

place at room temperature. As the temperature increased, how- Generally, among NQ(NO+NO,) emission, NO generally

ever, the rate of the oxidation greatly decreased, which implies L2
that an additive to increase the reaction rate is necessary. In has a majority (95%) and the content of NG less than 5%.

the presence of ethylene as an additive, the oxidation of NO to According to the literature in connection with SCR [6], it is re-
NO, largely enhanced at a temperature range of 100C-200°C. ported that the performance of SCR is elevated by the increase
Comparison of ac with pulse voltage in terms of the energy in the ratio of NG to NO. This result indicates that catalytic re-
efficiency for NO oxidation was made, and almost no difference moval of NO, at relatively low temperature is possible when a

between the two voltage types was observed. The removal of NO . .
on the catalyst (\4O5/TiO3) was found to largely increase by part of NO is converted to NO One easy method to increase the

the plasma discharge. The byproduct formaldehyde formed from Portion of NG, in NO, may be nonthermal plasma technology
ethylene in the plasma reactor could be completely removed in as its capability to oxidize NO to NOhas been proved else-

the catalytic reactor while significant amount of carbon monoxide where [7]-[9]. Bréer and Hammer [10], Hoard [11], and Yoon
and ammonia slip were observed. The plasma-catalyst system et al. [12] showed the possibility that the NOemoval is en-

used in this study was able to remove more than 80% of NOQ . . -
(energy yield: 42 eV/NQ,-molecule) at a temperature range of hanced and the temperature window is lowered by combining

100 °C—200 °C that is much lower than typical temperature nonthermal plasma with SCR technology.
window of selective catalytic reduction (25 C-450°C). Typical nonthermal plasma technologies studied so far have
Index Terms—Catalytic reduction, NO,, nonthermal plasma, usually adopted such proceQure a,s the oxidat.ion Of_ NO to NO
removal, temperature window. or HNQO;s, followed by formation of fine ammonium nitrate par-
ticles which should be collected by a conventional electrostatic
precipitator or a bag filter [13]-[15]. Since the formation of am-
monium nitrate is a slow reaction and does not take place effi-
HE REMOVAL of nitrogen oxides (NQ) emitted from ciently at higher temperatures [16], [17], most of such studies
many industrial processes has become one of the greaft&te been conducted at temperatures lower than°@@nd
challenges in environmental protection, and various,on- 0nly few studies performed at high temperatures are available
trol technologies such as selective catalytic reduction (SCH),the literature [18]. However, in order to combine nonthermal
wet scrubbing, electron-beam irradiation, and nonthernfffSma with SCR, itis necessary to investigate the plasma dis-
plasma process have been developed so far [1]-[4]. Amog;,l@arge characteristics and the behavior of NO oxidation at high

these technologies, SCR has been most widely studied dud&gPeratures because the plasma discharge is a phenomenon re-

its many advantages over other technologies [5]. One problé?f?d to gas ionization and the reaction mechanism of NO oxida-

related to the application of SCR to manifold pollution sourcdon depends on gas temperature [19]. In this context, the study

may be its temperature window. It is well known that typica?n the temperature effect on the nonthermal plasma process

SCR catalyst works well around 28€-450°C, whereas there should be preceded before combining it with catalyst.

; . ' This study deals with the combination process of nonthermal
are many important pollution sources that the temperatures :Ilsma and SCR for the removal of NOThe plasma re-
the exhaust gases are lower than this window. For instanfs P

. : . o actor used was a coaxial dielectric barrier discharge (DBD)
the temperature of diesel exhaust is typically T@-200°C reactor, and the SCR catalyst used was commercial honeycomb

V,05/TiO,. As previously mentioned, since the experiments
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Oven (20-200 °C) in diesel exhaust is around 750 ppm, the addition of ethylene
\‘ may simulate well the real exhaust gas. A modern diesel

Teflon engine may emit less hydrocarbons (measured as ppm C1) than
insulator Steel rod Aluminum foi nitrogen oxides. The experiments were carried out at different
Glass beacs Honeycomb reaction temperatures in the range of 10D-200°C by a
Gas outlet division of 50°C, but some experiments were also conducted
at room temperature to understand the phenomena related to
Teflon this system.

