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Behavior of Ammonium Nitrate Formation by the Reaction between Nitrogen
Dioxide, Ammonia and Water Vapor
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Jeju-Do, 690-756. Korea

This study investigates the kinetics of the gas phase reaction between nitrogen dioxide, ammonia and water
vapor, and presents the appropriate ranges of the process variables such as initial NO» concentration, absolute
humidity and reaction temperature for the effective removal of nitrogen dioxide. According to the kinetic
calculations, the gas phase reaction for the removal of NO: takes effectively place at the water vapor content
higher than 4-6 %(v/v). but further increase in the water vapor content does not significantly enhance the
removal. The residence time required to achieve a desired removal efficiency of NO: was found to increase with
the decrease in its initial concentration. Especially. the residence time required rapidly increases when the initial
concentration of NO: is less than 100 ppm. The removal rate of NO; is in inverse proportion to the reaction
temperature, ie., lower temperature is favorable to promote the removal rate. The results obtained in this study
may be useful for the determination of the optimal values of the process variables in non-thermal plasma
technology for the removal of nitrogen oxides.
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g0z gdAdE Biold 1y ojg@ 71&
o 71&L dFg wizkAst HFol A & dF
g g3 F 3L £33202 AANA g =
27] 5 2 £Av9 45 ¥ IP 2R} ¥
Y, #4499 As wE So] EAFLE AHHR
Aok (e, 1994). "M o)HF FAAEEL )
Aste] B AAAon 23 2PEIE WESA
Q= 23N BaYo]l aFHY, &Y TP &
G717 98 A 2% 92 Ve Al o
3 AT AAAHA FA ol

A EEY BAAA AL A9 YA,
e &2, Zol, BAY (electron-beam irradiation)
£2 A2 Z2k=n} (non-thermal plasma discharge)
g olgstx A (g2, 1994: Civitano, 1993:
Shimizu et al. 1997: Oda et al. 1998: Tokunaga et
al, 1985). ©1% AL Zel=olg o)§st: V&2 ¥
2 33Y FE 2F TALE olgso vj7]7tLe
HHE deod FYHF ARFHVA  (energetic free
electrons) & LMAIFIE, o]F AAEo] w7t W
o] i i FE olidgs FFH FESA W
o] 2 Y38 JEEE d&He2 448, o
HE JEsol Wrizt2aFe |AEATG g |
HEAE AAdG: d7EE AR Ao
(Bhasavanish et al., 1993: Civitano, 1993: Yamamoto
et al, 2001). AL Eetzol FAANAH A4S F4
gt Zo= N, 0. OH. HO: 5°l 124, °ol& &
Z FolAd 4a3pg =z 0, OH. HO: & &
(ozone)o] Eat=u} wWigd F2¥ HFL o
(Civitano, 1993: Lowke and Morrow, 1995: Mok
and Nam, 1998). w{7]7}29] NOx& d¥¥ NOE
W&o, Zejzop WgrlodA o ARY oz
o &3 NO7t NO:2 48d€th (Mizuno et al,
1995: Lowke and Morrow, 1995). €9 NO7} NO:
B2 AE T Yy w77tz ¥R FHE
Yol g3 NO= ANGRFLE AEE] v
822 ol8¥ # Ut} (Civitano, 1993: Dinelli et al.
1990: Song et al. 1996). IR 25} QY HSd=
NO.. NH; 222 o] #ojdedl, o]JE WgS
ZAXN7 fstd AL BZE wrlrt2e] 95
71E s, o#E G T2 FAE wg7] Fdo] 43X

