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V,04/TiO A FrPdellA] NHell 28t NO, & A8 4819l 3109] A 7233845 2= N,09] B Tt Q1914 ]
HiEgo] & = Ao Huyu glong & FAL AT E A= sEddad 471 Sl dels SCR
SANRS g2kl N,0 A3 WAlHE Fo W= F9494 thFA}F 9ith. NH;-SCR 24RRS<lA N,0 wi&S
NH, 2FspRbgol| tlste] vk Fof] EAlsHE NO S NH, 74 FRE3-5 Fall dofutar. o] F#4kg52] =& SCR &
i} 3R] V,059] T 2509 FFH(WO59 MoO;), BEe-25, NO,/NO, HIE, Asle, 351, 473
F, A 0 A2 w7k 209 AW W sl el AR A48 SCR 2Tl AL Fulje)
ojglel] AA QEsitt. 4719 BE WgEe] BARESCA N,0 A7} sAlEva Ex)ets, 2 sAWFEo] N,0
Adel] WA= Y} A8 SCR 57814 N0 AdS A1 5= ol wkle] =i},

Abstract — Selective catalytic reduction of NO, by NH; (NH;-SCR) over V,05/TiO,-based catalysts is recently reported
to be an anthropogenic emitter of N,O that is a global warming gas with a global warming potential of 310. Therefore, this
review will get a touch on significance of some parameters regarding N,O formation in the deNO,ing reaction for fossil
fuels-fired power plants applications. The N,O production in NH;-SCR reaction with such catalysts occurs via side reac-
tions between NOx and NH; in addition to NH; oxidation, and the extent of these undesired reactions depends strongly
on the loadings of V,0Os as a primary active component and the promoter as a secondary one (WO; and MoOj) in the
SCR catalysts, the feed and operating variables such as reaction temperature, NO,/NO, ratio, oxygen concentration, gas
hourly space velocity, water content and thermal excursion, and the physical and chemical histories of the catalysts on
site. Although all these parameters are associated with the N,O formation in deNO,ing reaction, details of some of them
have been discussed and a better way of suppressing the N,O production in commercial SCR plants has been proposed.

Key words: Nitrous Oxide (N,0), Nitrogen Oxides (NO,), Selective Catalytic Reduction, Titania-supported Vanadia-based
Catalysts, Side Reactions
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3}81213)= (photochemical oxidantsys A8t 2, sl Ak
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AR A, HA7EA S 2 SRS sl T2 )
Z5]o] t)7] Foll Ak Ak} (nitrogen oxides, NO+NO,=
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NO, HIEAI1E 2138l NH U ureas AR A3k A 84S0l
311 (selective catalytic reduction, SCR)®] 713 d] A-g= ol
TH1,2]. 4719k 22 i 8-3Fe] w717k Yell S8 NOGE NH3H
ureas $HAAE ARGSto] EAHA 0 AAT = 9= SCR 7= (F
3 “NH;-SCR” = “urea-SCR”E 7 &HollA] V,05-WO,/TiO, 2}
V,05-MoOy/TiO, Zull7} 71 def ARG AL Q= (3], #2e] <
T=[4-61°l 2Jshd o5 SCR 2 F1 el NO,-NH;-0, ik &
Qol A N,07F Hhg- = vlEE= 2 0= Jelsit)
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N,OF HEAIS] t7] el dofuh= Feletmm Iikbg = -
W] wite] di7| e @Ede] TA7)A] dar glom, Seuets
k) vl=, FHAY T2 AR oo tigt wiEsEr1F
IS HA AR AR A QITH 78] el 5 sk
oko] F-&:0179 4191 WE A (Kyoto Protocol)llE A F21H3}E
Fiehs Zlo® deizl 6 52 2471~(CO,, CH,, N,0, HFCs,