The volume of the plasma reactor (inner diameter: 25.8 mm;
length: 31 cm) is 162 ¢y and, accordingly, the residence time
= (reactor volume/feed gas flow rate) is calculated to be 1.9 s at

‘ a flow rate of 5 I/min. However, actual residence time should
be calculated by considering the void fraction of the reactor and
Fig. 1. Schematic of the plasma—catalytic reactor. the volume of the electrode (22 éjn In case of this plasma
reactor packed with glass beads, the void fraction was found to
II. EXPERIMENTAL be 0.37. Therefore, the real reactor volume where the reactions
o . take place corresponds to 52 tnRecalculation of the actual
A. Description of the Experimental Setup residence time using the real reactor volume gives 0.6 s. There

The schematic of the reactor system composed of nontherrisadne more thing that should be made clear in the calculation of
plasma reactor and catalytic reactor is presented in Fig. 1.r@sidence time. The residence time (0.6 s) is based on the flow
coaxial dielectric barrier discharge reactor made of a glass tulaée at room temperature, however, it should be corrected when
(inner diameter: 25.8 mm; outer diameter: 30.2 mm) and a 3/8tie gas is not at room temperature, because the gas flow rate is
stainless steel rod was used as the plasma reactor. The stairddsgiction of temperature.
steel rod acting as the discharging electrode was positioned inn case of ac, the variation in the applied voltage can change
the center of the glass tube. This high-voltage electrode does thet discharge power, and it was varied from 4 to 14 kV. When
go through the catalyst. The space between the glass tube pulge voltage was employed to compare it with ac voltage, the
the discharging electrode was filled with glass beads of 5 nspark gap switch depicted in Fig. 2 was used. In this circuit,
in diameter. The outer surface of the glass tube was wrappbd pulse-forming capacitor (396 pF) is charged throughQ0-k
with aluminum foil and grounded. The effective length of theesistor by a negative dc high-voltage power supply (Korea
plasma reactor where discharge occurs is 31 cm. AuE@a- Switching Company). As the voltage on the capacitor reaches
pacitor was connected to the plasma reactor in series to meashesspark-over voltage of the spark gap electrode, the capacitor
the discharge power when ac voltage is used, which will be fuliy discharged, producing narrow positive high-voltage pulses.
explained. In the present study, most of experiments were c@he pulse frequency is changed by adjusting the charging time
ried out by making use of ac voltage of 60 Hz, but a comparatieé the pulse-forming capacitor, by which way it was varied
study between ac and pulse energization was also made. from 5 to 30 Hz (pulses/s).

The SCR catalyst used was a commercigDy/TiO in the The voltage applied to the discharging electrode was measured
form of honeycomb (20 cells per square inch). The content bf a 1000:1 high voltage probe (PVM-4, North Star Research,
vanadium in the catalyst was 5.0 wt.%, and the apparent volu@erporation) and a digital oscilloscope (TDS 3032, Tektronix).
of the honeycomb was 31 ¢n1.8 x 1.8x 9.7 cn?), whichwas  For the measurement of the voltage between both ends of the
used for the calculation of space velocity defined as the ratio b0 F capacitor, a 10:1 voltage probe (Tektronix P6139A) was
feed gas flow rate to reactor volume. used. The currentin case of using pulse voltage was measured by

The plasma-catalyst reactor was kept in an oven to maintaicurrent transformer (Pearson Electronics) having the ratio 0.25
the desired gas temperature, and the stainless steel tube &JA: The measurement of input power was carried out using a
nected to the reactor inlet was wound several times within td&jital power meter (Model WT 200, Yokogawa).
oven in order to ensure proper heating-up of the feed gas to &he concentrations of NO and NQwere analyzed by a
given temperature. The main components of the feed gas wehemiluminescence NO-NENO, analyzer (Model 42C,
nitrogen and oxygen whose flow rates were adjusted by ma@sermo Environmental Instruments, Inc.). This kind of
flow controllers (MFC) (Model 1179A, MKS Instruments, Inc.).NO-NO,-NO,, analyzer has a problem in measuring NO
The flow rates of NO (5.0% (v/v) balanced with, Nlammonia concentration when ammonia is present, and thus, in some
(5.0% (v/v) balanced with N2) and ethylene (pure) were alsrases, a portable flue gas analyzer (Eurotron) was utilized to
controlled by mass flow controllers, and they were mixed withnalyze N@ concentration. This portable flue gas analyzer
N»> and Q. was also used for the measurement of carbon monoxide (CO).