r

H

sted B7Y 383 (heterogeneous phase chemical
reaction) 2 FE387l% @t} (Tokunaga et al., 1985:
Dinelli et al. 1990: Namba et al.: 1993: Song et
al. 1996). YA4 Aoy A#EE FFo F718t
£ o}8¥ NO» NH; 5839 93 oj&d + A
58 4 FAE AFsr) el 28u, AFAE
T 2L A e RE g2 EA4E o)
Al F Aok AF APEQL AAGRES FF5H0
A3 540 gleul, diEY wrvties 939y F
22 #aen ornz oRxe w94y #4go 4
e ¢ ok 223, wir)zbsd) |ixg BAE 32
7tele A2 28% d71L9ERAR] E£HsEE 37
AlFle At sle2 FJdule Rg8 F7HA
4. getA, wi7)7ts ey FEE3 22 ¢ e
24& 339 NO, AALEE F7HM 718 e =9
o] 5ol & + Utk

e AFAdgel ostd FEEut gg7]ofA
o] A weo vj¢ mEA golyd P % )49
NO7F NO:2 435 ed ¥tal, NO;, NHs &3
w2 oj¢ =2 NOx (NO+ N0 AAE BE
60 %E 9A Z&d (Dinelli et al. 1990: Civitano,
1993: Mok and Nam. 1999: Mok et al.. 2000: Jang
et al. 2001). B2 459 NOx= Z2Y PAe] 9
s 24 (HNOs)2 AgSrIx s g2 A7y
AE 23 gelA, NOx leveld] HZE $sjA
t Aggeze 24H7] @ NO: NH:. 8%
9 sighitgol I Aojd F Qe WS WE F
ojof gt} 71gsEtgd 48E & + U A
A w7712 2%, 5 NO: 5 NH; 8% §
& & 7 Utk AR AL Eozv €3 A7
7b 2 ¥g7] 44 o NO dshitgod 3HE F
3 9lo], ol W7 N0 AARG oud g
@2 FeAd dE FFHA A7 oFE AFo|
o w2, & AT e 2%, 8, 27] NO: ¥
E % 22 d57 NO:S AARZ ojud 4%

FeA AYne $#d 3y 33 =2 AL
gzt 2R FAE A3 E AA NOE AAs=
2 B A79 dde AAY Y ¢dEe ¥Y
A= 714% + Ut
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A E2t=vl FHANNY ALAH%E AA BE7
Fol @ 71£9 AFE F2 NOS goize ut
gog ol 4A49sx AUct (Lowke and Morrow.
1995: Yan et al., 1999: Mok et al.. 2000). NO9 4t
3ol OH, HC. 09 izl g#d#3dA:
N gtZo) F2 Foses Aoz BuHo oy
(Civitano, 1993: Yan et al, 1999), 8 W§E&
aopdd g

NO + O — NO,; (1
NO+ HO, — NO,+ OH (2)
NO+ 03— NO,+ 0, (3)
NO+ OH — HNO, (4)
HNO,+ OH — NO,+ H,0 (5)
NO,+ OH — HNO, (6)
NO+N— Ny,+0 (7

A4 L (N2 AN sl NOF F94A717
T 3k, ofeds} o] OH. HO. O 53 wh33ld
NOE #4A17l1= ¥t} (Amirov et al., 1993):

N+ OH—-NO+H (8)
N+ HO,—~NO+ OH (9
N+ O,—~NO+ O (10)

u2tA, 24 2r)@e] NOg AAN 534 wA
t 9% A9 g2, dFE9 NO= NO& 43d
tt (Mok et al. 2000). 9% NO= W82 (6)
o8 A3E BPFIx F, HEES wg =8

B2 AZAYAE Lngct wad, AL Fe=zat
F30d AAY FAANE duitFoR wjr]|rtLel
UAAY EFE FYIAUY 3HY Fodo AT E
A5t NO, ¢EYol, #2319 7Y 33qg
£ ¥dog 14 BAHE AZHLZH NO; AARS
€ FAA7= AEE e A (Tokunaga et al.,
1985: Dinelli et al., 1990: Namba et al.: 1993: Song
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et al, 1996). 23, AL ZTezn FP9 LAAYA
ZE NOE NO:2 AsA7l=d dad A9 A
& Ed4 7198 4 93, % NOx AAE NO.
H:0. NH;9 siset g4 o] geilctn & & o

