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Abstract
compounds are emitted from various industrial and environmental fundamental facilities. To prevent the spread of odorous

There have been increased concerns regarding odor compounds due to industrialization and urbanization. These

substances, various technologies have been developed and applied in actual fields. These technologies have both merits and
demerits. Electron beam (EB) is one of the most promising advanced technologies in the field of odorous compound control. In
this paper, we explored the EB technology for odorous compound removal. In particular, we focused on the by-products
produced decomposed by the electron beam and their decomposition mechanisms. Finally, we also discuss the current status
and limitations of EB technology along with its prospects.
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Ly = £ oA A2 Hel GakE vl 4 9lrk(Do and
Jung, 2019; Capelli et al., 2011).

RIS Qsto] TAeE AR AR A2AY  olg} L BHS 7T Gk FHBLL A
ojMut EAIZE EE FH7t HZole T8 A AHAERAEA, 1R, EvtaE, 1Y, 4L AR F
A o]+ 2 WFELL Ut (Son, 2012; Emerson and  ©] 59 A4h, H4t E 7R AAAHER, 3T 5), A
Rajagopal, 2004; Davoli et al., 2003). $FHAE BAZFTH (F =248 34, A9 AL =5 4
20044 2 oFFUAHES AA st HHEAS A SF F FF €AY A 5) T2 AGEEE
M2 ol Aok, 20108 19 O1FOlE F 22 W ohet SheA A (T 2 SelA] Aol

o] A H=HES AISHL ITH(E 1) (NLIC, 2019).
ofofl whet ZFbel ofF A} FFHEAl= A A
Ato g A KZte 1 Q= AAoth o= QIXtel
Al BAA B= sty o g ZAE dovl= =4
2A Ao = oY SFEE] EER TAE
ATH(Kim et al., 2006; Yang and Kim, 2000). ATt <

A2AEL ALAAEE Gol ¥ W] J8

), 2817] M, #7222 AL (HHE A F)
S oeiRt @712 FollA EAg s, vilE
Aol mhet viEE = 8 ofHEE 3 e =
o} (EF 29} 3) (Wysocka et al., 2019; Boumnijel et al.,
2016; Lewkowska et al., 2016; Zhou et al., 2016; Ni et
al., 2015; Qamaruz-Zaman ef al., 2015; Wang ef al.,
2015; Lee et al., 2013; Qamaruz-Zaman and Milke
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Table 1. Regulation odor compounds in Korea.

Emission permission Application of
Compound standard (ppm) strict EPS (ppm) Period
Industrial regions (below) Other regions (below) Industrial regions
1 Ammonia 2 1 1~2
2 Methyl mercaptan 0.004 0.002 0.002~0.004
3 Hydrogen sulfide 0.06 0.02 0.02~0.06
4 Dimethyl sulfide 0.05 0.01 0.01~0.05
5 Dimethyl disulfide 0.03 0.009 0.009~0.03
6 Trimethylamine 0.02 0.005 0.005~0.02 From
7 Acetaldehyde 0.1 0.05 0.05~0.1 2005.2.10
8 Styrene 0.8 0.4 04~0.8
9 Propion aldehyde 0.1 0.05 0.05~0.1
10 Butyraldehyde 0.1 0.029 0.029~0.1
11 n-Valeraldehyde 0.02 0.009 0.009~0.02
12 i-Valeraldehyde 0.006 0.003 0.003~0.006
13 Toluene 30 10 10~30
14 Xylene 2 1 1~2
From
15 Methylethylketone 35 13 13~35 2008.1. 1
16 Methyl iso-butyrketone 3 1 1~3
17 Butylacetate 4 1 1~4
18 Propionic acid 0.07 0.03 0.03~0.07
19 n-Butyric acid 0.002 0.001 0.001~0.002 .
20 n-Valeric acid 0.002 0.0009 0.0009~0.002 01011
21 i-Valeric acid 0.004 0.001 0.001~0.004
22 i-Butyric alcohol 4.0 0.9 0.9~4.0

Table 2. Classification of diverse odorous compound emission sources by the scale of odor emission (Fukuyama, 2004).

Scale of Name of business Odor emission rate Distance of influence
odor emission (Odorous compound emission sources) (m3minT) (m)

Pulp factory, rendering plant, fish-meal plant, rayon factory,

72109 N
celluloid factory 10°~10 1,000~5,000

Large

Poultry farm, pig farm, wastewater treatment plant,
night-soil treatment plant, coffee baking factory,
Middle photogravure factory, off-set Printing factory, car coating factory, 10°~10°8 50~1,000
metal coating factory, chemical factory, casting factory,
rubber factory, food manufacturing factory, composting facility

Restaurant; laundry, pet shop, bakery, confectionery,
Small car Repair shop, hairdresser, garbage collection spot, 10% or less 5~50
public lavatory, septic tank, drain pit of high-rise building

2012; Son et al., 2007; Kim et al., 2006; Fukuyama et w217 1t} (Son et al., 2007a).
al, 2004). TP} SHHBAES F9] W HAgA @A SHHBASE Aolsh] Slste] chek
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Table 3. Classification of various odor emission sources by mainly contained odorous compounds (Fukuyama, 2004).

Compound Main odorous compounds

Name of business
(emission sources)

Pulp paper factory, night-soil treatment plant,

Sulfur-containing compounds Hydrogen sulfide sewage disposal plant, drain pit of high-rise building,
rubber factory, rayon factory, landfill
Ammonia, Poultry farm, composting facility, fish-meal plant,

Nitrogen-containing compounds Trimethylamine

night-soil treatment plant

Toluene, Xylene,

Organic solvent Ethyl acetate

Coating factory, photogravure factory, laundry,
adhesive manufacturing factory, plywood factory,
car repair shop, furniture manufacturing factory

Aldehyde compounds Acetaldehyde

Metal coating factory, casting factory, off-set printing factory,
car coating factory, coffee baking factory

Lower fatty acid n-Butyric Acid

Poultry farm, pet shop, starch manufacturing factory

2o, 55, B .0 Lol x| Zzte] 3
AES AL Yk 0|5 WS B pAHoR
Uiro] B, 24 whEe 54 9 g4 shetA
e ofolEs, shekEd, Az 5ol 9w, AEsHy
oRE B 9 HoloWe e wpSol
olek. 2Lt F ool ALGEIE olefat 714 Ee 247}
e el 24, HL 47, We WA 20, nAE
o, ol AB Y AT T BHES 73 9]