The experimental conditions are summarized in detail EBthylene concentration was detected using a gas chromatograph
Table I. The flow rate of the feed gas stream was 5 I/min (afjuipped with a flame ionization detector and a thermal con-
room temperature), and the concentration of NHO+NO,) ductivity detector (GC-14B, Shimadzu) and a capillary column
at the reactor inlet was 300 parts per million (ppm, volumetricfCBP10-M25-025, Shimadzu). Ammonia and formaldehyde
The concentrations of ammonia and ethylene were 300 armhcentrations were measured by chemical detectors (Gastec
750 ppm, respectively. Since the typical amount of hydrocarb@ompany, Japan).
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TABLE |

EXPERIMENTAL CONDITION

Gas flow rate 5 I/min

12,000 h™ (100 °C), 13,600 h" (150 °C),
15,300 h (200 °C)

Space velocity over catalyst

Reaction temperature 100, 150 and 200 °C
OXygen content in feed gas 10 % (v/v)
Nitrogen content in feed gas 90 % (v/v)
Ethylene concentration 750 ppm (v/v)
NHj; concentration 300 ppm (v/v)
NOx concentration 300 ppm (v/v)
VWA il [ODER 15
20kS2 396 pF
~ ] S
Power 5 I?G x
Supply ! park Gap 4kQ ué,
i 3
L >
-
15

Fig. 2. Schematic of the spark—gap pulse generator.

B. Discharge Power Measurement

The method adopted to measure the discharge power whel
the ac voltage was applied to the reactor is as follows [22]-[24].
A 1.0-uF capacitor was connected in series with the reactor as
shown in the Fig. 1. Since the dielectric barrier discharge re-
actor can be considered as a capacitor, the charge stored in tr
capacitor (1.0¢F) is equal to that in the reactor. The charge
stored in the capacitofY) is the product of capacitance and
voltage (CV, C: capacitance; V: voltage), which can be directly
read by the voltage between both ends of the capacitor. In othe
words, the charge stored in the capacitor is equadtd times
the voltage. Fig. 3(a) shows an example of the voltage wave-
forms measured at the discharging electrode and at theHA.0
capacitor, and Fig. 3(b) shows the charge—voltage plot at the cor-
responding voltage. The area of the parallelogram in Fig. 3(b)

conforms to the discharge energy per one cycle, and the av-

erage discharge power can be obtained by multiplying the disg.3. (a) Voltage waveforms measured at the discharging electrode and at the

charge energy per one cycle by ac frequency (i.e., 60 Hz). Rt F capacitor. (b) Corresponding charge-voltage plot (oxygen content: 10%
Ig;v); temperature: 100C).

example, in Fig. 3(b), the discharge energy per cycle at 12

was found to be 7.33 mJ/cycle. Hence, the average discharge
power is7.33 x 103 J/cyclex 60 Hz = 0.44 W. A mathemat- pared both methods of calculating the area of the parallelogram

Time (ms)

@)

-40 -20 0 20 40
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e
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o

-15

A 0
Q (nF)
(b)

ical formula is available for calculating the area of the parallefind the results were found to agree well within 5%.

ogram [22]-[24]. For convenience, in the present case, the are@hen pulse voltage was applied, the average discharge
of parallelogram was calculated by comparing the total massmdwer was obtained with the voltage and current forms. Fig. 4
the graph with that of the parallelogram. It was assumed theltows the pulse voltage and current waveforms measured at
the thickness of the paper was uniform throughout. We cortive discharging electrode and the grounded aluminum foil,
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Fig. 4. Pulse voltage and current waveforms (charging voltage: 23kV; 0xygey 6 NO concentration profiles using plasma reactor in the absence of
content: 10% (v/v); temperature: 10C). ethylene [oxygen content: 10% (V/v)].

