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taEle F2 FUN A5, delE, A
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T332 (Advanced Oxidation Technologies -
AOTs)& AHlggolM ARgEE it AspAlEn
¢ 788 438e A'J Hydoxyl Radical( « OH)
& 5z AYNA, 73 295 e 4T =
A, dEHA 57183 E s, g7 AL A
g 718 F3th

U oA & 813318 41813 (Non-photochemical
Oxidation Processes : NPCOP)<¢! Fenton A,
SENSHO Agstslo] UE B AOTES oH
A 712 QFHA F£F Jou, wF 2 A
dMe olr 10dA E o] g3 YA FE
248 A]2E¢l AOT 2 (Homogeneous Photolysis:
UV/Oxidation AOT)o| A43tslo] E4 2 s
7124 Al da) F4HT ok =3 HZ A
AZME LA AzF o)ee) viex 4] F
2u)s L3 BFUA FHu A3 A2FH
(Heterogeneous Photocatalyisis : UV/TiO2)3 27}
ZA zA} A2 H (Electron-Beam Irradiation:E-
beam)ol| W3t AFE w3 APt loH ol

14 B73 R A(1997. 7. 15)

ARAMTASIAL BEANSR

43 e FAEA A
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2. 1343 (Advanced Oxidation
Technologies : AOTs)2| ¥g|

2.1 AOTs2| H2|

Uvel AbshA| (ks ), UVel 330,
TASH A7) 2 7lE WHES o183t A
3 AglEe Ad we @ (Hydroxyl
Radical; « OH, Hydrated Electron.ea,
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E 5

Ay



ooooooooooooooooooooooooooo

ARNA, 54 T F1234E 23} BN H
FEHo=7 COz 9 HzO, Mineral Acids%¢] F3f%
FFEE Bl A7l Ax A 71&e et

2.2 AOTsZ| 7|2 857 a4l 7 U2 Mechanism

A3 oA AR EE diEA(FaEeA 9
HP7DE, ol4atEEA 94 ¥) By g e
A8t8-g Ad Hydroxyl Radical( « OH) ¥4 i
of W& E£FE 3t ofefe} Zth Table 1 o Ak}
¥ Aks}E vl (Oxidation Potential of Oxidants)
£, Table 29 AOTs¢ LER AT

2.2.1 H|&3g}st AtgtZH(Non-Photochemical
Oxidation Processes : NPCOP)

FoAE AHEEER] &3 Hydroxyl Radical( e
OH) & #4she o= dg 2 okl 3

J

I‘

===
—Irs
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Table 1. Oxidation Potential of Oxidants

0000060000000 0

Ex-2

Relative Oxidative
Oxidation Power Species Potential(volts)
2.23 Fluorine 3.03
2.06 Hydroxyl Radical 2.80
1.78 Atomic Oxygen 242
1.52 Ozone 2.07
131 Hydrogen Peroxide 1.78
1.25 Perhydroxyl Radical -1.70
1.24 Permanganate 1.68
1.17 Hypobromous Acid 1.59
1.15 Chlorine Dioxide 1.57
1.10 Hypobromous Acid 149
1.07 Hypoiodous Acid 145
1.00 Chlorine 1.36
0.88 Oxygen 1.20
0.80 Bromine 1.09
0.39 Iodine 0.54

Table 2. Classification of AOTs by methods for generating highly reactive radical

intermediates( « OH, etc.)

NPCOP

Fenton’'s reaction

- Advanced Fenton’s reaction
- Ozone at high pH
- Peroxone(Ozone + H202)

PCOP

‘—‘ Homogeneous photolysis f * Commercialized

AQOTs

- UV/Hz202

- UV/Fenton

+- UV/Ozone

- UV /Visible/H202
- UV/Reduction

» UV/H202/0zone
- Solar Oxidation

Heterogeneous photocatalys?]