T} (Khan and Ghoshal, 2000; Rafson, 1998). ©2hA] o]
2Rt S Hekstr] ffsto], Ko Lol Evk=
o} (plasma), 3=l (photocatalyst), A (electron
beam) 59| 7|&E0] s A= UTH(E 4)
(Son, 2017, 2012; Son et al., 2015b, 2010a; Kim et al.,
2012; Hakoda et al., 2010, 2009; Calinescu et al., 2009;
Parmer and Rao, 2009; Khan and Ghoshal, 2000; Raf-
son, 1998). ©] FolAE AF-2oA Hi-fEe] 70|
7he R A2 7P S diA| 71 F9 sy
24 2 3001 A7 2Es] AFE I Itk (Son,
2017). ZL2u o] 23t Az Vlek FAE A 5
v 22 e 7ERAL QLA Bt A
TAAZ17] AAsiA= olet 22 &
Qe mhebA], 2 Aol A e dA7EX
= o] 8=t oFF Alo] 71&] aesd
7

=
o 240 Hhet AES AWt

2. 2T HaAS YU FxPY 7189 X}

A2 1970t & LA SO, 5 AAsH ] ¢
Stol o 7] @ Ftokoll Al A2 0 = ARE T (Park et
al., 2019; Machi, 1983). 1 &, A=Y 71&L SO,
NO,& EAlol AASH] $iste] @A71A] vl=, 27t
glof, A, F=, EUE, b= FollA] A5 A
At} (Son, 2017; Chmielewski, 2007, 1995; Doutzkinov,
2005; TAEA, 2004, 2003, 1992; Yonghua et al., 2002;
Frank, 1995; Namba et al., 1995; Wittig et al., 1988). &
3], ZH=9t S5 SR04 100,000 Nm*h™ o]
TR AF EHEES 7Este] S0,2F N0, AlA
ago] tigt dE BT (Kim et al., 2018;
Chmielewski, 2007; Chmielewski et al., 2004; TAEA,
2004; Doi et al., 2000). THH, %2 tzke] 7%, 20001
T o] RE AxpHE o83t AHEHY AA V&
o] YL sRMES SHoE Es| AFHI] AF
=Tk (Kim et al., 2004; Kim, 2002). @A|7FA] -2yt

LA AgerzE AR ARl Qi 22
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Table 4. Characteristics of odorous compound control technologies (Son, 2017; Son et al., 2010a; Khan and Ghoshal, 2000; Parmar and Rao, 2009).

. Annual operating cost Removal Secondary waste . .
Techniques (USD($) cfm™") efficiency (%) generated Merits and demerits
- Product recovery can offset annual operating costs.
Absorption 25~120 90~98 Wastewater - Requires rigorous maintenance.
- Requires pretreatment of the target compounds.
Adsorption Spent carbon/ - Recovery of compounds, which may offset annual operating costs.
1. Activated 10~35 80~90 P . - Susceptible to moisture, and some compounds (ketones, aldehydes, and esters) can
collected organics
carbon clog the pores.
. _ A N )
2 Zeolite 15~40 90~96 Spent zeolite/ ) Effectwe in more‘than 90.@ RH, Regovg(y of compounds offsets annual operating costs.
collected organics ~ High cost of zeolite, restricted availability.
- Requires less initial investment, less non-harmful secondary waste, and non-hazardous.
Biofiltration 15~75 60~95 Biomass - Slow, and specific microbes decompose organics selectively, thus requires a mixed
culture of microbes.
Condensation 20~120 70~85 Condensate - ProdL_Jct recovery can.of‘fset annual operating costs.
- Requires rigorous maintenance.
. _ . . . 5
Cat'alyt‘lc 15~90 90~98 Combustion products Ener.gy recovery s possible (ma}xmum 70 ).
Oxidation - Efficiency is sensitive to operating conditions.
15~90
Thermal (Recuperative) . . - Energy recovery is possible (maximum 85%).
Oxidation 20~150 9599 Combustion products - Halogenated and other compounds may require additional control equipment.
(Regenerative)
Membrane 15~30 90~99 Exhausted membran - No further treatment, recovery of solvent may offset the operating costs.
separation austed membranes - Membranes are rare and costly.
~This treatment especially beneficial for low concentrations of VOC and odorous
90 Aerosols, Ozone, . N L
Plasma compounds, has the advantage of energy saving and no production of dioxin.

(attainable)

Trace gaseous compound

- In general needs pretty huge electrical energy, solvents cannot be recovered for reuse.

Photocatalysis

90~100
(attainable)

- Sunlight can be used to active low-cost photocatalyst.
Aerosols, Ozone, - Amenable to scale-up.
Trace gaseous compound - Wider scope of application.
- Reaction rates need to be enhanced 10~100 fold for cost-effectiveness.
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T A= (ketone) & A| IS =2 =dof digt A
T7F 5P Arstolth (Seo et al., 2019; Son, 2017). ©]
o} e A3 ATNES EY|R2 T o, o E--S AL
She Hl glolA AP Tlee 7S] $A7|&S o)
23} 2= 9l Xy|& g F22aty 9t shx|ul, A7t
2= BATE A 9 AxE] AR o] A4 A7)
S S e AAHQ BAR skl @] 43
TRAER] Folal Q= A7golch whebA &
£ oot 28 BARES A Aokl ik
E (hybrid) 7]&E (AP Z0, 2}
%‘/U}OBETJM_, A/ aaw)o] 2| &40 s
A& 31 QIt}(Son et al., 2017, 2010a).

Z O
5=

2l
=

3. A%y N2 71s9 B2 L 54

ZZH] (Electron beam)©|2t 2} (Electron)2} ¥
(Beam) 9] /ol 2 A, 2 7H57] 7 Adee] |
2" AR F=oA ARE HEAA JE/dH 9
7H5E B0l 7FSAIX] & 154 (Accelerating tube
Fote] 7] For WEHe A &
omjgit}, dutA o g Az 7H&7]= AXE WA
Al7]i= A& (Electronic gun), -3/ 4 EollA M2
71517171 915t 7HE5T (Accelerating tube), 7F5 A%
S WYA7| = A A ] (Power supply) -2

2 FAEG (™ 1) (Wang et al., 2018; Son, 2012). ©]
SE A E o 8T HHEA Ao S A2
4ol 7Fsd o oz &% (15] L™ ©Jsh, 1
KGy= 1K) k)71 S, T oh2 0] A5
IFFo R HiEEE AldoA Eo] AAA R 28
= 4= 9Jth(Son, 2017; Sun and Chmielewski, 2012; Son
et al., 2010c; Kim, 2002; IAEA, 1997; Hirota et al.,
19953). 9714 kGyt= S54AFS UetdE 292
A, datH oz dzpglo] ot oo £AME S-S
o A2 71w dS Skl S vl AR A
HIALA oV A]3FES o]u|gtt} (Son, 2012; Catherine,
2004). A Ao7&2 107 ~107"22 Atelof] A

window) &

Ao| Zoff HAHUE nF 5

Electronic gun

Accelerating tube

DC high voltage e

0.5~2 million volts

\——— Electron beam

+——— Test section

Accelerating tube e
window

Support table —

Fig. 1. Schematic diagram of electron beam irradiation
facility (Wang et al., 2018).