10 leads to the increase in the reduced electric fidldn) [25].
27°% Since the dielectric breakdown of the gas discharge occurs at a
100 :c certain reduced electric field, the increase in temperature results
;:2 02 in the decrease in discharge ignition voltage. Therefore, the gas
6 at high temperature can be more easily ionized. As the extent
of ionization increases, the discharge current increases because
of decreased gas resistance, and the discharge powers increases.
The discharge power data in Fig. 5 were used for the calculation
o of energy density that is defined as the ratio of discharge power
2 f to gas flow rate.
Fig. 6 shows the concentration profiles of NO as a function of

0 : : — ol : . : energy density at different temperatures. In a gas mixture of the

0 2 4 6 8 10 12 14 16 present case, the NO removal takes place mainly by its oxidation

Voltage (kV) to NO;, [7], [8], [26]. At room temperature, NO was easily de-
Fig. 5. Discharge power as a function of applied voltage at diﬁererﬂleted' As the temperature increased, however, the rate of NO
temperatures [oxygen content: 10% (v/v)]. conversion largely decreased. The decrease in NO conversion
with temperature can be explained with the rates of the relevant

respectively. The rise time of the pulse voltage (10%—-90%) wEgactions. Main reactions for this case of NO oxidation are as
11 ns, and the pulsewidth (full width at half maximum) wa#ollows [27], [28]:
about 200 ns. The integration of the product of these voltage a3
and current waveforms corresponds to the discharge energy NO+0O — NO, £ =5.0x10" " exp(900/T)[M] (1)
per pulse. In this case, the discharge energy per pulse was NO+ O3 — NOy + O,
calculated to be 86.7 mJ/pulse. The average discharge power ks = 1.0 x 10731(300/T)1.6[]M] (2)

was obtained by multiplying the discharge energy per pulse by _ e _31
the pulse repetition rate. O+ 0, O3 k3 =5.6x107°%(300/T)2.23[M]  (3)
O+ 03 — 20, ky=8.0x 1072 exp(—2060/T). (4)

4 4 O @

Discharge power (watts)

[ll. RESULTS AND DISCUSSION . .
According to the previous results, ozone was proved to play

A. Plasma Reactor an important role in the oxidation of NO at room temperature
Fig. 5 shows the discharge power curves as a function of 486]. As can be understood in (3) and (4), however, genera-
plied voltage at different temperatures. The occurrence of df#n of ozone decreases much with the increase in temperature
charge ignition shifted toward lower voltages and the discharggd, moreover, the decomposition into molecular oxygen be-
power largely increased with the increase in temperature. Té@mes significant as the temperature increases. As a result, (2)
discharge ignition voltage that gives nonzero discharge powgannot contribute to the oxidation of NO at high temperatures,
was calculated by extrapolating each curve. APZ7 100°C, which can explain why the oxidation rate is lowered. At rela-
150°C, and 200°C, the respective discharge ignition voltagetively high temperatures in the range of 10D-200°C, the key
were found to be 7.4, 6.7, 5.5, and 4 kV. This lower discharge iggaction for the oxidation of NO is, thus, (1). Since this reac-
nition voltage and higher discharge power at higher temperatti@n is in inverse proportion to the temperature, higher temper-
can be explained as follows. When pressure is constant, the gase gives rise to lower oxidation efficiency of NO. Moreover,
density(n) decreases with the increase in temperature, whitte lower oxidation efficiency of NO at higher temperature can
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also be attributed to the back reaction of Nto NO by O rad- 300
ical (NO; + O — NO + 0O,) [29]. Meanwhile, the NQ level M
(NO+NO,) was kept almost constant regardless of the oxida = ,sq 1 ~ T®7 Noat100 °§
tion of NO although the data were not presented in Fig. 6, whicl & : :g’::;?o:
means that NO was simply converted to NO —— NOX at 150 9C
Since the oxidation of NO was very slow at high temperature = NO at 200 °C
as previously examined, it was necessary to use a hydrocarb —O— NOx at 200 °C
additive. In this study, the hydrocarbon additive was ethylene
The hydrocarbon plays an important role in enhancing the ox
idation of NO [7], [9], [18]. In real flue gases such as diesel ©
exhaust and iron-ore sintering flue gas, some amount of hydr

oncnetration (ppm
g

carbon exists, and they may have similar effect to ethylene @ 0 , . . :
NO conversion. Under plasma discharge, ethylene is decor 0 20 40 60 80
posed into several fragments such as;GiHd CHO radicals Energy density (J/)

[9], [26], and these radicals can enhance the oxidation of NO via
several reactions. Methyl radical (GHcan react with oxygen Fig. 7. NO and NQ concentration profiles using plasma reactor in presence

which is one of the major constituents of the feed gas as folloR/Ehyiene (oxygen content: 10% (v/v)z 8. 750 ppm).

