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NO, and SO, are mainly generated in the combustion of fossil fuels, and they cause secondary aerosol formation

and acid rain in the atmosphere. Many studies have been conducted on the wet scrubbing process which can simultaneously
reduce NO, and SO, at relatively low temperature. In this study, we conducted an experimental study on wet scrubbing by
using NaOH solution. Especially, this study focuses on NO, and SO, removal characteristics by varying NO,/NO, ratio and SO,

concentration.
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NO,2t SO,+= A4 -S4 24 4A
Al = WAt 7] FollA AAtd, 2t
= AJAgsto] o]z §7] of|o] 2& (Secondary Organic
Aerosol)2] ¥¢10] 11 2t} (Choi et al., 2017). ©]]
ue} 2k AdujefA o] NO, ¥ 0,9 HiEsEE &
As| FAE Uk =Ue] ¢ 2018\ 39 247
Bl ABE 7| e AR AJg2lof o5 20159
o] & AA == AH|E7F 100 MW o]/ B A Ao
sl NO,2t SO, HiEFS B 50 ppm ©]5H=2 A
skal lom Al $=217F A3t AetEs FAol
71&2] NO, Atolli= A=A Znf] S (Selective
Catalytic Reduction, SCR)0| F& Z-gE|o] gt}
SCRO] 7% Zuigh-g-& d.2717] 9I8H 200~300°C

g2 d4
a5

ol 122 Qg StEE, o|F fdf HiEEE A4
74 0] &5 A frAIskeof gtk

FA 23992 darkre -89 o] F4A|
< 9 84 7HAE A7Ask= 100~150°C2] B
A A2olA s EE 378 vttt (Haiping et
al,, 2014). WebA FA AT o= AL 7k~
7b 2ol & geliHaL, -8 ol FeAler ke
St= A o] F851T} SO,9] 749 Henry's law constant
7} 1.2 kmol/m*- atm (at 25°C) 0.2 o} HA] AT
ol frefsiet. Bido] W Ao A HiEE= NO, F
2] 90% ©]/d= A= NO+= Henry’s law constant
7} 1.9 X107 kmol/m?- atm (at 25°C) 2.2 mfj-$- Yo}
4 2a=dor A AAHR e S4] AUtk
NOE 54 2= =15t7] 91514 NOS NO, |
%719} HES-A]A N,0,, HNO,, N,0, 59| 23} 7 vt
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oS ﬁOH 7h 23O AFEHAIRD 0,8 o]
2l At A] NOE NO,Z AtstA]7|1 1 Feto]
232Ho A HFH 2 NOE AHshe =0l
Z159= Ht t}(Yamamoto ef al., 2016; Yoon et al.,
2016; Haiping et al., 2014). Kang and Hwang (2016)-=
744 e ¥ (Dielectric Barrier Discharge, DBD)
< 0|85t 0,5 U5t NOE 4F8HA|7] 11 NaOH
Fgolle B 238 oA NOE AlASH=
574 digh A5 S 0, FY F=E W
SHAA NO7ZF A= A=E 245, NO,/NO,
of 2 NO, 2329 B&S =& A+ A3
NO,/NO, H| 0.1, 0.5, 1.0 tia}] NO, AT EEL
ZYZ} 18%, 65%, 54%= NO,/NO.7} 0.5¥ ©f NO, #|

Hagol M =7 Hebdt.

54 239 Azt AR Es 2 duleAs
SO, 7k &7 A, A27kA W 80, Fe A=
W & e B 2 23wt HekskE & (Obras-
Loscertales et al., 2014; Kazanc et al., 2011) SO, 5=
7FNO, Aol mAlE FFE 2 F7glA L=sfof
ot 593 @40lt} Zheng et al. (2014) limestone
slurryE ©]-83F NO,, SO, A7rof gt d+& 53
Sttt Zheng et al. (2014) 94+ A4&7FA W SO, 9
el w2 NO, A a&of tis] =&5F32H SO,
57k 3748 W) NO A& 2 Aol7t Y9l
9t NO, A 882 S7oh= 2 B Zhao et
al. (2015)-2 sodium humate (HA-Na) =208 o]&
2t NO,, SO, A#oll thgh A5 4B 53Tt Zhao et
al. (2015)°11 4= 0, ‘s =7F 571l wet NO, NO,
Agago] BT F7Ioks B d= HAT Hao et al.
(2017) H,0,5 ©]43 NO 452} Na,SO, & o4
g NO, 2t SO, FAIA#l Het A5 sttt
Hao et al. (2017)° A& SO, 5=7} Z7}5to] utat
NO, NO, A ga&o] BF F7Istke 42 ZHH.
Zheng et al. (2014), Zhao et al. (2015), Hao et al.