2p50] AdE & Alo] diFE el AP} o]FolX
o} 1231, 1078 ~107' % Atolo)] Eke FRO] AH5
2]z 9 o] Fo| A5 o] oFF=H T Hh-go] o]
Folz| B g uj¢ whE Alo] £ & I& 4 Uth(Kim
et al., 2006, 2005; Park et al., 2005; Kim, 2002). ©J7]A]
Aty ol i}owé%‘% IS = = T

= 1 o)Fe] HlEf+ AAE 7HAAL Qe Y
= Qﬂlﬁ}q(Spinks and Woods, 1990).

A Al ofRt ofEE AA S 27] WS-

Hj g7k o] 223 A4 I A4 59 o] 28}t 0471
of oJsljA] AR, B 71 A= o] 23)F Ei= o] 7] 5]
of o], Az}, 2t ARt o|FA BAE o]
22 w77 Aol 2EE 0] Sl H,0 T2 HHE-stod]
OH =z} H;,0" 5 A4t o, A2k= 0,
oF ¥h-g-5to] 0,” B 1 o] 23T AJ/dgtet. o]}
2ol 23A1 18]l o] 22l EoliltdS Sl X
=2 P4H S22 OH, N, HO,, O, H 5°|t}
(Son, 2012).

Hop A o2 B, 7] ZAte] oA 4]
(D)~ ()9 Z2 ot FHFTE N, N e, N,
N(*D), 0,*, 0%, 0, O(*D), H,0", OH, H, CO," 5)°]
ZB/J Tt (Son, 2017). oldfl, ZH2te] &/dF ol AA

‘I_
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Main reaction : Radiational reaction by radicals (102 - 10%)

Sub reaction : Direct collision of electrons (1018 - 1012) onto targ

Reactive chemical species

Radicals to participate in the
reaction

*OH, - H, O, N, - HO, Radical, Ion,

Ozone

0,—0,0,%,0,,0;,e"
N2_)NI N2+r N*re-
H,0 > H: + OH -

H- + 0, > HO,-

| B ]

et compounds

Fig. 2. Main and Sub reaction on degradation of VOCs and odorous compounds using electron beam irradiation (Son, 2017).

H 5 G-valueE 20|ttt G-value: 100 eV e of
YIS Froldle o 2eEAY AdEs A
B2 =2 A o=t} (Kim, 2002; Nichipor et al.,
1995; Métzing, 1992).

N,— 227N, +0.67N" +2.96¢ +3.05N +2.36N(*D) (1)
0,— 2.070,* +1.230" +3.30e +2.800 + 2.430(°D) (2)
H,0— 1.99H,0" +1.99¢ +0.430+ 3.580H+4.15H (3)
CO,—2.24C0O," +0.210" +2.45¢ + 5.020 (4)

ole} 2o AR Trer BAESL Ao o
a4 B8 et @ B EL AZSHe | A

P

4. FXYS o1 ANST XY ¥ L
wig

ZZ7HA] AR
o= gdEo] &S
FHEHAR = oM EL IS0 E (Son et al., 2014), T

Yo} (Son et al., 2013a), 22Eto|dHl (Son et al., 2012;
Ostapczuk et al., 1999), &5 (Nichipor et al., 2012;
Sun et al., 2009a, b; Han et al., 2003; Kim, 2002; Hashi-
moto et al., 2000; Paur et al., 1990), E&|HEo}T (Son
et al., 2013b), AF< @l (Sun et al., 2009b; Han et al.,
2003; Hirota et al., 2002; Hashimoto et al., 2000), s}
= (Fekra, viEgw =10, tholugdutol s, o
olwecto] duto] & Son et al., 2015a, b; Son and Kim,
2015; Hakoda et al., 2009; Auslender et al., 2002), A%
A (Seo et al., 2019)7F A= T} (Son, 2017). 3 5
© A ZAbel ofet thefRt =9 AlolaE
of thsiA WAL Qlek 21 2, Alojag 9 7
UES 249 FRet A7 24 24 ol et g
3] AolstA teh= 22 gl 4= Sith 19
ofof] whet A &= FAEE Zpol7t Qle A

o
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_
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Table 5. Removal efficiencies and by-products of odorous compounds by electron beam irradiation.

Reactor type Initial Absorbed
Compound Chemical formula (low rate: L min™") concentration dose RE (%) By-Product Ref.
and temperature (ppm) (kGy)
Ammonia NH; Batch and 50, 80, 150 25~10  20~95 Son etal, 2013a
Continuous flow (15)
Batch and Son and Kim, 2015
Continuous flow (15) 50,100,200 25~10 100 502 H,50; Son etal., 2015a
Hydrogen sulfide H,S
Continuous flow
(5000), 303K 100 25~10 25~100 Paur et al., 1990
Batch and - N SO,, (CH3),S, (CH5),S,, (CH3),S0,, Son and Kim, 2015
Methyl mercaptan  CH,SH Continuous flow (15) 50,100, 200 25~10 70~100 C3HgS,, aerosol (R-O-SO,-O-R’) Sonetal.,, 2015a
Batch and - - SO,, (CH3),S,, aerosols (R-O-SO,-O-R; Son and Kim, 2015
Continuous flow (15) 50,100, 200 25~10 >0~100 R-SO37, and R-SO3H) Sonetal., 2015a
Dimethyl sulfide (CH3),S
ﬁ%‘;‘“;;&‘s flow 45,106,18 25~39 90 HCOOH, (CH5),50, CHsOH, (CH5),50, Hakoda et al.,, 2009
. . Batch and - N aerosols (R-O-SO,-O-R; R-SO5~, R-SO;H and Son and Kim, 2015
Dimethyl disulfide  (CH5),S, Continuous flow (15) 50, 100, 200 25~10 25~100 R-0-50,-R') Son etal, 2015a
Trimethylamine C3HoN Batch and 50, 100, 200 25~10  65~100 Methane Son etal, 2013b
Continuous flow (15)
Batch and . - Acetic acid, benzaldehyde, toluene,
Acetaldehyde CH,0 Continuous flow (15) 34,60, 240 25~10 20~100 benzene, ethylbenzene, xylene Sonetal., 2014
Batch and 50, 100, 200 25~10  50~100 benzaldehyde, aerosols, Son etal,, 2012
Continuous flow (15) styrene oxides
Styrene CeHs Batch, 294K 40~900 10,20 83~95 1095;?’9"‘2““ etal,
Continuous flow (25) 188 9 80 Kim et al., 2005
Toluene CHg Continuous flow 30, 50, 100 25~10  6~60 Paur et al, 1990