PFCs, SFo7F @A%o] Sli=tl, Phase 1 (2008~2012)0l14] AAE
& N,OF X3HH= 247k~ wlE%E 19901 OB] B3t 52%F <]
FAH0 2 7Es|of 9. CO,2] AF-2431X]4*(global warming
potential, GWP)= 1219] ¥15193, N,02] GWP= 31001 22[8], &
A3t T oA N,07F Al F-2udslel] 71ojehs J e 0,2
31080e] sFetr 10]. o= A&t 7% Agolu 3N S5 &
&l N,02] 2 117l w9l o 2 o] &S 1= A7eh 4
ATHE €O, 3108S AFHe avks Zhethie 218 9vjdit). w
214, 4718 SCR 578149 N,0 A4 9218 493107 48 SCR
ZullA|Z¢} SCR 37 23z=71e] vidshoZH A4 SCR B84
HIEE2FE] 2] N,0 WiEZe #A7he 7 ol ks e 4o
o] Atk

2t S vl e 2 L It V,04/Ti07] SCR B85
njEo] 7P 3RSkl 4851 gl sk AelA €] N0 HilE
E/3& 123}, deNO, SCR Fvldollx] HAE= N,09] 78 A
719k Sl whE N0 A s Telskarat stk o]
F 2k A shEdd o] A -2 1 E 2 3l V,04/Ti0, 7 SCR
237 o2 HE] mjEE]= N,09] /9S8 arpd oz AT 4= 9l
= AER SCR BAF /] f-851 WS ANE = s A
o7 7|t€t} V,04TiOAl SCR BAZ 9} 015 24351 st
%2 SCR AN ZHE] W2 %2 ppm 2] N,07} A7
= lths ARdo] FZellof W Ao oJsl HarE Q] whel,
ATl TRRolAlE N,0 A T 71E A7 Algkolzt

£ A} 9 5 9t

Foal ook ox

N

ror

2. FHUNMAZEEO| N,0 HIE

2-1. R0 25t N,0 HiE
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o 27 99} BARES A2ahe Heubds Aa7] o
M N,O= 7 TFe} 28 whSSol] ol A RTH11,12]:

NH + NO - N,0 + H, 1
NCO + NO — N,0 + CO, )
0 + N, < N,0. 3)

= A 257 T4 02 A2(530~900 °C)ol
I AT EE W) ShelA] dolu= Ao w g QlaL, 530 °C
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Table 1. N,O emissions from fossil fuels-fired power plants[13,14]

Fuel Combustion technology N,O concentration (ppm)
Coal PCC <5
FBC 20~200
Oil - <5
Natural gas - <2

Note. PCC: pulverized coal combustion; FBC: fluidized-bed combustion.

=}

BRI 930 °C o] Aol N,02] TR 79] -

Al 7 s ol tH11-13].
Aehs s s A5 Ao AR o, B ek

(pulverized coal combustion, PCC)¥} &5 <1 4% (fluidized-bed
combustion, FBC)°] &-4-4 4= l=dl, T2 A4S A
PCCel| B3] & AF47 & NO, HiE s s 7] ujio] A
o] FHua Qlt}. PCC 71e& AHS3h= Aletsl i am e 4
A== N,09] v ARk T, A4 949, ik sE 58
SR Azl Foll whh gebd = QAN Table 19 755 o]
1<°] 5 ppm OJ3F= L&A QUTH13-15]. o]&f st o)== A&
ALA IR A0 4] 22 E7F 1,000 °C 2ol
A ow Aol GslEe 99 A wFhsEe] wE
09] Agego] w9~ vt7] wiito|t}, whdel|, FBC 7|&s 288
734 20~200 ppm F 2] N,O7} HiEH = 2o dejA Q=)
[13,14], ©]= NO, #lE%= W57] f1sto] pecel| nlal iAo
W AL s FAFOEA Y E N,07F i3l (thermal
decomposition)=]A] $37] wWliZo|tt, Ty AATIAE ALATIE
sk A e] A9 N,O HlE- 555+ 5 ppm ©]5I0|Th(Table 1).
upbA], A e T AAE Allehd st oA AR = IR
o] Fi=el BAGle] A4 I A I RHH HlEEE N,0 &

EE 5 ppm oJ3I8lE & = Sl
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2-2. SCR EFEIEH0| 2[gt N,0 HiE