[27]:

e
b=3
o

CH3 + Oy — CH3Oy ks = 7.56 x 10721(T/298)—3.64[M].
)

This intermediate CEO, converts NO to N@ by changing its
oxidation state as below [27]

~
]

D
[=3
[=]

NO + CH;0; — NO, 4+ CH30
ke = 2.8 x 107 exp(285/T). (6)

(4

o

o
L

Methoxy radical (CHO) formed in (6) reacts with oxygen to 400 1

generate formaldehyde (HCHO) and KH@adical. HG is a

Ethylene concentration (ppm)

strong oxidizing radical capable of oxidizing NO to N(27] 300 l . : :
20 40 60 80
CH30 + O3 — HCHO + HO, Energy density (J/I)
k7 = 7.2 x 107 exp(—1080/T) 7 _
Fig. 8. Concentration of ethylene at the outlet of the plasma reactor as a
NO + HO; — NO;, + OH function of energy density (oxygen content: 10% (v/v}HG: 750 ppm).
ks = 3.4 x 1072 exp(270/T). (8)

. . . .ence of ethylene are shown in Fig. 7. The presence of ethylene
Formalldehylde reacts with OH r§d|cal to form HQO’.Wh'Ch’ ! amatically increased the NO oxidation. Despite the addition of
turn, gives rise to carbon monoxide and carbon dioxide as [2 hylene, however, no reduction in N@vel was observed just
[28] as the case in the absence of it. In Fig. 7, the difference between
HCHO+ OH — HCO+ H,0O NO,, and_ NO concentrations_corresp(_)ndstoMncentration.
As mentioned, the changes in the ratio of O NO may affect

_ —11 _
ko = 1.66 x 107" exp(—86/T) ©) the performance of SCR catalyst. In this sense, it can be said that
HCO+ Oy — CO+ HO, the increase in N®portion by the oxidation of NO is important

k1o = 3.5 x 107"% exp(140/T) (10) when nonthermal plasma is combined with SCR catalyst. In the
HCO+ O — CO+ OH kyy =5 x 1071 (11) n}esgtime,dthe inc(;_easle in temperature decreas_ed;he oxidation
_ 0 , and accordingly, more energy was required to convert
HCO+ 0 —H+CO; kiz=5x101. (12) the identical amount of NO at higher temperature. For example,
The other important scheme leading to the oxidation of NO tB€ €nergy density required to obtain equimolar composition of
NO, are as follows [9]: NO and NQ, i.e., to make both NO and NCL50 ppm, were
15, 35, and 45 J/l at 10TC, 150°C, and 200°C, respectively.
CyH4 + OH — C3H4OH (13) Inthe present study, the effect of water vapor on the conversion
CyH,OH+20,+2NO— 2HCHO+2NO, +20H. (14) ©f NO was not investigated, but in the presence of water vapor
much smaller influence of the temperature on the conversion of
Since these reactions are initiated by OH radical, they are mtN® was reported [30].
pronounced when water vapor is present in the feed gas streantkig. 8 shows the concentrations of unreacted ethylene emitted
As explained in (5)—(14), the addition of ethylene can prdrom the plasma reactor. As observed, the concentration of ethy-
mote the oxidation of NO, and the results obtained in the prdene was higher at higher reaction temperature. According to
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Fig. 9. Concentration of CO at the outlet of the plasma reactor as a functig@_ 11. Comparison of ac with pulse voltage in terms of NO conversion

of energy density (oxygen content: 10% (v/v} KL, : 750 ppm).
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Fig. 10. Concentration of HCHO at the outlet of the plasma reactor asFig- 12. Effect of energy density on NO and N@oncentrations in the
function of energy (oxygen content: 10% (v/v); i, : 750 ppm). plasmgc-)((:)atalytl)c system (oxygen content: 10% (v/4HE addition: 750 ppm;
NH;: ppm).

the previous results, the decomposition of ethylene is maiffynction of energy density. It was found that the NO conver-
caused by the active species such as O, OH, andHOwever, sjon efficiencies were almost equal regardless of the type of
since this temperature range is too high to form ozone andtye voltage applied. Since both voltages perform equally, choice
addition there is no water vapor, the reaction of ethylene wityn e made depending on cost, reliability, and compatibility. In

O radical dominates the decomposition. Since this reaction gge present study, further experiments were conducted using ac
creases with temperature [27], higher concentration of ethylepgitage only.

was observed at higher temperature. From (7) to (14), it can be

seen that ethylene, while taking part in NO oxidation reactions, pjasma Catalytic Reactor

gives rise to some byproducts such as CO,Céhd HCHO. _ ) !

