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< Abstract>

This study proposes a mathematical model to characterize
the removal of nitrogen oxides in a dielectric barrier
discharge plasma process. As well as the reactions
between nitrogen oxides, water vapor, oxygen and
nitrogen, the model takes into account the effect of
ethylene often used as a chemical additive to reduce the
power consumption of the process on the removal of
nitrogen oxides. Since the concentrations of the radicals
concerned in the main reactions including O, OH, H and N
should be calculated to predict the removal efficiency of
nitrogen oxides, they were theoretically derived. The
parameters affecting the removal of nitrogen oxides, such
as Initial concentration, discharge power, humidity, and
ethylene concentration were experimentally evaluated,
which were compared with the calculated results to verify
the wvalidity of the model proposed. The predicted
concentrations of several byproducts formed in this process
were also presented and discussed. The effects of several
parameters mentioned above on the removal of nitrogen
oxides were reasonably described by the proposed model.

Key Words: dielectric barrier discharge, plasma, nitrogen oxides,
mathematical model
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Table 1. Reactions for the removal of NO % 1%

reaction rate {:neffiEient'
NO+O—-NO; ki=1.0x10(T/300) "“[M] R1
NO+OH-+HNO: k2=6.6%10 " R2
HNO2rOH—NO2»+H:0  ka=1.8x10 "exp(-390/T) R3
NO2+OH-—HNO;
NO+HO2—>NO.+OLH

NO+Oy—=NOo+Oo

ki=1.0x10"" R4
ks=3.7x10 “exp(240/T) RS
ke=1.8x10 "exp(-1370/T) R6

NO»+O—NO+0» k7=6.5%10 Yexp(120/T)  R7
N+OH—NO+H ky=5.8%10 """ R
N+HO»—NO+OH ky=2.2x107" RY
N+02—>NO+O kio=4.4x10 "“exp(-3220/T) R10
N+NO—Na+O ki=2.4x10 " Ril
NOs+N—N»O+O ki2=3.0x10" R12

HNO3+OH—-NO3+H-0  kis=1.5%10 exp(650/T) R13

HNQ3+0O—NO3;+OH ki4=1.66x107" R14

("unit: em*/molecules/s; M: three-body reaction partner)

Ak & well+= 4] (R1De wat N 2}
Clzhell o]3] NO¢| tf-2o] Noxt ¥
gy AbA7E EA4E dol: 4] (R1)-(R3),
(RS), (R6)el vEpwl wpel zre]l O, OH, HO;
oz 2 9F (0z)°] 9 NO& 2Hsh 5 =
Hhg-o] A8k Al ottt Aol NO»&=
Al (R4)o)  9)8l] HNOz# AtstE| A v &
NOz2 Akste % Qloy, O gz 23
NO27} NOs= 4F3l% = Whg& w)§- -gn
O 2z NO3E NO= w2 7] §HglA] 7] &=
29 DBD #AoA NOso) AAe A" &
t{lur. A (R (R12)ell A A g vpe 2o
NO2v= N.OY NO&E 9% 7]% 3}l 9o
Aw3 viel o] N gtrjZo] NOE Noit %
HA1Z & deXEsE, N goze 3
(RB)-(R10)3} o] NO9 AAdo|w o] gl
wpep A}, AbA 9l o] EAE wo=, N ¥t
Zhol ©o|gk NO9| &9 £x9 N gz ¢
g NO9| A& %7) Ao g,
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(R21)A ¥ HO:4t O3 2 & Y& 434
e AAste] 4 (R5)-(R6)¥ #2 NO9
AbslEt g8 Yo7 7|% dky, AR ANEEsle
Aol gl H08F O7F H7|1% 3o, ol
3 Y5tA e HEES NO9 AAWRS %
=8 golxyry,