AR AE, A @ HANN)E B oz Agsl= sl
HaEe] A4S 47l A85= NO, WlEd8715S 5417171 9
3lo] deNO, 375 A -2-Jskal ik shelddae} o] o8-
717k djel] 3238 NO & S 0= AAT = 9l dlxAd
HjAE27]42 NH,-SCR H4= urea-SCRO]I[1,2], ©]%= 1970t
Tk ARl A Hxz A e ndeo] 249 o)
1985AF-E] f-Hellx] “dgde-do] Bl=| L o] F-28] T % 7]
£o|t} SCR 8|S A4TH Fitol] AX¥ V,0,-WO,4/TiO,
L} V,05-MoOy/TiO, FHE A8l 300~400 °C2] HEg-2- 5ol
NH U ureaZ 3HIAIZ 3101 NO S AEld o2 A7) Zlojth,
olz]gl SCR BAF YL ZHE Fou]gt Wz vl 5 70"
N,O7}F 734 = 9132 vl a] 2ol QIAE]7] AT} 4-6,14,16].

stz oA V,04/Tio, 7l SCR BAF 3] AA]-2-90
Z A3l FAEE N,0 WiEFES SCR Ful|9] E)318hd] 54,
deNO, AIAGR| 2 F-Y == w7 17k2~e] 2737 ofol] EHil YA
E2e] 2884 54, SCR B&5742] 24t ol &8 =27
P2 w2 Uk o]2lgh o WIQIES V,04/TiO| deNO, =
P delr dofip= SCR BANES flof] YakA] b= RS (side
reaction)?] E/ds}e]] #oIEhO ZH N,O HIETTS =ATH4,6,14].
V,04/TiO A FrldellA] SCR ¥E-E- B3t o]5 F2 M50 N,0
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Aol oA o= AL FFo R F]oJEk £ QlER|o) w3k 1A
#Q &L o}l A ThE7| & &fat, -4 V,04/Tio, A Zri oA
N,O A7} el 2 FRkg-Eel vis) Lok} i),

2-2-1. DeNO, SCRoJIAH 2] kS

st s} 22 gdelM viEd 3] 05 sk vl
717¥27} V, 04/ TIOAl Fl5-5 &2k wff Yojuhk= SCR WH-2 o}
2ol kg0 T 4= QITH1,17]:

4NO + 4NH; + 0, — 4N, + 6H,0. )

7172 wiellAd 0,9k NO 2Fe] 71k 58l NOy/F o=
AdE s doisha 271250 °C olshelE vt 22 Wt

5ol Bt dojd 4= 9la1[1,17,18],

NO + NO, + 2NH, — 2N, + 3H,0, )
HEE- (5= WS (4)HTh il e SR ol 18]. o] deNO,
H}e S

52 A9 NH,eke] Hhgel o8 NO& AgiZ o2 N,s)
H,0% %131)7]7] wlito] SCR B0l Lo= sh= F1kgol

gul
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2-2-2. DeNO, SCReIA| N,0 A4 H-4kE-

V,04/TiO A FE 77O 2 3 NH,-SCRO|H urea-SCR R
A ofg] F5e] FRkg-Eo] ol 7 S, o1F FollA N,O Hl
Z7 A4 AIE 2 ke A F IFoE e
FAR= SCR RESOIA NO 2} NH, 7H] W52 2 RE] N,07} A/ d ==
Zggolvk. EA= SHIAIE AREEE NHy7F REg= ol EAlsk=
0,9} Bkg3o] N,OR Asl=]i= 7ot o] 7 74| vk w7k
= BolA o= kg el Sla) A o2 N,07H A sk
AT V,04Tio A Fvlle] A7 27, whez7 Sl wet Zef
Zlct.

