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A Study on Additives for Improvement of SO, Removal Process
using an Electron Beam
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Abstract Various influencing factors for SO, removal using an electron beam technique were investigated. In order to
obtain optimal removal efficiency, various influencing factors such as additives (NH,OH, NaCl, NaOH, Ca(OH),, and CaCl,),
absorbed dose, and initial concentration were estimated. As a result, the removal efficiencies of SO, were improved when
additives were injected in a electron beam process. NaOH and Ca(OH), showed the highest SO, removal efficiency among
diverse additives. It means that the OH radical is more effective than the Cl radical. The removal efficiency of SO, increased
when the absorbed dose increased and initial concentration decreased.
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Ly = 71 FME SO AP T8 710 & FFE T
2o, S o = thefet 9ok n| X TH(EPA, 2018).

A AAH SR 4ot F T AIRkE Qlste] st jh 8o QA9 i%’#%Oﬂ OJ5fA] thHE
Aa, 22V, AT, 2 Soll oJet 844 Amol o] FoHe] 5 WY, w, & 5ol A= F
ARgEol S7Fskal QITH(WBG, 2014). olofl wheh, of Tk E Al 25714 A2 I3t (Cheng and
718 =491 ol4tel (S0,), Aa4teE (N0 Zhang, 2018). SO,= F2 g, WHE A8 <
HjEeFo] S7ketal Stk 20149 Ut & AAA, S50 88 2 Al™E, A/394 2 sshs
3] 59t 80,7} 343,161 BlEE Zo2 BuET 9l  AX, Aet 9 M-30] AxTpA A HAFgT) T3,
o} (MOE, 2017). T3F AlA] =8 EAIZ oA 7] H,S0, 0; @ ZH|NHZ] (PM,5)E Adsts A&
o 4= d% e EAECl TAELT ity A=A 7] de] 2 P32 1] th(Cheng and Zhang,
(Chaloulakou et al., 2008). W2hx] Z AIAIA 2 SO,  2018; Kim, 2006).

2} NO, 9| Hi&3-& Axtstr] f1et A7 &ids| 2 7| S0, A71E-2 A v AL (Flue Gas

P it Desulfurization: FGD), S 23 t\g, A S o] &
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HAHUS 0183t SO, HUSH HMS A3t H7HH| S 773

g AEahy 5ol Stk v AE S (FGD)2 |4 7} AARE OH B ZHe 50,9] AAS 271470 1t
 Bol 2 Hom ANMSNNFAY, Yot -S4 A (5)~(7) ZTt(Park et al, 2019). ©]F A
541 50| 9tk (Ye ef al, 2014). 7L & gRHUoLE  AH H,50,= HA7MA (NH,)$ ¥H2g E5}o]
2 NH; 841 9H-3-A1A §]5sts Wi o]t (NH,),S0,2 BAIE 2 QA5 o) HlRE AR
Fmjote] 79 M|z} go] £ ghwujote] F & 4 ki B e W Qrk(A] (8)~(12)) (Park ef al,
719f0] ot §4H 9] &Ao] Wrh= &S ZFA AL 2019; Zwolinska et al,, 2017; Sun et al., 2015; Chmi-
Uk SR S0 vt 2 4ge, 1Hd elewski, 2011).
29, SESHoR U APEEHE s
A Z1 (Co-Ni-Mo)Z ©]-86}to] =48}t 8-S A|A s, SO,++OH+M—HS-0;+M (5)
8% A7 R, ST qi71= 1,87k viEd 5 HSO, +0,— 50, + HO, (©)
7F et

Az S o] 835t 7|0 FGEA A X2 Wol $0;+H,0 — H,S0, )
ATFH I Uk 53] wirkas Alehs BN ¥ 1550, 4 2NH, — (NH,),S0, ®)
2 AP B8 AI1BE BUSHA Rt FHE
ZFA AL 1T} (Park et al., 2019; Son, 2017; Son and Kim, SO, +2NH; — (NHj;),50, 9)
2015; Sun et al, 2015; Son et al,, 2010). HAHE Oy 50, 40, 2NH,SO,NH, (10)

35S0, AP7e2 71E7eE] Be Bt /Y
3t 7|24 g 71459} vl astas o), A do 2 (NH;),80,+ H,0 — (NH,),SO; (11)
g 2dHet =2 AARES Ushl= Ao
A4 STk (Chmielewski et al., 2012). FAHH]-E 0]
380, AY7|EE T A4 Y FHlEHE @ T, o] wf AAEE FAES T ek 59 &
=4S AASH] Asto] AFEHSUT 152 50,0 AR ety 7R v 2A] 11 7R E A7
715 =7 700~800 ppm ¥ W, 2~12 MeV, 1.2 KW F3}3L I} T35k, 7 A H 549 2714 &1
ARl-S AFgSke] 17kGyoll A oF 88%2] Al A a-& UM ] Sbof] AAE H71HA 7oA &
ot (Kawamura and Aoki, 1972). 2] 71%—% edog TS £ gty aPo|x= 51, Kiku-
ol Al AAFE oA HE = A7t a9kl chi and Pelovski (2009)2] Aol A= Z7HA (NH,)
H90] £& 2 RS o] &2 o] 9] A& BAE &8 A A /Rt 7leR 3
e FA2A, AUAE 53 dEE 7t Sl gk, sFA 9t A H7HA| = A= AL Q1= NH,
%ﬂoi oheFet Afret 2 ARt A3t o] A HE= IRt A w& Al B4 izt
Z¥er Z10 2 X I1HETH(Yoon, 1993). ThEhA Hoh