Sfo] 23

(2017)°1A+& SO, & F7tol o-& NO, AHEE
T7H -8 Yol EAst= S0, o]0l oJgt g}
o] 7—] og /H\:ﬂa]_jy_ o]r,].

H AFAE NaOH -89-S o]&3F NO,, SO,
Al A3 FAol gt A A 7 x AHE 53
Fom, 53] SO, Fkof o NO, A& of
FTHA o= 7SI

2 o g

i A ABSISE, 247 FHae] L MEC
(Mass Flow Controller)E ©]-85}o] A|o]5191.0H, o]
£ 5ol Td7I20] FEE 2ESHAH. 2k F

= Ae o1 e A ARt o g HAYcH=
NO,, S0, 552 7|20 2 NO, (NO +NO,) 300 ppm,
SO, 0~1000 ppm 2.2 A5t} (Nyashina et al.,
2018). & S5t 7lA0] en oW oFE o Ake Aroro g
(25°C, 1 atm) AT 7FA T o] 54
ATeiue Axek AT Foe] Fha 2]
(Testo 350K, NO/NO,/SO, analyzer) S 2 2|5}

1% n:{

58
o
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Fig. 1. Experimental setup.
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NaOHE 0|E3t Hi7|7tA S| SAl

2 Aol AT FA 23 = A
(Packed-bed) EF] A= ejHo]c}, 23 3H]o] 27
60 mm= Stal o] 400 mm =O|= 2A|5]
(Raschig Ring, Pyrex Glass, 9 X 9 mm) S5 v %]
shltt. A2 *J%Oﬂ/ﬁ NaOH #-go8-& BA}s)
o] 5 &0 TS wet SR =S Skl
234 FeollAd Al T fde &SR 35
Skl AR S 892 2T offiR o g HiE
55 St NaOH 8¢
(Sun et al., 2017) ¥ 7]& AS
o2k NO, 232" a8°] H o4
0.1MO2 Atk £ 7Hrk 2 shee

A F4I5lo] NaOH 4-§lo] B2k $15L 53
SEREEE %u 272 WAAES s
o] W ~AZEHE el 7jao} 4 Golo] v
(Liquid/gas ratio)+= ﬁﬁg s FARE 0.0102
“A7J5H3Ach (Pillai et al., 2009; Chien and Chu, 2000).
O]E. _CHEH _9?_%1—7]./\94 _lQI_El:Q_ 3 L/min, H_r .9_qu
FHF2 30 mL/min® 2 AASIct 2+2te] 714 A
daed AgeH T3 A9 99 7hE g 57

sto] Atshe ALt Rl A ()3 2ol 14946}91

r]o ol

o} p2 AT H A ] 7k A &8, Ce 23
] QJellA Q] kA B, CAe AT EH E%LOHAH
b2 o)t
% —(I—E)XIOOW 1
n (%)= c o 1)
3. 3% U3

&A1 Aa o2l NO, AlA Tl Al(2)~
(11)9] HF-g-Alo] &F& 2] It} (Thomas and Vander-
schuren, 2000). 7}~ oA NO2F NO, &= 4] (2)2F
(3)9] ¥-&-& F4ll N,0,9F N,0,5 77 A%t
83 $5717F EAeRE 27 stellA A 4)f 2
3l 7k A o] HNO,E ARt 41 (2)~(4)2] 3
P4 K~Kolth offiof A T B9js A=

A32{40|A SO, S=0f 2 NO, HHSE 661
(K)oltt.
NO(g) + NO,(g) <> N,04(9)
K,=4.12 X 10 Pexp(4869/T) )
2NO,(g) < N,0,(g)
K;=6.98 X 10 °exp(6866/T) (3)