Others

- UV/TiO2
- UV/TiO2/H202

High energy Electron Beam
Irradiation (E-Beam)

- Electrohydraulic Cavitation
- Ultrasonic Degradation

(Sonication)

- Supercritical Oxidation

(1997. 7. 15) 874 B A
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7 A v A a3 Y 27] gAdd de Wi
A gAAA ¢e AUFHETG FuEH A
(Electrohydraulic Cavitation)¥, Z&3 &3)
(Ultrasonic Degradation or Sonication)®, 2%
A 2¥8HSupercritical Oxidation)®¥ 5o} Utk

1) Fenton 43

YA FFstetel o3 Hx=2 st ieE
Fentondshg e &4 A, A%, 98, 53, 934
F 5 F 50717k AAHe &3 Fof Utk
el AbshaA e Aatslgas) 27 Hoje] kg

S OHzo Ze) 747 ksl g d4 Yo
She dEeA B2 Bl aaFoR olf
ou} whgo] X2 ALgEHe Hol Y3 F
32 e A7 dges dAske 9ol
123

g, 71& FentonA¥hgel 93-S 7iAe}7) 4
3 Fostste] $£3d7 dAFdted JfEd AFP
(Advanced Fenton Process) &% %H’]fﬂ u
AFe A8 7427, FF ASFS A Za
Az 73*1]31‘3 FAE Axgoz Al 7 A
4 2o} HLH ok

gz 483 Fenton AH}WF-2] Mechanism-&
o 2t

Hé.&ré

[

o rx W g

* Fe( I)/H20z2 reagents :
Fe™ + H202 —» Fe®+ «OH + OH

k=63M"" (1)
«OH + Fe'™ — Fe® + OH
k =3 x 1) M's? (2a)
» OH+RH(Organic pollutants)—Oxidized products
k= 10° --- 10°M’s* (2b)

* Fe(1l)/H202 reagents :
Fe® + H202 & ( Fe® - OcH )” + H' &
Fe*? + HOz- + H' (3)
HOze+ + Fes > Fe? + H* + Oz (4)

A}7] MechanismZ 27} Ao|&/3al4=4:9} 37¢

16 7B (1997, 7. 15)

Hol /sl ae f718 AE HEEEE vl
sto] B 27} Holol 37} Hol2 Hu} €Y W=
t} o]RAe FAspEio] the Ferricion(37F Hol
£)9] Hhg-Ado] ¥7] ujolth

H e Fentonitabye] A a&& 7HAs}7]
98] Fenton 2AFspfd]| UVEE Visble lightE 57}
3 e A43s UV/Fenton ¥ UV/Visible
light / catalyed peroxide Al¥o] Fzglel @
7 Aedz ok olgd FHE “Photo-fenton
Reaction” o]&} 22 '

2)Ozon at high pH

=4 93 OHaltZ AL ¥ad & pH(R
a7l )G Gol dojxint et OHHZ A4
Fo] HF o} AAFX Rajrh EI FELS
YR {71EF ] whgo] gAY, o fIIEFHE
AE WSS A FE F F7IEFHY wgelx A
BHel Aol glen, B3] B4 7kA2AM B4 o
3 g3zt AskEe do] glvka B Qlck
AAZHQ ZWoA e&¥7|E H|wF Ivtolw,
A ZWUME OF 22 AT ZAURIY B
sosior e, A% 2 A BFAM SEF
o] QFHL)

203+H20 — «OH + 02 + HO2

3)Ozone + Hydrogen peroxide(Peroxone™)

AdutA 0 2 Ozone/H202 EFHE PEROXONEH
olz} 229 & TP 7H*'Ali Fyolth
}b}"‘%oﬂ u]a\: 61—05] E}d 9 YR A %7] Z3
AA vzd Ao, AH7HA] int T £
AE(H*, HOz", Os', 02", HO3, 5)3 ¥ OHet
Z+o] A E o] UV/OxidationE ©]-§8 AOTHT OH
gz gl B2 WeEEr} =¥ wio] gith