NH,SO;NH, + H,0 — (NH,),S0, (12)
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S RS mIAYSE A (1)~(4)2F 2ol Het

m& EN oo ox és‘:' OH nz Y PN

ok

== 1t (Ryu et al., 2013; Hwang and Chang, 2011). olA3} T G2l HrIA e AEro] Qs AA o]
AB+e — AB* 4¢ 0|28} W S M o} &2 Aol e TRt A7HAE E-gsto] AR
ST o 23t s0, AALEE M5 Yste] ATE 5
AB+e — AB* A2 () Fstqrh o tolrl, 50,9] Alojmgol 714 A 1t
AB*—-A++B 21 ) & A7MAe 71 BAOA wol AHEF NH,0HE
AR 50,0 2715 % 9 S5 %] THE 50,9

AB+ — AT-B 57| (4)  AAEESS HL BIIskI
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2,1 Mo AJAH
2 Aol AxR FA A F7HAI7E S0,9)
Ao ggol nlAl= &2 B7loldh o5 flstd
0.6 MeV, 33 mA A 7}&7] (Korea Atomic Energy
Research Institute, Korea)& AM8-0F$i Tt} 11]01 E4e
sHels] sig Aotz Ape

s
A

% 2715 gelsict. & 972 4ae)
s AEEAe T 13 2,

A7He 7159] A2 3R NHyE g5t
7] $18) AH&EE NH,OHS} BE9] NaCl, NaOH,
Ca(OH),, CaCl, & o]-g3}gict. WA, H7HA= A
2] (Hamilton co, Model $-500, RENO, Nevada)E ©]
23] Tedlar bag (PVP film, C-type, 3 L, Top Trading

Table 1. Experiment conditions

Factors Experimental conditions
Vaporization time (min) 120
Vaporization temperature (°C) 65
Absorbed does (kGy) 5,10,15,20
Amount of additive (uL) 300

Additives NH,4OH, NaOH, NaCl, Ca(OH),,

CaCl,

ENG, Korea)ol| 91t & @2of o] 7e}51t.
o] wf F9JH 7% SO, 200 ppm (1 mole) T
7H 100 LT 7o & Altstglon AR E o]
85104 3L Tedlar bagell H7HAIE 300 uL YA
713k A1717] §Iste] @EofAf 65°CE 12027 F
At o] &, H7HA7} 713HE Tedlar bagoll & SO,
2,000 ppm (Sulfur dioxide, N, balance, TFH=-E7F2,
Korea)< Air (99.999%, =571, Korea)2} MFC
(Mass Flow Controller MPR-3000, MKP, Korea)& At
85}9] $0,7149] HEE 200 ppm O 2 5] A5ke] F
Yokt o] H7HA|eF $O,7F S Tedlar bags
NS 7lo] W AAPNS Ak Ao ARe
Aeetal —.7*—4 A7 Aolage] WA 10
oA AR|EHTE FrtH oz Hxpd
7-1 27kl W2 SO, Alelaas ¥t
stalet. ol & flste], AL 5, 10, 15, 20 kGy =
R A=
200, 500 ppm o2 28 F, 9JoF T2 g5
Zdsto] Ao a8 SIS Tedlar bage ¥H-g-
7] ¢tof] Y11 AxH-E A= HiAlo 7 AR
= TESIHeH AAA] AY A A== 1
1= Yeh e s0,9] AlAeE

Z¥Z¥ 100,

olN
N,
>
b
i
kA
f&"
w

o
N\l

P
40 1o

THge R

(Removal effici-

Testo 350k

Electron
beam

Tedlar
bag

Fig. 1. A schematic of SO, control by an electron beam.
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ency: RE)}& ofeje] 402 m@wh

RE (%) =
ZAE]7] A S0, B E-ZAME 50, 5
ZAFE7] 50, T

X100

Energy absorbed per second

Absorbed Dose =
Product mass per second

re

FolAE E241TE 2] Slstel 77
9] A=A = 5191 CTA (cellulose triacetate) 2
FTR = 125, Fuji Photo Film, Japan)& A&5to] &

o Zgaieet Ao gk RE
MeV, I mAR frA|5}o] §EG-7] Hiofl CTA &
A ZAE CTA B Afole] Ae]E

A S74stalt. CTA B&
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mAR ZARRE & QFAlof 907t Bt & SOl ¥
3 UV/VIS 233 (UVIKONxs, SECOMAN,
France)®] T 280 nmof|4] 75142 i, AOD &t
< 0.1000= Uit AR FAMARS thadt 2
o] ADgy, (kGy)Alofl st At B S 1
kGy/s2] Aol S4% ATt (Choi et al., 2014; Chmi-
elewski et al., 2002).