NO(g) + NO,(g) + H,0(g) <> 2HNO,(g)
K,=1.825x%10""%exp(4723/T) (4)

N,0,, HNO,, NO,, N,0, 7kA= 2A4]- 4] ZAH
& &9l 8 dez FEA A (5)~©®)°l 28l
=7} He-5to] 8o AFE €] HNO,2F HNO, & A4
gt

N,04(g) + H,O(I) — 2HNO,(aq) (5)
HNO,(g) + H,0(I) — HNO,(aq) + H,0(]) (6)
2NO,(g) + H,O(l) — HNO,(aq) + HNO,(aq) (7)

N,0,(g) + H,O(l) = HNO,(aq) + HNO;(aq) (8)

$9 AglA] 2

HNO,Z E3|¥c}
3HNO,(aq) — 2NO(g) + HNO,(aq) + H,0(l) 9)

A 48l Yol NaOH 7} A ¢ 2 (10)
o] Z5r-gof oJsf HNO,7} -&90f| 4= ZA] A
71501 4(9)€] HNO, =3fil| oIt NO W& Hh-go]
A E . HNO, E3F A (11)9] F3H-gof 2lsf
NaOH®} §-3-51e] A|AH . o]& Fal NO, AlA%t
59 2F A4EE NaNO, (aq), NaNO, (aq) 2] o]
A3 Hch.

HNO,(aq) + NaOH(aq) — NaNO,(aq) + H,O() (10)
HNO,(aq) + NaOH(aq) — NaNO,(aq) + H,O(l) (11)

H4 232 H A 9] 80, AAE A (12), (13)2] ¥t
2o o]} Lojtth(Yamamoto et al., 2017).
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Soz(g) + H,0(l) — stos(aq) (12)

H,SO,(aq) +2NaOH(aq) — Na,SO,(aq) + 2H,0(])
(13)

o] uf 4] (13)°f] ol A== N azsozL 21 (14)9]

HE2-S =3 NO,Z A ASH= EAJo] 9dth(Yamamo-
to et al., 2017).

2NO,(g) + Na,S0,(aq) + H,0(l) —

2NaNO,(aq) + H,S0,(aq) (14)

4. 2924 R 18

4.1 7tA =Mof IHE NO,, SO, MZ&s=

1% 2= NO,/NO, H]o| @2 &7 NO, NO, 5%
9 NO, A EEE YEATE NO/NO, HI7} 022
NOZF EF NO=RF 5o} 315 wl= NO, A%
a&o] 6% == A Yehdth 124 NO, oF
<= £9] NO,/NOZ} 57145 NO, Adaelk 5
7Fsto] NO,/NO7F 0.6 ™ NO, A& -8°] 59.5%
2 F|j7} "t o] o] FHE= NO/NOt S71e
= NO, A@a-go] 7@4ste NOZ/NO 7122 NO,
7} B% NO,EqH A E o] 9l £ NO, AfEE
o] 53%= FrAskeich

Thomas et al. (2000)2] NaOH 48988 ©0]-&35t
NO, A7 oA & Aot FARE 3 3Fe] NO,/
NO,°| ©& NO, A1Aa&-5 Hilsk 9lom 1 o]
5 ofgfiel go] AHgstal 2tk NO,/NO 7} 0.6
ol A= NO9F NO,7F Bt o= HA EAfst
&g 2(2),@)°l osll 727l N,0,, HNO,7t &4
staL, A (5) (6), (10)°ll °I5H N,0,, HNO,7} 4=8<H
fog F4Eo] AAH. o] "o 7k At 4
A *J—J sket ¥h-g-o] dojubA] ¢h= NovH £
o]l vls NO, AZ&EE°] 7Rt NO,/NO7} 1
HTo)A= Noell Hlsl NO,7} dgFo g Eoh=
BHlo|BE 2] (3)9] HE-go] T2 doju} 7kA A
N,0, Eth= NO,¢} N,0,9] Hl-&©°| =t} o] of NO,
€} N,0,= A7), (8), (10), (1)l &fsh HFZH o= A

oko o,

100 300
SXYOutlet NO ]

90 N @ Outlet NO, b

—-NO, removal 1250
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Fig. 2. NO, removal efficiency at various NO,/NO,.
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Fig. 3. NO, removal efficiency at various NO,/NO, and SO,
concentrations.