NO2 H:0. NH39 388 didt $x 83 1
2g fsto ol ALY 714 WgL 2ug
(elementary reaction) 2.8 FE&W g3 o
(Mearns, and Ofosu-Asiedu, 1984):

2N02 = N204 (11)

N,0,+ NH; = HNO;+ NH,NO (12)

A (1D 93] 449 HNO:= g=uop (NH3) <
wrgsla] 2492 E (ammonium nitrate, NHNOs) ]
g 4 e, 4 (12)of 93 4449 NH.NOE o3
wgof o A4 (N) 9 ¥ (H:0) 22 g

BE wj7)7lAdE FEo] EAFGEZ o)A
(NO» Y = 2 AAZZE FE % Aot

N204+H20 = fﬂV03+I-HVOZ (14)

2HNO, = NO+ NO,+ H,0 (15)

JEU, WA RUc EAsALSY A
(15 Bejsl B AV, A HNOE gy
ofe wgatA dck:

HN02+NH3 = M{.‘NOz(S) (16)

e (1609 9 44" NHNO= ¥93% 23
24 229 480z BdaA Wk

NH(NOy(s) = N,+2H,0 17

ol g9 wg#HPL 2%t Fig 13 2o AL
Zagtzol @3 239 4% FAFY Sdes &
g ALAREZREH |4 ¥5H4E AMGERE
2 92 ¢ dde Aot (Civitano, 1993). 2L},
A (IDAN (DY wg7IFeh g3, AA=H:
NO:ol AN/ 2GR Eos AJHA geohe A
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Fig. 1. Reaction mechanism of NO; removal in gas
phase.

€ ¢ F Atk 4 (12)9% (140} g3 44d 3D
2 gRYols} wgEe ARrELR APHAD,
4 (12)o0 9 448 NH:NOH 4 (16) o 4
AE NHNOC:= &2 4 (1) (1D 93 49
g2 2ddd.

AN GRUolsy} W AMGELFoE A
HAN dogoz Afud Ygsis F4ko] AR
drEgoz APHE AL otk AL g4rYy
ols} AQAH HPYYHE olFL Aot (Matzing.
1991). @by, A7) sA 459 AN F4 v
wg HZ goliA do. & 49% gy o)y
oz AL gryolE wgAld 4 ok 2,
WP ERFAE MY st 448 At
¢ds 2adegog AfREGR 7P, B
¢d ¥ 714HeE 53 AAY NO= 50%71 24
dEFo2 Yo 50%e 42 AEdo

4 (12614 4 (17)0] Yoltr] 7 QAL
A (1= 2o oA d/dd (pseudo-steady state)
g 71381, NO; 559 N:0y BEAlele] #AE
Haidr #FdAA gt o] 8E + U

I 0.7XeN
[ NO,T?

Kq (18)
71N Kot 984 (1D9 BEE+E Yepdo.

NOz H:0. NHyt 3&ste A2"dAM #FAY
BYELS 2AAEE AL, ¥ HY, N9 A
# E&5E O 4d dd 2838 F A

NO
RNO; = - dtdtZ] =

iy N; O )L NH31 + ko Ny O] H O]

(19)

I

KR
4 (1904 N0 SEE 4 (198 o183t} ThAl
E88d ged gk

[N, 0,]= K., [NO,)* (20)
mgald, 4 (2002 g3 go] W¥Y & gk

Ryo, = kK[ NO,J [ NH;) a
+ by K [ NO, 1 H, 0)

A QDAN 45EE AFRAIE Ogd 2ok
Ruo, = ki NO,J{ NH3] + kd NO,){ H,0] (22)

AN, ki#} k= 474 2 29 NOF N:0:8& AA
5 gdudol 2y £ s SE4TE (rate
constants)©1th. Mearnes®} Ofosu-Asiedu (1984)ol €]
3 ki# ke WEQA (frequency factor) 9 873}
oA A (activation energy)E ol83dd T&H o
EdHE.