Table 2. Radical disappearance reactions “ "V

reaction rate coefficient’
OH+OH—H-0 ki5=6.5%10 *'[M] R15
OH+O03—HO»+02  kis=1.6%10 “exp(-1000/T) R16
O0+OH—H+O> ki7=3.3x10"" R17
H+Os—HO: kix=4.8%10 *[M] RI&
OH+HOr—H20+0: kis=1.1x10""° R19
O+HOz—OH+0> kx=58x10" R20
0+0r—03 ka1=5.6x10 *[M] R21
H+Q3—OH+O; k»=2.8x10" R22
H+HO>—OH+OH kz=5.7x10" R23
OH+OH—H:0+0 k24=1.9x10 " R24
OH+Hz0,—HO2+H20 kas=1.1x10"" R25
0+03—02+0 kx=8.3x10" R26

(‘unit: cm’/molecules/s; M: three-body reaction partner)

o wag dle o8 O 2y #H, &
a8lar OH @9z #7138t Ee] &8k
of glejA ujg FaF &S o gy A
glth™ 19 o al Hankge] 4 $+= Table 3
of AAIF A L WS WEFE ded
ow, 3|y AFo WAEHE AdF dEss
NO9| Abslubg-& FHzA|ZIt} o ddlE O 2
clzta} wkg-dlo] 4] (R27)¥ #eo| vw|¥ 2t
4e A £ qdow, dE ed#@AE w2
29l F8 FAHAAAEF U kA A#E
o] 4] (R33)¥ Zo] NOE NO,& 4tslA|z 4
olt}, , 4 (R27), (R36), (R37)ol <l&) wha)
g HCOE 4 (R31)3 o] Abstal 2ozl
HO& MY 4 3lt. o HO: #u#
Table 12] 2] (R5)E YEH NO& AFsint-g
& dod F Qv dF-9 oEHiAS: F
NEg-8te] EFUdld| =9 ouix 7t FHg 2
7F ed @S AAYE o =, o] 271 2y #H
& ) 7)19)F, Aol AM 37 %= A 3EE 1, Yo
2= g o] RajR

N

CHEOO. bl COJ‘!‘HE 0.13
CH,001" — CO+H,0 0.44 (1)
 CH,001" — 2HO,+ CO, 0.06

gle] k8o oA A3 HO, #lr]Zo
AE = ok 4 (R43)3 #H2 oy
OH &rjzbe] w2 uf$ WA Uojrw
CoH/ OH7F 3+ BEd2 AAdEn. CGH.OHE
Wl 71 7k AR §1e Akl wE A
L3 oS NOE NOE AH3Ald 4+ AE
g, olell thg F@ wge thga o’

C,H,OH+ 20, + 2NO—2CH,0+ 2NO,+ OH (2)

Table 3. Reactions induced by the presence of

ethylene'” ' '
reaction rate coefficient’
CoHy+O—CHs+HCO kr=7.3x10"" R27
CoHy+O-—+H+CH2CHO kx=6.3%10 " R28

CHa+ Or—CH40: k2o=1.0x10 *(T/300) *[M] R29

CH4+O—CH-0O+H kw=1.4x10"" R0
HCO+OQ»—HO:+CO ku=5.5x%10 L R31
HCO+OH—CO+H:0 kp=17x10" R32

CH30:+NO—CH30+NO» kai=4.2x10 “exp(180/T) R33

CH10 +NO—CH:ONO ku=16%10 2(T/300) *[M] R34

CH-:CHO+OQs—CH:0+CO+0O> kx=3.0x10"" R35
CH-0+O—OQH+HCO kw=1.7x10 * R36
CH-0+OH—H-0+HCO kn=8.8%10 “exp(25/T) R37

CH:0+HCO—CH50OH+CO kw=1.5%10"° R38

CH10+ 07 »CH:0+HO: ko=7.2x10 "exp(-1080/T) R39
CH30+NOy;—CH:0ONO: kwo=2.8%10 7(T/300) *’[M] R40
CH;OH+OH—H:0+CH:0 ka=3.3%10 Yexp(-380/T) R4l
ki2=1.2%10 exp(-2630/T) R42

ka=7.0%10 2(T/300) *'[M] R43

CoHy+OQ—CH-0+[CH200]™"
Colly+OH—CoH,OH

CoHOH + Q2 —HOCHCH:0: kit=3.0x10 " R44

HOCH:CH20+ HOCH:CH-0-

— HOCH2CH2OH + kis=1.5x10 R45
HOCH:CHO+O:

HOCH:CH20:+NO— B g5
HOCHA2CH:0+NO»

("unit: em’/molecules/s; M: three-body reaction partner)
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Fig. 1 Schematic of the removal mechanism of
nitric oxide.