(5000), 303K

=Mkl
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Table 5. Continued.
Reactor type Initial Absorbed
Compound Chemical formula (flow rate: L min™") concentration dose RE (%) By-Product Ref.
and temperature (ppm) (kGy)
Continuous flow
(83), 343 ~ 348K 32,63,78 15~58 35~94  Benzaldehyde Sun et al., 2009b
Benzene, benzaldehyde, phenol,
benzenemethanol, cresols (o, p),
3-penten-2-ol, 2-nitrobenzenemethanol,
benzonic acid, nitrocresols,
Batch 32~481 15~58 19~94  5-methyl-2-nitrophenol, methylglyoxal, Sunetal., 2013
maleic anhydride, benzyl formate,
2-methyl-4,6-dinitrophenol, o-nitrotoluene,
4-nitrotoluene, 2-nitro-p-cresol,
2-nitrophenol, 3-methyl-2,5-furandione
Aerosols, benzaldehyde, dipropyl
Toluene C;Hg Continuous flow (1) 130, 330, 500, 2000 0.5~10 5~45 1,2-benzenedicarboxylic acid, nirtomethane,  Han etal., 2003
acetone, hexane, benzene
Continuous flow (5), .
208K 10 59 920 Hirota et al., 2004
Batch and .
Continuous flow (10) 2~131 6~60 75~98 Kim, 2002
Continuous flow (25) 214 9 60 Kim et al., 2005
Continuous flow .
(11167) 20 2~10 27~66 Kim et al., 2004
Continuous flow (15) 100~400 2~10 20~67 Sonetal., 2010b
Continuous flow _ _ Formic acid, acetic acid, propionic acid, Hirota et al.,
Xylene CaHio (16667) 225405 2~10 40~90 butyric acid, aerosols 1995a, b
Continuous flow (1) 320 0.5~10 2~33 Han et al., 2003
Continuous flow (5), " N
o-Xylene oo 308K 100 2~10 25~70 Hakoda et al., 2008
Continuous flow (5), 10 37 90 Hirota et al,, 2004

298K

8
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Table 5. Continued.

Reactor type Initial Absorbed
Compound Chemical formula (low rate: L min™") concentration dose RE (%) By-Product Ref.
and temperature (ppm) (kGy)

Continuous flow (1) 60, 120,370 0.5~10 10~58 Han etal., 2003
m-Xylene CgHqg .

ggg;'””ous flow (3. 44 41 90 Hirota et al.,, 2004

Continuous flow (1) 370 0.5~10 13~56 Han etal., 2003
p-Xylene CgH1o .

ggg;'”““s flow (3. 44 49 90 Hirota et al,, 2004

Continuous flow - N Formic acid, acetic acid, propionic acid, Hirota et al.,
Butyl acetate Cehiz02 (16,667) 3842 0~10 17~65 butyric acid, aerosols 1995a, b
Propionic acid CH;CH,COOH Batch 100 5~20 46~84 Seoetal.,, 2019
Butyric acid CH;CH,CH,COOH Batch 100 5~20 56~82 Seoetal, 2019
Isovaleric acid (CH5),CHCH,COOH Batch 25 5~20 92~100 Seoetal., 2019

Acetdimethylamide, Butyric acid, propionic

Valeric acid CH5(CH,);COOH Batch 25 5~20  92~100 2cidaceticacid Butanal, 2-ethy, Seoetal, 2019

propionitrile, 2-Isononenal, 1-octene,
Octanal, 1,3-butanediol, Pelargonaldegyde

=
X
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FA T (Son, 2017). O] AL HJHkS &
of gt W WA o] A 754 W&
Aoz dHA th(Paur et al., 1991).
9F Qe W AATSY PO T 52

ok TR, 220l ol st ol L85
4449 Aei9) R As old Ao nad
ok oot PAR AR 8L 7 BAE thg

2ot

4.1 2LZL|OHNH,)

O*qu}b 2715%=7t 507} 80 ppm¥ W= 10
kGy2| SAeol| A 95% ool AlA &8-S LEhy
231, 200 ppm ¥ = 15kGyoll Al 75% ] AARES
Y= Ze gl 5= 3131t (Son et al., 2013a).

71 el N AE o ZETE 0 AlE =y 2ol
Whgol Kot g e Fe Ao Bugrt 17

I 7 3ol A 22 (ozone: O5)0] TAYHLE, o], ¥F
BEE 29 s= A 45 ppmOIt . Son et al.
(2013a)2] A7 Ao tq-ED:‘I Azpof| o]5k oFry]
ote] &l T2 A (5), (6)= &5t 2F0l| 25l

Aol ggol 27 %ﬂﬂ% Zﬂﬂi LA
al., 2008; Tanthapanichakoon ef al., 2004).

2NH3 + 403 - NH4N02 + H202 + 402

NH4N02 + H202 - NH4NO3 + H20

£ AR, BAG] A olol Ak 2

First step

N;H, HO,, Hy, HNO, :
OH,0, H| | H2O, NE;0, (M) MH; NH,
~NH, =
HO, 2N KRN
IgOZ' OH, ‘HO;
OH| |+ NH o M N
£770,04 :
NHLO ° N, HNH on |
o\ EM) OH, ' 2 A
O,H, O3 O,H 4 NqH;
: o 2+
{N,H; . OH, 0,
L OH,0, H
N ; H,NH, NH,
OH, (HO,, O+M) o o
HNO \WH, N NoH;
) JH
4 <" "oHOH -
(CH:M) ©+M Second step
- ¥ - HOAM) - -
O, HNO, NO, - = HO,NO;
NH; NH, ©H+M)
V Y O Nog(M)
NE NO,
H,0;
NH,NO,

Fig. 3. A mechanism of ammonia decomposition by an EB irradiation (Son et al., 2013a). The M is third body.

Atk (Xia et

®)

Sr= 7| 2tstE|x| H 36 2 A 1



194 = A o] ZAbe] oJafA] P45 2t
OJafjA FE Yol HNO, Y NO, 2 AetE] =
o} 283 28 A= NOZF ¥ Ryol, OH, O,
H,0,, M3} 1H-3-5to] NH,NO,2 NH,NO, & FAJst
= ZAo7 &d2A At (Son et al., 2013a).