k= Aexp(— E,/RT) (23)
k2=A2exp(- Ez/RT) (24)

o714, As B1EAA (frequency factor). Eis 84
3o 1A] (activation energy), RS 71: g, T A
d 258 yehdh B8EESS kit kel dg W
=iA el @43tz & Table 1§ fokso] Utk
(Mearnes and Ofosu-Asiedu, 1984). Table 1o @29
N:0,8} NH39l 982 N;Oio H:09He] wrgRo 4
3oz Fg F N0 NHzo w84&=7t NGy
% H,09 ¥g&58t o =elo.

4 (22)1A (24)8} o] HEHE g 4248
o] g3 %% NO; AZSEE AIY &7 Aok
243 &Y (axial dispersion) & FAI53, Wg7lel
Ao 2L E8a 3§ (plug flow)olztxr 7H3&
s g7 2 o] dojAct

RIS 25)
A7 wE 7129 BF |4 (linear velocity). z&
Aol oz e HAA, Rpyo = NG ARESE
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Table 1. Kinetic data for the reaction of NO: with NHs or H:O.

Frequency factor (m® kmol™ s)

Activation energy (kd mol™)

ki with NH3 1.534

-45:2

9.656x10°

k: with H20

-24.210.8

£ Yy Q99 JARA PRE AT = Zw
st gow 4 ()& T3 2ol ¥¥Y 4 Uk

ANO,)
- AR Rre, (26)
4 5 4 (8 Ay
N0 _ (o R -

+ ky[ NO, 14 H, O}

A (2DE &= ARAE (§3F W87 F3), NO
2 NH; 5% & 9@ 23 diad AdE + 3.

g4 (IDFH (17)& ol &35t g=vold o
o BAFAE MY B8 F doldle d=Yoly
¥% [NHile 271 NH; 5244 §lojd NO: 5%
€ W39 ¥9d. & g3 22 Yoz BHE ¥
Pz g

[ NH;] = [ NH31y— ([ NO; 1, — [NO;)) (28)
4 (2] ds] FAYFE (dimensionless group) &
=059 oA 29 g3 2o

dy NO,

ax (29)

2
=21 Yno, Yni, + X2 YN0V 1o

o 7],

__[NO;] _ _Inmy)
YHo: T NG ) 7T INOR L

S
=7 (30)

x1=hkr NG, x;=ky,[NO,J} (31)

A7N, 7, & 727} BgTlel HBEE & AFAZ
oltt. =@, 4 (28] S5 4 (29)L TGEFH 2o)

Hgdd:
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dyNo2 _
dy

Xy J’NO,Z(CR"'.VNO,— 1
(32)

+ x5 Y02 Y mo

714, Cre 271 NO: 5o d@ guyoly F
] (injection ratio) 24 A=, o} Pk

[ NH3],
[NO,],

CR= (33)
W, I35 Y89 £Ro| w3 i A, 4
A2 29 sxd7 AY g1e RolBz 4 (32)
AN yu ot AFE TFE & Ak 4 )& 3
gad g2 2o

dy
dI;OZ = x; yno, + [0, (Cr—1)

(34)
+xy H,o] YNOZZ

=]
o

A 309 22 mEEAe 271 Aso WsE
25,

yNO,3+[CR+ x/x -y go—1] YAD,Z

(35)
=x,dx

4 (399 A3 (analytical solution)E T3 o}
23 2

11y

Ci+ yno, ]
Cuonve, €}

Yno,

v,
1 =X

[ [z1s (36

4714 2% O DeR B F5EY ¥ BY
@ ol

k
Ci=Cr+ 2 yuo—1 = Cat g2 ymo—1 (30)
1 1
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d& 87 9isted A= 2By wgrE AX sy
9. fe @9 wE 2432 247 258 em, 3.02 cmo)
9. s3htgo] doluts wgrle fEZCE 480
cmolt}.