7=t} o] @ Thomas et al. (2000)°l14 AAH 7FA
9} NaOH =8l 7+ ¥h-g &5 4F4=21 OKP (Over-
all Kinetic Parameter)E ZtZt9] 7t~ 2 W) wsHH
OKPyp,=15.37 X107 kmol/ (m*skPa'?®), OKPy , =
14.22 %107 kmol/(m?skPa), OKP y.0.+1v0, =
2.316 X 10722 OKP .0 11mm0,”F OKPyo, 2 OKPy
Hoh 27 epdt o] ool 7kA AdellA N,0,9}
HNO,7} & ZA5H= NO,/NO, =0.6 Lol A]
NO,%2} N,0,7} F2 ZA51= NO,/NO, =1 FZHE}
7t~} NaOH -89 7+9] §h-go] W=7 dojut
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NaOHE 0[88t Hi7[7tA Q] 41 A32{-0jM SO, S0 MHE NO, MAHEE 663
300 300 300
o 0ppm SO, —5-0ppm SO, o 0ppm SO,

— 2504 |~*500ppm SO, — 2504 |-#*~500ppm SO, — 2504 |-*-500ppm SO,
£ %1000 ppm SO, é %1000 ppm SO, % %1000 ppm SO,
g 200 A — 2001 =

o Q
Z 150 Z 1501 z
o 3] 5]
g 3 3
£ 100 £ 1001 ; g
2 g g

504 o =~ 501
0

0 0. 0203 04 050607 08 09 1
NO,/NOy

(a) NO concentration decrease

0 010203 04050607 0809 1
NO,/NOy
(b) NO, concentration decrease

0 L e e e
0 0102030405 06070809 1
NO,/NOy

(c) NO, concentration decrease

Fig. 4. Removed NO, NO, and NO, concentrations.

B& NO, AFaEo] =4 Uee= 2oz ¥
=g

19 38 50, 5Eo] 2 NO, ¥ SO, A4as &
A5 Yehdtt so,= _Eﬂtﬂ O‘%Liiﬂ 500 ppm,
1000 ppm¥ W E5F 100%2] AHEES UEHT
SO, 25°COllA] Henry’s law constant”} 1.2 kmol/
m?®-atmO 2 NO (1.9 X107 kmol/m*-atm) ¥ NO,
(1.2X 102 kmol/m?- atm)°f| H|3| & =}o]=2 =7] o
woll ¥H&-(12), (13)°] WEA] dojut Blw 2] Aga
g0] =2 70 WAETE Yoon et al. (2016)2] 4158
AFANAE $O,9 AT F&-2 100%°l 55}
= #oE Yegth TR 117 3914 SO, F&7 0
ppm, 500 ppm, 1000 ppm 2.2 F7FeH5 Zf NO,
Aaso] A& S7 ohe S UEdH 19
1! SO, 5 =7} 0 ppm, 500 ppm, 1000 ppm ©. 2 F7}5F
o] wkeh 2t NO, A7 &E-&°] UEht= NO,/NO,7}
0.6, 0.7, 0.82.2 Z7}511 o] wjo] NO, A&
ZY7} 59.5%, 66.4%, 71.8% = LFEFGTY,

FE7F NO, AHEEof v|A= el tigh

Xé%“—*. 4L 9ol 7 =AE =2 No<t NO, AAH
S T3 4(a)9} (b)ol HEFHSITE SO, FE7t Skt
of et 19 4(a), (b)2F &o] NO A|AZFS 4% W
oF2] 1 NO,9| AAZE & F7tstqich o]z
SO,7t NO AA= AAstL, NO, AlA+= EXIA7=
A7} ok ZE on|gith o]= 4] (14)9] Na,SO,
of o3t NO, Ao = AHet 4= It SO, &7t

e

o

EoHEaE 2 (12), (13)9] SO, Az HHgof 95|
Na,$0,7} Zo] AAHE Na,SO,= 2] (14)°] 25)
NO,E A Ast= E40] = Aoz deA At o]
ool a7k Well s0,7H EAE Alelli= NaOH
Zgdo] gt NO, AAS €]o Na,S0,° 2|5t
NO, AlAR0] 7t o2 dojdth, wheba] 119
4(b)2} Zol] SO, 3 =7} HolALE o we ou
NO, 7} A|A == @7%e] Uehdth NO 9| 7% A (2