2.2. 514 w4

Fig. 12 DBD Wg-7]el 4 ¢lojii= NO Al
A WL tE JgHow L-H:}lﬂﬁl RO,
ol&4 3Ag 98 HA HAE IGAR A
walg ol NOe| #| Aol vEd F8 ez
) ) O z}T,— 1z2kel 21 A EAe] FEE 8
,.A.]a]—*‘iuf* 0 1D - F1 AR A7) E2 HeE 8

A zpe] =% w22 Table 49 # .

Table 4. Production of radicals by electron
.. 16)
molecule collision processes

e

n + F
collision process rate constant

et Ho0—OH+H+e Kai R47
e+(Jo—>0O+O+e K g2 148
e+Qr—0+0('D)+e K3 R49

etNr—N+Nte Kl R50

e = =

*function of electric field

o} 7| A, 8l 4 Ak (dissociation rate constant)
kay-kaar= AApollu #] H-3Ee] gk Boltzmann
A5 AdA-7)E BAkre] FE WA
(collision cross-section)S #ste] <dof
4 gleH'?. olep o] AMAb-slAke] 24 A<
Z2Ex Q3 WAs+= go#Ee] MARES

Fo19 ol etrize AR gejd &

MstAdA A7 A Ay

slow], the Aoz wad 4+ gk

Na,on=— Ndn— q,v N (E/Ny) (3)
Td.0~ "4 p . NAE[Ny) (4)
B R al O]
Tao0n™ ¢ v N (EIN, ! (D)
_ 2kl N
TaN"T g v N{(E/Ny) (6)

A z}e] A&k% (electron charge),
Hxpe] o]

ol 71 A, (et
FE+ A 7] A& A 7| (electric field), vai=
%421 (electron drift velocity), Nei= 7] A &
Ake] F AG wAelA HFFE W IE(total
number density)eltl. #7174 Al7lep wHIs g
H| 89l E/Npr 8k4F A 7] &AM 7] (reduced
electric field)& ¢telz] =, 714 e] Wxid
By A4S AWeed oA T8 H
ehoj e & de] AFEE 2 ok siustd, 714
o] A& A7F A7) AA L o FESHA| R
(Mg ME, & Yok A YEE7] HE
ot} A (3)-(B)al A Oy H20, N2o| &%y &
A dAsitn 7H48 & ded, 2 ola s
A Apobo] ZFEubgol o8] ANE= ol
A& kg 2] w&ol v

hY

Table 5. Production of radicals by excitation

. 3, 11)
process reactions

reaclions rate constant

O('D)+H:0—-0OH+OH ka=2.2x10" R5]

O D)+ N2—O+N> kea=2.6x10 " R52
O('D)+Or—0+0y kei=3.8x10 " R53
kei=1.2%10"" R54

OU'D)+H:0—0+H20

(Kot~ ket are at 300 K and their units are in
cm /molecule/s)

Al (3)-(B)oll Al K Abe] ol E&HE vy AL
A7) 4M 7 E/Nrel eRA ot el &
Ag 5 A

v,=3.2x10°(E/Np)"® (emls) (7

Al (RAWell o)) Ay HE Abgle] AbA
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soa 7HEE & 2R 4 B)2 HEH
#o] 44 HEd + Uk
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SxAog RHY ATk
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(R52) (HSﬁl)E E1 ‘&*351‘” O #ozel 44

- —%frg]- = {kﬂ[Nz] k;ﬂ[oﬂ]

+ k. [HO13[O(' D)) (11)

A (1003 (11 o'D) F% o4l 4 (9E

A ohg, ARk BAeA HEE &Y

|OH] =2k, [H,0][O('D)]4 x

exp [ = { (kg + k) H, 01+ ky[Ny1+ kgl 0,114] -
—{(k,y + k)l HEG] + kd,,[Nz] + kﬂ[ OE]}