APl AMEE olid3kdA (NO) S g=2uo} (NHy)
t ALMA2d) RHsZ2o2 50 %(vwvv)Y 4
A on], Al w7jzkAe] FHEQ ALh % Fa
% Wg7] AT RS Adh9 Ni 3F
< A s 2AHUR,. ojdFAL (N0
=1l (NH3)& MFC (mass flow controller; Model

e

SRR

1179, MKS Instruments, Inc.) & o]&3le] AF 34
gozW 1 w5 AL 89 FF2 29
3714 olg3te] g 2ol TAHAL. B9 E
o] Qle vl& FepAaE dAY 252 fAHD 9
€ 8253 (water bath)ol @71 $& AHA nl
£ BekiTd] Aag 44 ERVIAE FFEAAE
o] EWVtEE B4Ry 25N Lo ¥
o k29 2 {$F2 F2 2 L/min (25°C 71&) L
2 fAHALH, WBgr)e 2EE 4H°CE FA89
o}, ol RAF w7}l HFAZFL 7.05 sec (45°C)
d Aoz AJEd ¥s AFY NO;, 5EE
Chemiluminescence NO-NO»-NO, Analyzer (Model
42 HR, Thermo Environmental Inc.)& ©o)&3lo &
g

A

d= o 3§

1. AFAIZLDE NO,: MHES

Fig. 3& 70°C (343 K)olA A& NO, AAEE
vs. BRE AFAIZLY BAolt o] afo] gulge
RAZ AL EgPznt @Hg7ldAd NOE NO2 43}Al
A ¥%& A N0/t NH; 2 H:09 7138e §
| AAS7 S Do Aot YA HE
vgp Zo] 275 NO, MAge] 371845 Ug

Flow meters Dry Oven
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NO, NH;
N,+0,
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v
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-x

480 Analyzer

Fig. 2. Schematic diagram of the gas phase reaction system.
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Degree of NO2 removal (%)
Fig. 3. Residence time required to achieve a given
removal efficiency of NO:.
(Initial NO: 200 ppm: NHy 20 ppmi
humidity: 5.0 %(v/v); temperature: 343 K).

& AFA) 438 F7tsta ded AFFTY
2&E€ ¥l Ut F, ¥ NO; MARE F
HE-E 72 AFATE fFAdMEGE RE e
dg AE E9. N0 30%E 713H8E 54 A
Ast7l fAM e oF 7229 AFATo) agA,
20k 60%9 AAREE A7 AAME B2 7HEY
A 5A13o) YRk

2. OjttafA 2 Txo| HE

Fig. 4= %87 79 ¢42Uol 559 2% &
AAEA FAF FeoRA NO; 271558 H3iAl7
B NO; AARE F3F A4 Jehdd. 294

£ ugt Zo] AAE NO: 2 NO; 271559
7t @ F7HA 4 (2)AHME & £ ARl
&L e 45 29 AFd & ¥
ojnz, ¥k Frte WE4xe F7l2 ool
Z WgE (NOYY =7 27h3d gmuel Bzl
% 25 &Eo| ®Fotd wgLxs F/HH, WS
S| F7to] wet AMAFe] F7tste Aol Fig 4
de 4 (3B)& o)&% AJAAE AAIHO AeH,