WA, V,05-WO,/TiO, Sl delA] SCR RES- F<toll NH;9k NO,
Zre] Hkgol] o3l N,OE MiEAIA 7 Sl 72 k-3 2E9lS

L 10 1=
AR 312} F1T) 200 °)CRT) e BES- 2 Eola = godska o g
NO,/NO, H]$o] 7] ol thaa} o] Al g

34 4 QUTH17,19]:

2NO, + 2NH; — NH,NO; + N, + H,0. (©6)
o] g7 AAE NH,NO= 200~250 °CollX 1S~ (7)0ll whe} NO,2}
HEg-ato] N,OF A48 4 itk

NH,NO; + NO, = N,0 + 2H,0. (7
200 °C "|¥ke] Whg-Ehd WhS- (6)°l <Jal A/ E NH,NO=
SCR ZFuljxde] HAE % QITH18]. V,04/Ti0, Al FulldollA
NO,&} NH; 7] ®Egell &) Hks- FAHE=Z N,07F 4444 5= 9l
I OE WSS v AUH14,17):

8NO, + 6NH; — 7N,0 + 9H,0, ®)

olo iy
I

=

4NO, + 4NH; + O, — 4N,0 + 6H,0. ©)
1S (8)2 (9 = 250~350 °C2) W2 GoollA] WA=

=
N,09} Z2 A7} Q= Ao defA Qlrk. 350 °CE 28k
L9904 SCR HHE- F3kell N,02] Ado] kit o] it

Table 2. Conversion of NO, to N,O in NH;-SCR reaction with V,0s/
TiO,-based catalysts

N,O formation via

Reaction temperature ~ Conversion of NO, to

reaction (°C) N,O (%)
™) 200~250 0.7~2
(8) and (9) 250 ~ 350 1~3
(10)and (11) >350 <5

S (10)2} (1)l 2J3t Avkz ola¥r}3,17,19,20]:

8NO + 2NH; — 5N,0 + 3H,0, (10)
4NO + 4NH; + 30, — 4N,0 + 6H,0. (11)

3719} A2 REGAdA FullTol EE = WHEE Foll NO,
FEgke v w7 whiEel] ’ES- (8)0ILt (9)el 23 N,0 HilE2
A& QITh, 3% V,05-9% WO4/TiO, 1|5 ©]-8-8F NH;-SCR
SollA PR AZ0)21], B (1)l WE N0 A Ame v
£ Foll EAl3k= 0, %0l ¥FS W)= 3N v %e] 9
el nlahd - w2 ot}

V,04/TiOA FuldellA 7] 7+ -89 ZHE] NO/F N,OZ
e JEE 2T A E HESHH Table 28} 2T ¥HE- (6)
o eJal] A =le] Fujxmde] FA® NH,NO;7F 200~250 °C2] HF
S25oA Wk (7)ol Wt N,O= A= 1l8-2 NO, 55.2] 0.7
~2% 7 50]tH18-20,22,23]. 250~350 °CollA+= SCR HES- F<to]
1~3%2] NOZF RS- (8)2) (9)ell €J3l] N,O= H3ke = 3111, 350 °C
o]dolr N,O el 71035= NO, W32 5% ©151tH(Table 2).
oPelM & 7 = AR WEEER] NOSH NHy7t N,O= A1%8hs]
T HEE A7)0l o7 2t whgo] A= el FA] 9
E9Ith= Zlo|th

V,05-WOy/TiO, ZF1ll’dellA] NH;-SCR B8RES A], gH-lA]
NH;7} 0,9} Wk$-31o] theke] NL,O= HiE=E = e, ©]213k NH,
2FEE- 350 °C o2 2P A T2 th5F} Zo| dojdtt
[3,17,19-21]:

2NH; + 20, = N,O + 3H,0. (12)

1 (12)el] 2J3 A= N,09] §5ei= NH, ATshikgat a4l
o] MFE(V,05 39, 2579 24, 0, 55 o)l olal 22t
2 = ek ol gt W2 B HES (7)-(11)°1 2%k N,O W&
ol & Avtet Jaks Frt wEbA, ofgljellA = NH;-SCR W E<tel
V,04/TiO 7 Zridell ] 24719] S0 Huk-e-3h NH, Abshikg-ol] o]
T N0 HiEell P& viAl= SFviled, SCR wkex7, A 24