+ [OH), (12)

[O] - {kﬂ[ﬁz] + k.;ﬁ[ Og]'*‘ kg;[HgO]}[O(ID)]J -

expl — ((ky + k) H,01+ kg Ny + kgl 051} 1] —
— 4R, fr‘.'t.q)[H;]O] +k;-g[ N2]+ k.;z[ Og]]

+[ 0], (13)

of 71 A, [OHls¢} [Ola= 2H2E H A7) A & A
o] ZHAQ F&& A& WY OHet O &
t]Ze] Fike|rh

A (12)2 (13)o A AF8e 5 ns (5% 10°
sec) ool 0o & #Hitgkt), F, Table 52| Wb
23} o] & Al AU o F OHe
O gtcjzte] WAl FzH3 o g dojdra &
= glon, olu 4 (12)¢ (13)ollA =48
AAE 4 9}, Table 49 Table 52 #A4 &
Ax AASE OHS 09 +¥ oz AAda
& (58 A7y A g fgo# )& A+
o] AAE 4 (12)9} (13)& o] &&d 53
#do] ¥E + Qrk:

2kﬁ.l[H2 O]?} d. 0('D)
(kg + k) H,Ol+ kpl Ny 1+ kgl O,]

+ Na,on (14)

900

- (kﬂ[N2]+kﬂ[02]+kﬂ[HgO])’?M
Tc.0= " (ko + ko) HyOl + ky[ Ny 1+ kgl O,]

+ Na. 0 (15)

Fig. 1] 7|4 w29, He N o
Table 40l #|A & 23 2 2 H A AzF
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ozt AAAE&ES 2zt 4 (3), (63 & i
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Ep >
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Fig. 2 Schematic representation of the coaxial
dielectric barrier discharge reactor.
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Fig. 3 Schematic of the experimental apparatus
for the removal of nitric oxide.
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Fig. 4 Voltage waveform (a) and the
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Fig. 6 Effect of the concentration of ethylene on
the removal of NO (3.0 % (v/v) humidity; Initial
NO: 300 ppm).
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Fig. 9 Byproducts formation as a function of
energy density (3.0 % (v/v) humidity; initial NO:
300 ppm; initial CzH4: 300 ppm).
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C : concentration [molecules cm ]

Cq © capacitance of the dielectric material [F]

Cy ' capacitance of the gas gap [F]

E : electric field [V cm ']

e : electron [-]

E, : discharge energy per one cycle
[molecules cm ° s ']

f : frequency of the AC voltage [Hz]

ki—k4 : reaction rate constants in Table 1 to
Table 3 [cm® molecules ' s ']

Kda1—kaq
in Table 4 [ecm® molecules ' s']

kei=Kea ¢ O
Table 5 [em® molecules ' s™']

M : three-body reaction partner

dissociation reaction rate constants

('D) depletion rate constants in

[molecules cm ]
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Nt : total number density [molecules cm ]
[Olg @ concentration of ground-state oxygen
atom produced by electron—molecule

collision [molecules cm ]

[O('D)]y : concentration of excited oxygen
atom produced by electron-molecule
collision [molecules cm ]

|OH g : concentration of hydroxyl radical
produced by electron molecule collision
[molecules em ']

P : average discharge power [W|

e - electron charge [C]

R : reaction rate [molecules ecm * s']

T : absolute temperature |[K]

t : time [s]

u - linear velocity of gas stream [cm s 3

Vo @ peak voltage [V]

V. © gas discharge ignition voltage [V]

va - electron drift velocity lem s ']

Vr : reactor volume [cm’]

[ I: concentration [molecules ¢m ]

(:reek letters

7. overall radical production efficiency
- |
[molecules ] ']
74 : radical production efficiency by direct
" - I
electron impact [molecules | '|
T | space time [s]

T, : cycle [s]
Subscripts
0 : reactor 1nlet

[ © processing number

J ¢ any component
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