¥ $2 YAE B4F2 Qo Fig. 49 4¥d%
o o3d 7062 vy 7 YFATAE BT
3 NO; AAREEO| 0% oz uie 332 ¢ &
et B8] Rud AL Eg=ut GFAEAME
At 60% 71E AL AFEEl oA A
oz a3 gJ=6 (Dinelli et al. 1990: Civitano.
1993: Mok and Nam, 1999: Mok et al. 2000: Jang
et al, 200D), °l8j@ Aol HAY H{ug B
2 #4490 Civitano (1993)€ 339 Fdo oA x
& AXgezd oy EHNA NO. H:0, NH;9
whgol YoUYxrE FxaHen, Tokunaga
(1985)2 AR w7k A FFA A7 #e9)
22 A4S B FUs HaY g e 4
 AARHE AFSAch w77t EASe ¥
A E=¢ 79 g AT TARHLE o]F
g 4 e Ao B Exlo] TEH A= 4
A A7)7tAE AMES Jang 5 (200)9 A¥eiA:
oA HEE g7 £ AA A Yotx 60 % °lF
9 NOx AF#E Sl 248 F AFE BAgF2 ¢
o 2, olgh 22 7Y H$Ego] dojd ¢
e 2AAMY 4FE = obe AxF NOx A
288 ¥oF3 91d (Mok and Nam, 1999).

250
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100
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o
®

0 S50 100 1S5S0 200 250 300 350 -
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Fig. 4. Effect of initial concentration of NO; on the

removal.

(Residence time 7.05 sec; T: 318 K; humidity:

3 %(v/v); ammonia’ 300 ppm).
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Fig. 5. Dimensionless concentration of NO; as a
function of initial NO; concentration (a);
and residence time required to achieve a
given removal efficiency (b).
(INHs//INOzI=1.0: humidity: 5 %: reaction
temperature: 343 K).

Fig. 5 (a)& 7] NO; &9 #+2 E¥d ¥
A4¥ NO; 5 vs. AFAIZSY 2 =o)L, Fig. 5
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Boluj tiz NO; $=7F 100 ppm oI/t 5™ Ha
@ AFAIZe] 2435 7O E RE & 7 A
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AANFHE 112 7139 AFAILe] dash} 27|
NO: 57} 50 ppm¥ ®l& T8 682 ol4d9 AF
Aol ¥Rt E %71 NO; ¥=7F 300 ppm¥
e 70%9 NO-& AMAAFNZ] 98 oF 2629 AF
Aol dasht 271 NO; %7t 50 ppm¥ 94+
15829] AMFAIZre] Pasith ojg}t Fo] x7|FEof
oz} Jad AFAIZel FH8 Bt lon, A
AEE AN 2od 3 vx9 NOE olg 2
o] 713¥&E &d Ase AL vEgHo|d,
Fig. 5014 A#HEd 71482 &3 H2¥ 5
£ AW NO: 5=+ 100 ppm g A2z BY
o 5= NOxE A2 Faxvl 3322 A
t AL g AYParxz A uFAAM Ao
(Masuda and Nakao, 1990). ©] °lf+ NOx9 i
£& AAHT A NOE NO2 43Al7l Aol
A Fg=ne Fd 48U, 27 NO &7 ®
S5 oy sty dag AzlAdAs} 7
37] gZolct. & &, NO 200 ppm& AF NO,
2 AgA7led 28§ 382 NO 100 ppmE AR
NO.2 AN 7=l Hag Ao 268 7l7o) €
. ol o] AsAYA FHAN RYE nEL9
7t2E Aste Ao vFARH, 3o 44
" NO:9 AARE FHAAN Y 17 32 559

L

L.

NO; 7t2E 71438 5afl AAsE Ao] ol v
h:2- 2Ll 1
3 TRl it

Fig. 6 (a)= £ &§FE 20-120%(v/v)E W
A7 A4 NO, AAREL Jebdt) Fig 6
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Fig. 6. Dimensionless concentration of NO; as functions
of humidity (a), and residence time required
to achieve a given removal efficiency of NO;
(b). (Initial NOz 200 ppm: NH: 200 ppm:
temperature. 343 K).
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Fig. 7. Dimensionless concentration of NO; as a

function of temperature (a); and residence

time required to achieve a given removal

efficiency (b). (Initial NH; & NO; 200 ppm;
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Fig. 8 Effect of reaction temperature on the removal
of S0, (gas residence time: 12 sec initial
SOz 300 ppmy initial NHy 600 ppm).
Reference: Mok et al., International Conference
on Electrostatic Precipitation, 1998.
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