Among these byproducts, CO and HCHO are known as harmfulF'9- 12 shows the concentration profiles of NO and NO

pollutants. The formation of any other byproduct was confirmed the outlet of the plasma-catalytic reactor when 300 ppm of

to be negligible after analyzing the treated gas by gas chroma@§monia was added. The experimental reproducibility for 'Fhe

graph. Figs. 9 and 10 show the formation of carbon monoxicﬂ’@sma reactor was very good. When the caFaIyst was combined

and formaldehyde. The formation of these byproducts decrea¥é§ plasma reactor, however, each experiment conducted at

with the temperature, which is in accordance with the results gentical condition gave a slightly different result in the NO and

ethylene decomposition (see Fig. 8). NO, concentration. The maximum concentration discrepancy
In general, DBD reactors are energized by ac voltage, howas 10 ppm, corresponding to about 3% removal efficiency (ini-

ever, some researchers have employed pulse energized DBDig¢NO,. concentration: 300 ppm). Although the data in Fig. 12

actors [20]-[22]. In order to compare the performances of ate the average values of the data repeated several times, they

and pulse voltages in terms of NO conversion, experiments wepnay include some experimental errors. Referring to the litera-

carried out using both voltage sources. Fig. 11 compares taee [6], [11], the gas mixture should contain h@r efficient

with pulse voltage in terms of NO conversion efficiency as eatalytic removal of NQ because the adsorption capability of
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NO, is larger than that of NO. When ammonia is added as are- 400

; ; ® 100° -
ducing agent, N@not only reacts with the gas phase NO fast, o 1509
but is also easily decomposed into nitrogen as follows [10], [31]: wo | ¥ 200% /
NO + NOy + 2NH3 — 2Ns + 3H,O (15) /
6NO; + 8NH3 — 7Ny + 12H,0. (16) 200 -

)/
v
Q
Equation (15) implies that the concentrations of NO and,NO /-/'
should be equal, and (16) signifies the importance ofy NO -
which reaches a conclusion that at least the concentration o ©
NO, should be the same with that of NO. The results in Fig. 12
clearly show the significance of the plasma discharge in the 0 20 P 60 80
removal of NQ. on catalyst. For example, in the absence of
plasma discharge, the catalyst removed 40%, 46%, and 70%
of NO, at 100°C, 150°C, and 200°C, respectively. In the Fig. 13. Effect of energy density on CO concentration in the plasma-catalytic
presence of plasma discharge, Nemoval was near|y 80% system (oxygen content: 10% (v/v); B8, addition: 750 ppm; NH: 300 ppm).
at all temperatures at an energy density of 40 J/I. Since the
plasma reactor alone hardly gave any reduction in. el as 100
shown in Fig. 7, it can be said that the enhancement in thg NO W NOx removal efficiency (%) at 150 °C and 44 J/1

. . . zzz3 NH;, slip {(ppm)
removal efficiency in the presence of plasma discharge resulted g, |

from the increase in N©@concentration. Such synergistic effect 7
was more significant as the temperature decreased, which 0 | /
indicates that the performance of SCR can largely be enhanced 7 //
7
7
%
0.‘8

O concentration (ppm)

100v //

Energy density (J/)

especially at low temperatures. The removal efficiency of 80%
is tantamount to an energy yield of 42-eV/NGnolecule. 401
Miessneret al. [31] reported that with an energy input of about
30 eV/NQO,-molecule, 500 ppm NO was reduced by more 20 4
than half at a temperature of 30C. Bréer and Hammer [10]
showed that with an energy input of 20-eV/N@olecule a 0!
NO,. reduction of more than 85% was achieved at temperatures
above 16(°C, and at 130 C about 50% reduction. This value [NH,] / [NOx]
of 20-eV/NQ, molecule is higher than that obtained here, but . o .