03+H202 — +OH + 02 + HO2

2.2.2 Z58t ArElZH(Photochemical



Oxidation Processes:PCOP)

UVE o] &% #33 ddslgyel 9@ 49 7|«
< Y49 vl AOTszt F-2t} Uve Qide &
7NER-S A FE8)(Direct Photolysis) & 4= 9J
on, &ejx|7t YA @ 23 SEe FHIRA
@om, OH}HZE Y7l oA A7) &%
ol A3, FAH|7E Hom A 2go] ¢ Compact

sk § o7 FAel Atk

DadA &3l 48} Al 2% (Homogeneous Photolysis
: UV/H202)

UV/Oxidation AOT A] 2 ¥ (UV/reduction,
UV/fenton5 9] Photo-Fenton Reaction®3})o]z}k
I P2 4838 §Y3 7lgclth nF EPAY
1% 71%(Proven Technologies)2A] 1l st
o Tl AA oF 2507] o]de] AR Ho] LAZ
Ut

¥k& Mechanism2 o< 72t}

* UV/Hz202 Process :
H202+hv(UV light:200 ~ 300nanometers)
— 2 +0OH
For the reaction of formic acid with UV/H202 :
HCOOH + +OH — H20 + HCOO -
HCOO+« + «OH — H20 + CO2
Quantum yield per « OH radical ; 1.0
Moles + OH per kWh ; 14

2EFYA FE0) 43 A 2% (Heterogeneous
Photocatalysis : UV/TiOz)

M7 B3 Hsiche BaE PO Be o
Al ela) FEFuf A AY A7rE S WY
F9 i,

UV wizd A9 TiOz(anatase) FEujE
o] 88 EFYA AOTAAHeZAN 1 W
Mechanism £ o}j9} 7}

TiO2 + hv ({380nm)— h,," + ey (1)
hyp" + OHyy — + OHyy (2)

oooooooooooooooooooooooooooooooooooooooooooooooooooooo

ecb' + (OZ)ad — (Oz—' )ad (3)
hyt + e — heat (4)
where: hv @ UV light

vb : valence band

cb : conduction band

ad :© adsorbed

h.," :mobile hole in the valence band

e.p -moble electron in the conduction band
Quantum yield per * OH radical : 0.04
Moles ¢« OH per kWh : 0.086

Wed A9 TiOz2(anatase) & £Zo] e
(Suspension)A]7)AY, Glass fiber matrixZ+-&
Supportdol FTAHAIA 380mmo)3te] UVE 2A}S}
W, TiO233v] Yz} EwAte] OHZS A4S
. &, A7), (2), (343 7ro] 380mmo)5}e)
Photong F+3d, & o7|dH (exited
state) 7} Elo] Ao} AU e AR 1S4
A e valence bandZHE HAt HYYE
conduction bandZ ZzHelectron)7} ©)%& 3t
valence band®lE mobile hole(hvb+)o] A7]3,
coduction band®ll & mobile electron(ecb-) o] A
Azlo] FEFn] FHol= hole-electron®o] A=
t}. o]E charge carrierse(2),(3)43 7o) uleA
of FZ&u] W) 23 (trapped) YA "k Mobile
hole2 #p4le] XwHol F39 EEAe] hydroxyl
ion(OHad-) ¢} ¥+$-3}] OH2l)ZH( » OH,,) S Al
Al o]8A AAE OHspr|Ze et Zu) Yz}
Fdo F2d 0d #7] BE sl o)L
L B Ed L=

2, BT A371(4)40) it dojur]
o OH radecal® A 9 quantum vyield7}
UV/Oxidation AOTS9] 108t} o}F & M9
ke A 2AF0) vty BuE s ok
wetA oleld EAEE AMAstr] s UV/TioZ +
HeOz A|&gloz A7 wekg dslksly glovt §
A7FA] o OH quamtum yieldE 0.227}%] o] &
Y FFoH TiOz29] EAAD(mass transfer)Z4]