4.2 =382 (Sulfur compounds)

A et e Foll A Teshe 2ot =4
o 4 F72| FSE (34 (Hydrogen sul-
fide), M2 M3 & (Methyl mercaptan), THo]H| 24D
°|E (Dimethyl sulfide), Tto]H|Erto]dnto| =
(Dimethyl disulfide))©] gt o] Qict &Fsl<=4 (130
mg m~>)2] 749, TAEA (1992) ¥ Paur et al. (1990)=
S5 10kGyoll Al 100% A7 =21, EolE o=
o] g4t H,50,9t SO,2 HhEthy B 15
ok 22 ar 2ol oA AP 4L o837t &
sprEe] 28 Bl olAUE U a8So] Fuj A7
Zof| oA AR UL, TEO] A= FQ oFFH]
244 39 shbe) AAsISA A oA ThelEl
TE2 A8E 30Tt (Son and Kim, 2015; Son et al.,
2015a, b). 71 A5 7Fds] QOoFsHH, 4 570 9
FAL AH=HO AAGES BlwD o, A
A A= 121 ARGl oJ_t A A 882 Hydrogen
sulfide”’} CH, & E31511 Q= o2 A|E o E
= (Methyl mercaptan, Dimethyl sulfide, Dimethyl
disulfide)f| H]5l] Boiz]= A 2.2 YEFFTH(Son and
Kim, 2015). 712]31 H|ZRF A2f8 o]foixl FAd
FHEAE ollx 7Y F/ (N, 0 =iz
wheba] T Al A 'go] Aol Ao r HAE] o
£ =9°], Dimethyl sulfide®} Dimethyl disulfide®] 7
FollE, N S ETh= O gtrjge] ogt A A7F 5
of ag2lolth &3 HE FAE o FHEHE e
F7H o g o] 3g2 o AAREC] S7tEE

Q151w 01t e o2 o

Ao| Zoff HAHUE nF 1

A-gH ) oo} e FIHAQ AARE
A7t o9t HiZEA Wiofl EAISHE 4F4(0,)
ES-ofl oA dH Eo| oAk o] Fol%]

= 712 SFI5FII T} (Son et al., 2015a; Hakoda et al.,

2009). tE2Q1 AL AFFEH S| 2ol AUS

4.2.1 &3}2A(H,S)
clep AR Te] e FoHY, A o

T Pokrdt o) dAUZS A 38 72E
o, Fahat AR AL AT A%
o} w7kt w

k-gste] BE OH, HO,, O; 57t

B (SH, HSO, SO,, and HSO,)<
A3t} (Son et al., 2015a; Chang and Tseng, 1996;
Piur et al., 1990).

:r: I
_Ll

H,S + OH, HO,, O,
— SH, HSO, SO, HSO, HO, HO,, H,0 7)

ofF, A F7 ABE F7H 8o ol

o=
A1 S0, $O,, and SO,” 50 2 Agtect,

SH+ 02, HOz, 03 - SO, HSO, OH, 02 (8)
SO+ 03 - SOZ*, SOZ> 02 (9)
HSO + 05— HO, SO, HS, HSO,, O, (10)

HSOZ + 02, 03 - HSO, HOz, 02, SOZ (1 1)

npxate 2 A SO, S0, S0,” 5 T
7491 W8-S B5to] H,50,9 H,80,2 At

S0,+0,7,0,"— S0, 5057, 0, (12)
SO, + (0,4 M), H,0— SO, M, SO, e”  (13)
SO, +0;—80,+ 0,405 (14)

SO, +H,0 — H,80, +¢” (15)
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Ho
1x

4.2.2 HZIHZEHCH;SH)
sEizieke] 9o Feladw 1 Bl o)
UES 3A 3712 FEE 4 UTH(Yan et al., 2006;
Yin et al., 1990; Leod et al., 1984; Glinski et al., 1981;
Kerr and Trotman-Dickenson, 1957).
A HE e vt o] OH9F 0,9 R
5} CH,S, CH;0H, and SO, = AjAJ sttt

CH,SH + OH, O, — CH,S, CH,0H, SO,, H,0  (16)

oISt Zo] Y FUBATL Erhi A2 whg
sfol tlo cheat 2ol thepst 8958 YT,

CH,S + CH,S, O,, CH,, CH,OH, CH,SCH,
— CH,SSCH,, CH,SH, CH,S, CHj, SO,, CH,SCH.,

OH, CH,SOCHj, H, CH,SCH,, CH,SCH,SCH;
(17)

T12]al oo §Eg-E Fote] S AAEES &
Z2 07 CH,;S0,CH; 52 & AISHe

CH;SCH; + O — CH;SOCH; (18)

CH;SOCH, + O — CH;S0,CH;, (19)

4.2.3 ClO|H|EIAMmI0| = (CH;SCH,)

A A-59] At = M-S o] 83k ot
oW dute|= Alo] 34| HF FA=ES S0, E
£(CH;),$,2 #2 FHl = At Bt ARt 2
o) MIAYES o2 2Tt (Yang et al., 2009; Yan et
al., 2006; Frank and Turecek, 1999; Yin et al., 1990).

CH,SCH, + OH
— CH,S, CH;0H, CH;SCH,, H,0 (20)

CH,S + (CH,S+ M), O,, O,
— CH,SSCH,, M, CHj, SO,, CH;0, CH,S0, O,

(21)
CH,S0 + 0, — CH,S0,, 0, (22)
CH,S0,+M — SO,, CH;, M (23)

o] &l Bl A H 0,9 T wiE7A W

o] At40] ggo] wet 37 H9-F 1 o] 2L 74
oh= YRS 7] Ao 2] (0S=0 (551.8 k] mol ™),
SC=S5(430.0 k] mol ™), OC=S$ (306.9 k] mol™*))°ll 2]
St Zlo]t} (Son et al., 2015a).

4.2.4 Clo|HECto|Amto]| = (CH3SSCH)
clolslslol sfol=al Aol gt 2
) HAUZS 2 Aoz odutygoz ofalA 9
1*/}(Auslender et al., 2002; Butkovskaya and Setser,
1999; Leod et al., 1984).

—

CH,SSCH; + OH, O, H
— CH,SH, CH,S0, CH,SOH, CH,S, CH,SSCH,, H,0

(24)
CH,S+ O,, CH,, CH;S
— CHj, SO,, CH;SCH;, CH,SH, CH,S (25)
$O,+0,”— S0, +0, (26)
SO,”+H,0 — H,80;+ ¢ 27)

E0t2utE o83k YR Fd oA = 3 T
o] 2ol o, CS,k= FALERA] A= A=
A A Qlek shA|et CS, 0] BAFE i1
7] We] o] T75}t} (Tsai et al., 2001). 112 AFs}
o] 9ol 257} 500°C olold Cs,9] AL
2243 Z715k= Ao 2 BT QIth(Frank and
Turedek, 1999). 121} Zx}H] HE-gof A= HE-3-7] 9]
L7 Eo|BR €S0 BT =9] mFE AL
2 X ETH(Son et al., 2015a).