(4)2F o] FA AW ofA A AL Hﬁﬂﬁb
NO,2} ¥h-gstojof g}, o] o Eg7tAo] e
SO, =7t 371845 f1ellA At 2 No, AlA
o] soldth o] "ol EF7FA el s0,7F EA
2 ¢ NO A|ATS B2 NO,7t Al (14)] <]
aff A= NO AARESe] At NO} NO,
AAZS] A1 NO, AAZES 17 4(0)°ll el
th. NO,/NO, #t°] E==5 50,0 23t NO, A7 &
7 Z37F NO At oA AR 3 UehR R
S0, 57t $7F8E NO, Aol A7t =&

NO,/NO 7} 304|121 o] o] & NO, A&+ T3t =
oA A %E}
9 5= 50, 5% -2 NO, NO, AHa&S

Ehdfith. NO 117‘3%% SO, B & Ao A
Aol YAt g2 UERQlek B NO, A g2

BT Z7te] what 50.5%0014 70%7HA] 2T 20%
Fsotath ol Eoll 1% 394 SO, =7t 7t
5 Uehe @459 272 AAE Na,S0sel

e
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Fig. 5. NO, NO, removal efficiency at various SO, concentra-
tions.

OIgt NO, 7t Al AsH-S E1%F &= Qlrt.

AA 3 T AartAE NO, SO, o] 2le]l
& CO, ¥ 0,5 thF Zgslct. o] wjEof of=] A3y
=z=°4 Co, ¥ 0, ko] @& NO,, SO, 27
H g8 tjs] 2235t vt Itk (Zhao et al., 2016,
2014). Zhao et al. (2014)2] AFNA= E7~ Y
] 0,, CO, =7} 27t 0~8%, 0~12% 2 Z7}5}H
2 NO, ¥ SO, Afra-gol & W3t gl Aoz
vebd o 22 A2 £ g A (Zhao et al,
2016)°I - &= F-AFeE AabrE 1t As) Aol A]
L 0]2 0, % CO,7F NO,, SO, H]|3} 3}etA o 2 H]
sh7] th2el Ao = Aol oot

89 A AIZHI THE NO,, SO, HUES
$Ue 2@ot] PN AT HS A7Te]

J5-5 54§99 pHL 45kd NO,, SO, 4%
ago] WolxA Hek. o] whe] A7 2 £

sto] @3 ol B4 §AL £@sH0] A
Zroll W2 54 §99] pH % NO, SO, AAAEES

G Eajoith. A3 58 U pH WsP} 86

Gas Flow —
‘Wet

Liquid Flow ------- > Scrubber

Mixing

g i Gas

Analyzer

O9 72 ARbel| w2 g4 §949] pH ¥ NO,, SO,
A a8 veRd Zlo|th NO/NO = 0622 7%
5111 S0, =71 0, 500, 1000 ppm Y W o] 37}2] 739
of| tiste] A& P35}k E Caseol Al A|7Ho]
W45 4§99 pHE A4S, pHIt &

3] gaske A-lM NO, A EEo] w40 &

Aok A%S A NO, A o5 A==

=

HNO,= 89 o Seh-55 424 OH o2
o X
2]

7% Henry’s law constant”’} 1.2 kmol/m®- atm (at
o

25°C) S & Wl gong FAJ0| f-golor Z5HE
H7HA] & == 544< 7HA pHell € migRt Zlos
Tt g0l F4o) H= A1 (pH="7)7141 ]
7T} A7HS S0, %7} 1000, 500, 0 ppm e wf ZHzF
A A2 T 361, 684, 5047 0 & LFERITE