. : Eig. 14. Removal efficiency of NO and ammonia slip as a function of
the energy yields cannot directly be compared because Hﬂ%centration ratio of ammonia to initial NO(oxygen content: 10% (v/v);
catalyst, the initial concentration of NOand the operating C:H. addition: 750 ppm; temperature: 15C).
condition are different one another.

As observed in Figs. 9 and 10, significant amounts @b minimize the NH slip by decreasing the ratio [Nfif[NO ]
formaldehyde and carbon monoxide as a result of ethffom 1.0 to 0.8 (see Fig. 14). As the concentration ratio of am-
lene decomposition were emitted from the plasma reactaronia to initial NQ, decreased, the ammonia slip decreased
These byproducts were also measured at the outlet of thbkile retaining almost similar NO removal efficiency. At a
plasma-catalytic reactor, and the results are shown in Fig. 18tio of 0.8, for example, the NOremoval was decreased by
Formaldehyde was found to be completely removed on thely 4% with the corresponding decrease of 30 ppm insNH
catalyst surface, i.e., the concentration was always zero in thiisis drop in NH; slip without compensating much of the NO
experimental condition. Besides, in the gas chromatograsmoval efficiency suggests the existence of other removal path-
obtained by using the flame ionization detector, no pealsays involving ethylene and formaldehyde present in the gas
other than ethylene were observed, implying that no organitixture. According to the literature [12], formaldehyde can take
species were formed from ethylene. On the other hand, tpart in the reduction of NQon the catalyst. It is believed that
emission of CO at the outlet of the plasma-catalytic reactsimilar phenomenon took place in this system, too. If other re-
was significant, especially at high temperature. Further studimeval pathways do not exist, negligible Nlip should be
are thus required to bring down the CO level to allowablebserved because the amount of N&tlded is nearly equal to
limit for practical application of this system. Otherwise, th¢hat of NO, removed. The other plausible reason that may ac-
use of another additive capable of promoting the oxidation obunt for the ammonia slip is the release of Nétored in the
NO to NO, without evolving CO may be preventive measuresatalyst. The stored ammonia may contribute significantly to
against this problem. One candidate of chemical additive ftre ammonia slip and the NQreduction. Since the results in
this purpose may be hydrogen peroxide [32]. Fig. 14 are not the values taken by allowing sufficient time, fur-

The emission of unreacted ammonia s called as ammonia dliygr experimental verification for an extended time should be
that should be kept as low as possible. An attempt was makrformed.

T

0.9 1.0
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IV. CONCLUSION [10]

The following conclusions were drawn from the present

studies on the plasma-catalyst combination system.

1)

2

~

3)

4

~

5)

(1]

(2]
(3]
(4]

(5]

(7]
(8]

El

(11]

NO conversion efficiencies were found to be almost equaji2]
regardless of the applied voltage types such as ac and
pulse.

For the effective NO oxidation using plasma reactor at
high temperature, it is necessary to add an additive such?!
as ethylene to the gas mixture.

The important role of plasma reactor in the plasma cat-
alytic reactor is mainly to oxidize NO to NO The se-
lective catalytic reduction of NQwas largely enhanced
when the gas mixture consisted of both NO and;NO
With catalyst alone, the NQOreduction was 40%, 46%,
and 70% at 100C, 150°C, and 200°C whereas with
plasma-catalytic reactor the N@emoval efficiency was
around 80% at all temperatures that are much lower than
typical reaction temperature of selective catalytic reduc{17]
tion. With the plasma reactor alone, almost no reduc-
tion in NO, level was observed. The differences betweenzis)
the summation of individual NQremoval efficiencies of
plasma and catalytic reactors, and the removal efficien;g
cies of the plasma-catalytic reactor were 40%, 34%, and
10% at 100°C, 150°C, and 200°C, respectively. The [20]
removal efficiency of 80% at an energy density of 40 J/I
corresponds to an energy yield of 42 eV/N@olecule.

One of the main byproduct, formaldehyde produced i 2L
the plasma reactor was decomposed completely in the
plasma-catalytic reactor. This may be an indication thabz]
the formaldehyde can take part in the N@moval. How-

ever, significant amount of CO emission should be prop-
erly managed for the practical application of this process.

(15]

[16]
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