A 2821 ol thete] dAlskAl askaa) gt

3.N,0 HiE0| 0|Xl= V,04Ti0Hl SCR E0{=N

al IOxX A S
A SHHRO| A

g ukel o], SCR BAFm o] HA-2H A i BE
shebd 48] A9 dAsdel gl N,O &2 5 ppm 7|3k
o vepstot, SCR 2AFo] A -2E AL e sEtds
M= AR o] N,O7F vz 5= QUvh. V,04/TiOA Ful el
] NH;-SCR HES- 52tell N,O /37 gt vks- (7)«(12) Fofl ©]
= Zo] ARk wAlE e RS Ak ojR|=d],
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Table 3. Catalyst characteristics and reaction parameters regarding N,O
emissions in NH;-SCR deNO,ing reaction and processes with
V,04/TiO,-based catalysts

N,O formation via
reaction between

Catalyst- and reaction-related parameters

*V,0;5 content and crystallinity

*Promotor types, i.e., WO; and MoO,
*Reaction temperature

0O, concentration in feed gases

*H,0 vapor concentration in feed gases
*NO,/NO, ratio

*Space velocity, particularly at temperatures
greater than 350 °C

*Thermal excursion, particularly at temperatures
below 200 °C

*V,0;5 content and crystallinity
*Promotor types, i.e., WO; and MoO,
*Reaction temperature

0O, concentration in feed gases

*H,0 vapor concentration in feed gases
*Metal impurities in flue gases
*On-site operation time

*On-site fuel types

NO, and NH,

NH; and O,

Table 3914 N,0 &S op7|8h= W E G5 o] Sl%o] NO,
9} NH, 7+] 9h-8-0 25¢ A= N,0 F5+ V,04TioA SCR
Zul9] v,0, g1} ZF5m(WO0,, Mo0,)] F57, HH2 %, 0, &
=, H0 51, NO,/NO, HIE, a1l 9] 37512, 200 °C o5} A]
2ol A Bel &3l JaFS "H=TH4,17-19,21-23].
NH; AFh-g-o 28 A== N,0 T2 44719 Ak oAl 714
Qrlel tfato] w77k 1ol S w55 mwe] Tek v, T
A @gollx] SCR @2 2] 7FsAITE, W Aol ARRE L Ql=
AR9] FHe} 2 1Azl YFE vIXITH3,16,20,24].

il

v

3-1. V,05 2 0|2] ZFY

Aetol} H{GEHE dugdor sh sl 285
V,05/TiOAl SCR “F-85wloll 4] 2ANH-e-& $J3t F/d/ g2 V,0,59]
Bheko Uk 0 7 (3~1.5% A= ASHE=H[1,4,17,25], 1 F¥
O]f= NOZ sz w717k ol F&Eshe 2habsha (sulfur
oxides, $O,+S0,=80,) 14 S0,2] SO,Z2| AH3ke-S 43}
317] $1gto]ar, I TR £22- 350 °C o]4k] Hhg-2-TeoflA] NH, A
LSl 2]k N,0 A3 W8] f1gtolet,

dET V,0; $HFe] HA LS AAshe ol E A8, V,05
ol 1.5%E 2398 A9 29 lA NH, Abskg- o= Q1gh
N,0 A=) &3] S71e Bz o= ar gk Fig 1914
450 °CellA] NH;-SCR RES- 52l V,05 35 Wisle]] mE N,0 &

)= re]
TS WolFar 9t} 8% WOL/TiO0l 1% V,0°0] BAEH S
o, 3F HhS-2olA 5 ppm o138t N,0F WERIAITHFig. 1014
“New”), V,05 F0] 3%%E F7FaHA WH-g- Fof] #2=]= N,0+= 38
ppm7H4] 7= 218 B 4 QlTHS). o183k N,0 s 84t CO,
SRR AR 1.2%°] AdstEE, co, EF Sl B
1.2% =7F= 9JulstEE SCR Sl Al @AM N,08] B34 <
AZE 5= Q= WREE0] aEEofof st At dibeE thE A
aFolA BEE Ayele & X5z, Dierad $26]1 9%
WOy/TiO Nl 33} 8% V,05°] 212t FA] 8 FuldellA] SCR WHg- &
o AHH= N0 F555 S73818e W, 3% V,05-9% WO,/TiO,2]
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70 T
60 1 3% V,0.-8% WO,ITIO,
T 50 4
aQ 3 /
g , .
=
% 40 + _—
z S o
o
S 301
®
£ _ 2% V,05-8% WO,ITIO,
S 201
10 4
1% V,05-8% WO,ITIO,
oL A
New Ageing1  Ageing2 Ageing 3
Fig. 1. Formation of N,O at 450 °C in the reduction of NO by NH;