2o wAYUZe AL N el ot w

olslo] glet. whebA, Aol 018 FAL of

of et 8 vlAUES Bt Bets) olsfel] I

A= N 2] ofgt Raf vAY ] tig A7
& o] Z744.0 2 Ses|ojof & Aoltt.

o)
© 01011

4.3 Ez2|HIEO2I((CH;3)3N)
ThFet 27]% % (50, 100, 200 ppm)ollA H71E=

Sr= 7| 2tstE|x| H 36 2 A 1



0] ol F7HESE AAREL 5~30%7H F
7VE| 1, 10 kGyoll A A|AGE0] 90% oo Bl
=t} (Son et al., 2013b). GC/MSDE ARg-5lo] A4

Oﬂ _,]o]— EE]U'"E]C)}D]-’] '1—11\_ TL‘—1§_]— @ﬂ, CH4
7} 2y o].od a1 T AAEF

o= ¢de
o, Eegops] &
3 HAUS g F AR RS
%E}(Deac et al., 1996; Seetula et al., 1985; Kozok and
Gesser, 1960; Gesser et al., 1957; Bamford, 1939a, b). 1
A= ARl osiA 2 date] ofsiA CH,
git]Zo] WA )= T = A thZar} At

- NC2H4 + H2 + CH3 (30)

°]% (CH;),N&= (31)°l ¢JsiAl (CH;),NHSH
CH;NCH,& =1l ojuf, 4K (CH;),NH+=
(CH;),NZ E|=okFc} (Seetula et al., 1986; Bamford,
1939a) E3F, X5 AFA9F(CH,;),N9| §Hg-of Sl
(CH,),NH7} 714 o2 }‘g/‘é%q@indley, 1979).

OZ + (CH3)2N - CH2 = NCH3 + H02 (32)
28H41= CH,7T H, (CH,),NH, (CH,),N, (CH;);N &

T} §Egsto] CH,E /st W2 R 2] (33)~(36)
T} 2t (Son et al., 2013b; Tsang, 1989; Seetula et al.,
1986; Edward et al., 1966; Gray et al., 1965). 12|l 3
7140 & C,H,, C,H, CH, (CH;),NH, CHy(OH),,
(CH,),N-CH,-N(CH,;),, (CH;),NCH,-C=N 5°| g
A= Ao o FEtt (Gesser et al., 1957; Bamford,
19392).

(CH3)3N + CH3 - (CH3)2NCH2 + CH4 (33)

(CH;),NH + CH; — (CH3),N + CH, (34)

o ZA 715 0128 FIS e 2ol LS 1E 13

4.4 OIMEYH|5H0|= (CH;CHO)

Son et al. (2014)2] A+ Ax}o] k2 H 27| o4 E
argsto| = FE7} 240 ppm Y o, FAFR (10 kGy, B
ZA7F2 Air)oll o3t AIARES 88% AT ERE, 115
2 o] EH ot ELH|sto| =] A AR L]
10~15% A% FAECHY BV, 34 ppme] 7
o= 2.5kGyollA 99.9% AAHE Ao R B35
o}, e o]ef o] W2 FAR =

~H o] E
T'___ M
Q0.2 Q15 F71H AATEE ST 4 Gk

ol

drlsto]EE xRl o2 EaflstH theFst Eafl o
AYES 53519 C,H,0,, C,HO, CH¢, C,Hy and

Cusg,} Z¥o| tjoFst HALE
I 5t} (Son et al., 2014; Laufer and Fahr, 2004; Tok-
makov et al., 1999; Tsang, 1991; Westmoreland et al.,
1989; Callear and Smith, 1986, 1984; Tsang and

EEo| st = o2 |

Hampson, 1986; Dean, 1985; Woolley and Cvetanovic,
1969; Tarr et al., 1966). 92} Z-& thofst HARE o
A C,H,0,2] ¢ Cameron et al. (2002)°] B1IgH A
1 4] (37)3 Zo] OH =tjgof oJgt Rh-gofl ofs]
A AgH o gAE 4

CH,CHO + OH — C,H,0,+H (37)

I3 C,HO, CgHg, C;Hg and CgH, ot T2 &2
E2 Bt B3 sheHAYS QoA P==
o], o]} TAH 2AIeE W-8-2 Son et al. (2014)9] =
FollA &R1e 4= 91, T 72 9 49t At

4.5 AE}O|H(Styrene)

10 kGy9] F5-A=Foll A Agtoldl
394 ppmoll A 912 ppm O & 7S wf, AlojagS
92%°114 83%= ATt (Ostapczuk et al., 1999)
&, Son et al. (2012)°]] W2 Aol o] Alo] §-8
Aol SRS 271 F 0T Yol aE ot
Zltt. 53], Aetolfllo] 27 5%7} 50 ppm$] 745l

o 275w}
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0 1 -OH CH,

CH,CHO |

y o} -on
M- CHy + M o, 1 ro,

OH H HO C]-l4

5 CH,=CHO:

N - HCN +H, H-+ H,
I

0, 0, l

( H,c=C=0 ] [ c(0OH)H,CO ]{ 0=CHCH,00 ]

0, -OH > -CH,
“CH, b C,H,
(o000 [co ]
CcO

HO, |- -OH + 0, o%cn,»f\oZ

( cn,c0)00) ] (o, )

Co,

H +-CHy H bH
“OH - ()CH,0H

CH, -OH
» «C,Hs -CH,

( HCCo ][ cH,co0CH, )

CH;0

410
-+ -cHy

HCHO

M O 0 H OHHO CH CH, CHCH *C,Hy C,Hy CH:\O \0

‘OH -} CH,0

CO, : :
0 0, H -OH HO, ‘CH, ‘CH, ‘GH, ‘C,Hs ‘C;H; NO NO, NO,

,,J HCO | —
‘OH HO, H, H,0 H,0, ‘CH, CH, CH, CH; C¢H; HNO HNO, HNO,

No,  mNo,

0 0, NO, NO,

H: ‘OH HNO NO +H-

>

CO
\1+II OII llO ]I H,! 0 H,! 0 (‘H, CIL C, H Gyl Il, (‘ZH, Gy H C, Hﬁ HVO II\O ‘OH +1\0 H,0 +\0):]

Fig. 4. Predominant reaction mechanisms on the acetaldehyde decomposition using electron beam irradiation (Son et al., 2014).