Ad Aol it Het A5 flsto] et
2 A& sk A7l mE NO,, SO, A&
&5 olgsto] 12 § £1HE= OH o229 & &




NaOHE 0|83t tfi7|7tA2| 4] AT2{0|M SO, S&=0f ME NO, MHES 665

100 - 14 100 5 =T 14 100 14
; -0~ NOy v
904 zls\lgxrienrﬂ?vv{‘ll L 12 901 2 50, removal . 90 "
g s0i =i g 80 s g %0
g 70 10 g 70 10 g‘ 70 F10
2 60 lg 5 60 3 g 60 g
T 501 T B 50 T % 50 E
= L = =
2 401 6 2 409 [6 2 40 N
=} =} =}
E 301 ta &% 30 4 § 30 ”
201 ) 20 20 = 1 ,
O~ ¢ removal L
0 : y y r0 0 e 0 0 . . . . 0
0 30 60 % 120 0 30 60 90 120 150 180 0 120 240 360 480 600
Time (min) Time (min) Time (min)
(a) 1000 ppm SO, (b) 500 ppm SO, (¢) 0 ppm SO,

Fig. 7. NO,, SO, removal efficiency and pH of absorbent solution by elapsed time. (NO, concentration =300 ppm, NO,/NO,=0.6)

2] (15), (16)3} go] Alrre 4= ok

, mol
OH “consumptiong,

1mol
22.4L

2molyy-
1mol,,

mOIOH'\ 3Lgas e CNOXPPm

- 1 = X
OH ~consumptiony,_ min | min 10° fvo,
Imol _ 1moly- (16)
22.4L " 1moly,

Ag 2719] §4= 49(0.1M NaOH, 100 mL)°] &
& OH o] 47} 0.01 molQl A-Z 0|5t §
8 o] OH™ o]o] BF AREE S At
g Qleh. ol ol Aitd &4 8949 ok
(pH=7)°ll slFst= A7 SO, &=~} 1000, 500, 0
ppm ¥ wf Z}7} 354, 64+, 46320 2 LERY thA =
A or TEH AL FARE S UERiglet o
€] SO,9F NO, Z}219] OH™ ©]& AW &2 & 13
2ol A= A sO, F =7 500 ppm <l ¢ SO,7F
NO, Bt} 5.128] o B2 OH™ |22 AR5}k, SO,
E=7F 1000 ppm el 7-F- SO,7F NO, Hrt 9.26H] T
B2 OH °] 25 ARoh= 2o & Yeyth o] 5 &
3l NO,°fl ot 88 o] OH™ o] AR A
o2 nulsti 2 80,0 -89 o] OH™ o]
o] AREI Ql= A & 4 AUk o= Aol A
% SO, 7k~ 55 (500, 1000 ppm)7F NO, 5= (300

ppm)°ll HI3] FH o2 =31 100%2] A ELES

Table 1. OH™ consumption by NO,, SO, removal.

SO, OH™ consumption OH™ consumption  Total OH~

content by SO, by NO, consumption
0 ppm 0 0.00999 mol 0.00999 mol
500 ppm  0.00839 mol 0.00164 mol 0.01003 mol
1000 ppm  0.00907 mol 0.00098 mol 0.01005 mol

7HAH, 80,9 &40l ofoll A== s0,7 = 271 ]
220280, 1E J OH o2& 284 £RsP| g2
ol Ao = Pt

ZZ_IZ‘,FI-E

BT o T /)%
o

@mﬁ,

0, 232H Aol NO,/NO, =0.6°l4 NO, A
Hagol 59.5%= ke Uehilen o= No%t
NO,7} HI%:%t Fo g A of HA=E N,0,9
HNO,7} NO,/NO, =1 F-Lo| A BA=E NO, I
N,0,°ll HI3ll NaOHo| &4E 457} ul¢- w2 7]
wfzol Uehs @4t o doherh

@ S0, 2324 Aol BE 27004 s0, A4 R
£0] 100%2 WEFSHTE SO,= Henry’s law constant
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7} 1.2kmol/m?-atm (at 25°C)2. 2 NO (1.9% 107
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