ADgm | kGy | = (k-value: 0.0063)

k-value
AOD: At 50 CTA 59 58 #fo]
k-value: 259 HAH o YT 2]

2.3 24wy
A 2440 O3 S0, AN EEL FAsH] 9]
sfe] AR 24t A - 59 HEE FPFAYLL

HAHUS 0183t SO, HUSH HMS A3t H7HH| S 775

o s o]
o GA5S @

| ALTASGFA] Testo

rlo
Fo
u)
|

350k (Testo, Flue gas analyzer, Germany)& ©]-8-5}¢]
S5ttt ohafet 2ol A A Tedlar bage
Testo 350k 7}A L2 HE o] gato] 3027F 24519
ot 2 Aol A AFEE Testo 350ke] B FoF2 1
L/mim°|% 1, L= 0~5,000 ppm, A=

+5ppm®] Tt

3. 2% X ¥

3.1 H7HH
I 2 AAPE ol gste] 0,2 Aol uf A

=
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< AHEoFES T Ao BE2 30.9% Ao, 7R
NaOHE AH§-519-S djoll= H7HAIE AHgoHA] 93k
Ao K} Aojggo] oF 27.9% THE Z7tet= A
SIS 4 ik E3 47H2] H7H=E (NH,0H,

[o2] o]
o o
L

Removal efficiency (%)
S
o

N
o

0 ' ' ' ' ' '
Control NH;O0H NaCl NaOH Ca(OH), CaCl,

Fig. 2. Removal efficiency of SO, by different additives (Ab-
sorbed dose: 10 kGy).
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776 d4d=

NaCl, NaOH, Ca(OH),)& AH&-31S wf AlAREEo]
AZRES AFS S i o =4 Ui A
SRQIgH 4= QISITt. Dong et al. (1994)2 THFt A7
A& o83t BREFAX APLS Yottt S
A2 NaOH®} Ca(OH), & AF&5Ho] SO, Aloja-&
2 sFeolgt 23} NaOH (F3H]: 1.0~1.2)2} Ca(OH),
(T 1.0~1.3)9] AIAREL 72}, 94~98.5%2F
61~75%% U2} NaOHES o] &3S ] Aloja-go]
A50] FdEe AS AT 4= Uik olef T2
AIE Foto], TYRY Nat Cai2 74JH H7HA <]
7d-o%, ClETH= OHZ o|Foi3]l 77 ¥ &=
< S0, AAREES UBUE 22 & & Atk =
OH =t Zro] s0,%} ¥H-g-5l= Zlo] Cl |2} §H-g
o= AT Y agAolgte AS o o ok Aok
7}, ohetet 7‘47}111 = *}3
7}, NaOH®| 7
1, NH,OH (iz.z%), CaCl, (+3.6%), NaCl (+4.7%),
Ca(OH), (£10.7%) <=0 2 A|A 882 APH7L =
7Fobe A2 & 4 AT 0= NaOHE AHE3S

T A EES] A 71 ek A& g,

—

i nZL‘

3.2 E4MY
7% 32 541 W5H(5~20kGy)oll THE S0, A
ol &S YT gk AgE A ME 712 A

4] o)A AR5l NH,0HSL B Aol A 71
£ AARES UERd NaOHE -85ttt 12
17 F5el wE A2 59 sHA 200 ppm SO,
o A7HIE FYsto] HAARE ZASHITE NaOH
785 WS HIAUSE A (13)~(16)7 Zo] 3

SO, ++OH+M —HSO;+ M (13)
HSO; + 0, — SO, + HO, (14)
SO, + H,0 — H,50, (15)
H,S0, + 2NaOH — 2H,0 + Na,S0, (16)

NH,OH®| HF-gHAUEL eholl A A=53t 4] (6)~
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Fig. 3. Variations of removal efficiency of SO, according to
absorbed dose.

(9)2F &t Al Ae] 23S B 2] (8)oll4 7t
Al NH; & AH&sHls of 489 (NH,),80,9] 43t
9] A& (Growth factor: G.E)Q}F -S-ZASH o] AA<4
I (Cloud Condensation Nuclei: CCN) -2 0.537}
0.61°]H, 2] (16)°14 Z47H4] NaOHE AF8-5H31S
o] WA E Na,$0,2] G.E2 CON ZH 0.68, 0.80°] Tt
ol 7]&l AHESHE H7HAl NH; 32 NH,OH
£ H7Fets o A== (NH,),S0,2 o NaOHE
H715t-& o WA == Na,S0,2] G.E+ 0.15, CCN
O] 7% 0.197F 7ot AS SIS 4= QAT (Pet-
ters and Kreidenweis, 2007). ©]9} 72 Ail= NaOH
of| Al AJ/dE =4o] NH; E+= NH,0Hel 9JsiA] A
AE 2HET o w2y 94 A 4 ke A
oln]gtt}. T3t 7]E2] NH,OH®} NaOHO| Ao
2 H S o], F5A0] 5kGyollAl 20 kGyE
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Fig. 4. Removal efficiency of SO, with respect to the initial
concentration.
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