FUHOR T 98% oo AARES
SI. ols} o] ZEfoldlo] A ZAfe]
2 2ol == o= £FFe]#lo] double bond
& /39 vinyl7] S 7FA] 2L Q7] whizeloh T1e]ar A&
Efo]#l12] 7-9olli= N gt Z H k= O 2trfZof ofsf
A Hoh 2 ZofiEe o= B Aokt Tan-
thapanichakoon et al. (2004)2] A5+ Ao =M, O
gz 2 Q2O Aeol= JFoRr W2 2L X
Aol 2etoldl o] Aloj G-gof P PIXAITE N
£ T79 guZo Afeols Al £
ol QlojA] Ao g 2 2k FdofARt
& U3lst= Aoz HyE) T3 Azpde] &
2gfoldlo] Bl ol A ArstAEro] (styrene
oxide) T} M2 H|5t0] & (benzaldehyde) ‘5-©] /3=
= Aog dHHTt (Novoselov and Filatov, 2003;
Ostapczuk et al., 1999). ©]¢} F-AFSE Ayt S2k=nf
of oJgt Aetoldll Alo] At Ao AE & 4= ek
Eetzuto] oA F/dE YA At o] 23be YA}

u:\_
Y
St

R

8, 912 ol I 35 e
=]

=
o| =Tt o=} *JﬂiE‘roTéﬂ = A=
Zdo]th (Na et al., 2006; Buchta et al., 1993; Tuazon et
al., 1993).

4.6 EF%(Toluene)
=5 ‘-’:ﬂ% tpeFet ot EE 5 @A 7P e
A7 X3P o]t (Sun et al., 2013, 2009a; Kim

et al., 2010, 2005; Son et al., 2010b; Hirota et al., 2004;
Kim, 2004, 2002; Han et al., 2003; Péur et al., 1990).
Piur et al. (1990)°] Aol wk=H, F4-41%F 10 kGy

ol EF<M 30 ppm o] AATEL 60%=A FATH
HA2E ZFA] L Q= WA (40%)H et o Eth
|} frARRT AMHE Kim (2002)2] =10l A

L.

—
0
9

<

A

[e]
2
@It} Kim (2002)2 CH; 715712 7HA1 1 9L
E2<l0] CH, 75717t §l HAEL} o 4] A

Flota FFECE ESE Son et al. (2010b)2] A+4

i e

i

ZA5t5|X| M 36 & A1



HAH ZAL 7IES 0l o el 2 LS 1Y 15

T 2 H EF02 WA E ot FAS ST
of Al Bt & AAEE= Ao B 9t} Hirota
ol

et al. (2004)= TERF VOCs7F ZAH 9
AA=Z] fIste] DA 4 AF-S S4skale=,
1 A3 fiAlS Zafishr] flsiAl= tHE VOCs (B
M, off A, ZpA=)oll Hlsl 2.8~4.48]2] of =] 7}
o @7 Hal HAst), ol= flAl o] £019]
+ 715719 /71 WA 2ARE 5% dFEEY
Eoflell RolA ARt FFe rXv= ks
t}. o]= CH; 71571 ti4lell a1 715718 7HA1 AL Sl=
4-chlorotoluene} toluene= H| gt A& o] Avtof| A
T 3RIgH &= IATH(Sun et al., 2009a). Kim (2002)2]
ol ofstd EF<4o] AA UeiAE N 2HZ
o] O efrizritt EAe) Rafo] uct w2 Ho,
A7t 1 AFtell A= OH =i Zo] EF<lof 7]
+ 9% Totolqlth 11 AT, A5 Ao 2
bl E2e1e] A7 aRol 15~200714] T
b ik TR ol=fRt Ay AR

AR E FASH Ye+= Ae
, OH gtt|Zo] 37| & w7k~ Y9
AolA Fatt FFS M= AL

o3

1A
olr
il

i
ok

o

TS

o,
0, = 1o
32 1o
RIpol

()
e
N
=
N
=

ST O <R L ol R

v
X
2
g

Ki

)

t al. (2005)9] Aol oJoHH, A& o]- 85t
I-57goll A AdeE]= Co,8t ollojz=Ee
19] oF 17%<} 47%0]tt. & =¥
5% ol/de] CO,%t cllol2E= A= A
18k & 5ollA] B AAE dapsle] oJsfA
| o= oheFet mlsko] FAbESo] A g

o, 2FolA 7P tiad g dAAL s FAES
benzaldehyde©|T} (Sun et al., 2013, 2009b; Kim et al.,
2010, 2005; Son et al., 2010b; Han et al., 2003). ©|<} 2
o] EF4M o] A 2557l A benzaldehyde”} &
dHE A2 7 59 2] peroxy S| 2} wH
Russell’s and Bennett’s ™71 &2 #10] QITH(Kim et
al., 2010). 121 o]¢} Z-2 FAEEL dutxow

gl 37K4E Z7H

U

it [z
7
e,

i

= B
1o

O

oS,
o
1o du o Hu
o = 27
Lo
[o)}

rr r_ulm tlo
52
]

4.7 Xtddl (Xylene)

Hirota et al. (1995b)7} A3t xylene (22.5+0.5
ppm)2] AATto] T2, xylene> 10 kGy2] =}
H FAdsollAl 90% 7HAA AlAEE As 1
= Aot Xylene®] -0l = Al7HA] (o-, m-, p-) 01434
Alol] thet AT Y= STt (Hirota et al., 2004; Han
et al., 2003). 7L AT}, F Aol A BT Aloja&
FE Mz o2 Uerg AR o] 59 ZxtellA
A3t 3= Sl shtEo] #AF X whet
2 o] mj2l= FFe FAs] thErk= AS gkl
= AU T2 xylene®] 7ol oA e
t toluene®} P71 = OH 2] Zo] Zaf HH-g
QolA A Q1 oS- STt (Gerasimov, 2007). Has-
himoto et al. (2000)°]] TF2H A} Z At 2]afA]
E5)9 o-xylene (7|5 % 90 ppm) 2] 54%7} ool =2
£ 7%= 11, o]+ benzene (30%) Rt 5L 279
A Hot g2 olojz2Eo] TR E Ao R HuH

Londk 2 oft oX

rO

4.8 HE|Z0}M|E|O|E (Butylacetate)

Hirota et al. (1995b)< xylene&] ZAAH] ZApo] wh
E Aojdel FYUt 27 S 2 butylacetateo]] HHt
ATE Y=, 1 AT Alojaee FY 24
ofl A xylene®] A|AR-go Atire] n|2|7] Foh=
2 2RI 5= QI8lt. o]€f Zo] xyleneZ} butylace-
tate Atolof] AARE9] 2to]7t A= o]f+,
xyleneT} 22 WFE VOCs= A2 of 2JafiA] vt
o= 7o YRE oojmER Eoli=]7] wEel o
ol BaollE At ST AUt Qsh] ot =
AARES A7 €& 5 Ut Z12]Y butylacetate
2 A= VOCs o] Z-tolli= A of of%t 1
S el A ThRt 7hAAe] 3t 9 HFAAEE
o] BAE|IL o]Fo] FTHH o R BFS AHESH]
ozl 71 AAGEo] F25] A vkl Hiskar

At} (Hirota et al., 1995b).