over V,05-WO,/TiO, with different V,05 loadings after thermal
ageing at 550~650 °C [5]. Reaction conditions: [NO]=1,000 ppm,
[NH;,]=1,000 ppm, [O,]=10%, [H,0]=5% and GHSV =52,000 h™,
Details of the ageings 1-3 have been described in Ref. [5].

73%- 450 °C2] HEg-2 520l oF 10 ppm N,OZ, 8% V,05-9% WO,/
TiO, ZmdollA= 190 ppm N,O FE5 B aLsIic), wjebA, o]
g A2 V,0,9 o] T7FPH NH;-SCR WS- &<t 4]
== N0 S5 @AM T71sths 21s 2 Hol5=ar itk

Fig. 191/ 1:2(550~650 °C)ollA] B3 2]E V,05-WOy/TiO,°ll
A1) N,0 A geted o= 3, 3% V,05-8% WO,/TIO,
Fuj el A ERLR= N0 s 5=ellA ol &
3L Ko} gotst ploA] A 2] ¥ W (“Ageing 3”) SCR RBES- ol
AAER= N,O S5+ F7F8Ih o] 4§ 123} Fo] N,0 4%
S7F S7¥hs A Ti0,0] &A= Q1E) ool & Ak v,0,0]
o] 27474 V,04% WskE 1 AR SIS Wiko
Z HuERITHs]. ol d doeRE v,05 F] TA Fld
78§ TiO, 3tdel EAsk= A7 V,059] &3 YA N0
el Tk s ke AE o vk

Fig. 204= 444 o2 W85 1 Q= V,0, 5 ket &4
&5 7= SCR 2ol NO AAEEY AE N0 55
HOIFT QIUHA4]. Fig. 2()0l HolF=%0], SCR RES- Sl A=
N,O 5 0.8% V,04/TiO°l HI3l 1.8% V,04/TiO, ZvllelA] €
A A Yephs 21s & 5 vk 598 SullEelA #EEE NO
AAEE M2 BlwsEE, v,05 §30] T7HEE A2 ollx
A GAS7THE HolFth(Fig. 2(b)).

V,058}F 3] 6% MoO:¢] TiO, EWof| 5= 745, 100% deNO,
TS 2Hs 25Y%e] B yold Bl ofue} A2 eellx g
NO AAEe] S7F= g7do] QIAINE, 350 °C o)) W2 ollA]
N,O AL B X5 AnE Zagit). 53], 593 6% MoO,
sheFollA] V,0, 0] 0.89014] 1.8%2 S7FshH g ollA A4
HE N,O 5 719 2l oY T7kehs Als Hojwt), webA,
ole|et AvEE T, V,0, T Sl uheh a2 el A
e N,0 555 F718kaL, 25U E MOyt AR-E 749 &l
LGN N0 AP EE U5 o 348 G E A

AUTH A& SCR Fu= dg AREEE 1.5% V,05-6%

PN
% T %'/C_\‘O], V205

&S 5 A=
golgh 4=
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Fig. 2. (a) N,O formation and (b) NO removal activity in NH;-SCR deNO, reaction with: (H) 0.8% V,05-6% MoOy/TiO,; (L) 1.5% V,04-
6% MoO;/TiO,; (A) 0.8% V,04/TiO,; and (A) 1.8% V,04/TiO,. Reaction conditions: [NO]=800 ppm, [NH;]=800 ppm and [0,]=0.9%. The
data of NO conversion have been chosen in Ref. 4, and the concentrations of N,O formed have been calculated using the N, selectivity

data in Ref. [4].
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culated using the N, selectivity data in Refs. [4,27].
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