:

AL 12 rlo

>~

4.9 X|dtAM(Fatty acids)
Azpdlof oJsfA] BollH= AHAte] gt A4=
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Peroxyl radicals

Russell Mechanism

+O2

¥
H
+ CH,
H
CH; CH,
1@ Aae O
H H
H H H H
H H
Tetraoxide
Bennett Mechanism
CH,
H H
2 M 4+240H+H,+0,+H,0,
0

H

(@) production and decomposition of peroxyl radicals

H-atoms

Back reaction

*H+0, > HO,

2HO,* = H,0, + O,

(b) addition reaction of H-atom

Fig. 5. The decomposition mechanism of gas phase toluene: (a) production and decomposition of peroxyl radicals and (b)

addition reaction of H-atom (Kim et al., 2010).

9] A7F Y= 2] ST Seo et al. (2019)9] A
Aol 2w, B34 A (molecular weight)7F 57}
ArE 25 BE0] S57HI (acetic acid < propionic

acid <butyric acid <isovaleric acid < valeric acid). &=

=7 |1tstE|x| M 36 E M 15
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400000

300000 -

200000 -

Response area of GC-MS

100000 -

1,3-Butanediol (C4H;07)
Butanal,2-ethyl (CgH{70)
Acetdimethylamide (C4HgNO)
1-Octene (CgH|6)
Propionitrile (C3H5N)
2-Isononenal (CgH160)
Octanal(CgH}50)
Pelargonaldegyde (CoHgO)
Acetic acid (CoH407)
Propionic acid (C3HgO3)

Butyric acid (C4HgO,)
Valeric acid(C5H | (0p)

Absorbed dose (kGy)

Fig. 6. By-product changes of valeric acid according to absorbed dose increase of electron beam irradiation (Seo et al., 2019).

A Bl A HA == FAtEol] tieh A= valeric
acid& Al LI5tal= A9 H1 &1 Q)R] ¢rtt. Seo et al.
(2019)= 17 67} Z0]GC-MS EA4-& 53519 valeric
acid7} 2ol oA ZsiE uf, T FitER
propionic acid®} butyric acid 5°] G, ZFH O
B acetic acid2 H2FH Y BRIt o]9} FAFSH
AL 71ES FA 7lee ARERE A AT
ZHS 4= QATh (McCollom and Seewald, 2003; Niko-
laou et al., 1994).

5. Hord 2 Ul A

1990 AT R E] BAIA] Ffelol s A of
83 Thopet A7So] 2rs] MaE T olek. 1
AR ol8dt ATE fAE delB Tee

St zu} 7|l HlhRl obdlE WAL WA B0
A 9 A2 8 4] Baw 2]

O
&

1

FEAQI o= & AFellA 2 NRE A} o] ¢shA]
B ThgRE FAtEe] A H k= Aotk HA] 7]
S 7Aoo g Azt 9 g Aot o] o]
|82 24 CO,, ozone ¥ ofo]2E-S H|F3l n|gF9]
TRt 7k AR e WAL 131‘% oI5 A4
H 2459 45 = A AstaA Fd =4 (o
valeric acid) Bt o £ =4 (C4H9NO)E P>l
U= == ek 4 AUtk (Seo et al,, 2019). THFA]
o5 FAtEo] thet 54 W7 & o] 59 HiES A
ot 4= 3= S 71zl tiste] F7HA] A7 2
Qolt. 22 5ol A S oA B 285
A TR SHT]eE0] A AL, % HE
Q1 72 Zf Atel, npola = o] 8, A52H 7]

% 5] Itk (Son, 2017; Son et al., 2015b; Kim et al,,
2012, 2005; Calinescu et al., 2009; IAEA, 2005). Z=}
W& A2 2ARe Fulf AL AFAIX] 7)E
24 2] ZARE St WAE E 2 A3t
oI =41} BESoto] S ES A7, o E
ZjE ARESho] HARRA 7] = Z]1& o]t (Son,
2017; Park et al., 2005; Kim et al., 2004). ZA}&]/mto]
g_g_r]]o]l:l L x{x}lﬂ] © o HO]'C’S‘ Jogxoz /\}_Q_
= A7) HlE= 1%7*6}71 fl5ted, ufo] A= go]B.
£ Algsto] AAfAxte] 5 S7HAIATL, AHde
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FEo A AUAE FAANAT= R ITHIAEA,
2005). E3F, B} ZZofl= A mte] 22 go] B O]
oI FEA AARES S7HAZ17] fIste] SHE 71
2 AR AAmre| A2 Yol B/Em) Vek A

%It} (Calinescu et al., 2009). AR/ AT HH 7]&
2 o]t stol Bt )& Foll 7H =A 7R 7]
SRA AR 2AR] oA APE]7] Eet 24 9
FAHES AW E ARgSte] 7k= A7 sk, A
2] AL Al AR = Oy2 HGA 2 A e] Bl
AEJAZ]= FHolth(Son, 2017, 2012; Son et al.,
2015b). 12} o]2f]t 7]&0] HES Hrp GabA o
2 AME5H] $I5lAE Scavengers E-8-5F0] theket
=450l it AR 29 mlAYSe] Kot ©getst
Al B = ofof & Zolot. o]e} Bl&Eo], AxP 7]&o]
Aol A A8E7] HshAe E71Ee] @ Al
o] AsgE]ojof & Aoloh. Altkrt 2] 570l A
+ Ate} Hkgof ofsto] =4 o] w7t s o]
F012]7] wizel, o] uf A== AHEE 2] A7l
et A= F7HA oz 3P ojof St (Park et al,
2019). 122 FA thF2o] MR AP O] Ad =
= ElEHg (Titanium) BfEfo] AREE=t], UiiHdo]
A2 o g2 oFsty] mie] AHdEdof| thet U/l
A Hojik 24l (Monel) =+ 2174 (Inconel) 5 ©]
|3 A5So] AP QAT opA7 A= 11 At
7b njEjRto g Hrop whe A7} aiE ofof gt
(Park et al., 2018).

¢

r

1!

rol ruh&

QA Slol A 2k s viEUolA 24
L obH 228 A5l 95t A 7] ol
Q= HAE @ 7 B fAUZ of
slo] AEsIGT o714 2% HAYZES ARt
Rt ofat ofo} §ARR 7149l Zetzate] o)t
23 WAUZ AN E E8d 5 & Zolch F5E
AL Aol 95t A 7]&L 1990UtEE &

ZHWW AFA 9 FAF Frz tiekshA Aot 18
1, Folut Alofig 9 et kxRl $A
Aoleke 24 2 5450l Slek el o1
e Aelslr) g1 AA 714 @l 1)
A= A7) AL B A Qb T 9l B
AFEol] g A 2] wh Sl digt F7Ha el 0:147} 3
ZzHoz o1aoa 401:% Holck. Ak A&
Hoz A7]eq7} ﬂsom
HH—rOH R lfom SI AR 71 2AA12) A
M= B s,
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