7 A3 ol ek
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2.2.3 High Energy Electron-Beam Irradiation
‘E-beam

Ha =, gAaol FolA euA AL (E-
Beam)£ o] &3 #H#Ae 7le d drt 2idts
218 Foll AUrk

FA AL 7I(high voltage electron
accelerator)®l 93] TS} A& HAYNE §7] &
dEAF LA ZANirradeate) Al7|H ERAEL
o3 2ol 97kA ¥k radical( - OHE) &
%319 AxH(hydrated electron) @ 4 922 £
=™ olF ol 7] LEEZFH W] o]
E8 2tg) 23 A7l
H:0 — e,y + He++OH + H, + HO, + H'

& A7 B Ele AR el 4+ beam currentdl]
AAvld &b APl o]F « OH radical A7 G

Table 3. Summary of the Characteristice of the

nnnnnn 506000000000 008000

*
.
.
.
.
.

& 100eV Azt oA 7 272 LA A F,
10MeV AAR}E= ok 27%x10' » OH radicaid TAA
2 % ek £33 E-beamA 2"l kWh 7 o
10Moles » OHZ 2ANZYZ Az Ath
(UV/Oxidation AOT : kWh3 ¢F 14Mdes « OHY).

o
a0

3. oF

gatet A3 FHe FYA(Homogeneous)
UV/Hz202, BaYA(Heterogeneous)UV/TiO2
Alze 2 AxH) (Electron Beam)A| 28] ¢] T3
374 AOT"" thE EAL Table 3 of 893190
H #4589 =9] Phenol # Methylen Blueo| th
3 0]59 A5g 453 HY Datag 1Yol e}
Udck Eol adoiA He upe} 7o), kWhe OH
gz 24 MolesE UV/H20(1.4mole), E-
beam(1.0mole) & ¥]$3F whH, UV/Ti02(0.08

Three AOTSs considered

Characteristic UV/H202 Homogeneous

UV /TiO2 Heterogeneous Electron beam

Systems

Process Process process

Wavelength Range 200 - 300 nm < 385 mm NA
Quantum vyield per « OH 1.0 0.04 NA
radical '
Moles « OH per kWh 14 0.086 1.0
Dependence of quamtum Independent Decreases as the square NA
yield on light intensity root of the light intensity
Requires added chemicals? Yes-Hz02 at > 250ppm No, but quantum yid NO

increased by addition of H:O:
Is there a mass-transfer | Not usually ;however, the | Yes, particularly with
problem? reactor must be designed | immobilized catalysts. NO

to have good radial mixing

EE/O(kWh/order/mi) |<3 for most pollutants| >50 for most pollutants |[< 3 for most pollutants|
Any separation required No Yes, if a suspension of NO
after treatment ? TiO2 is used
Capital cost ? Moderate Moderate High
Commercially Instailed >200 2(7) (7

18 371 °4(1997. 7. 15)



oooooooooooooooooooooooooooooooooooooooooooooooooooooo

1000
= UV/TiO,
3 EE/O = 336
S 100 UV/H,0,
2 EE/O=3.6
&
E-Beam
EE/O=2.6
10 1 1 1 1

0 3 6 9 12 15
kWh per 1000 L

6mole) & "¢ W& FFo|H, < 1,000LF 3
¥ Phenol3} Methylene BlueAA A&oMr
OHZHHZ WA moled 8 Ao 72+ ARE 714
St

A9 Tz ZHME UV/H2024 293}
UV/TiO2A| 292 H|%g whg, AR71E718 o) &
8= E-beamA|2€2 vf$ 7712 2R ok

4, UV/Oxidation AQOT A7}

d71oA As & whel 7o) UV/Oxidation
AOTE A|9& th& og7tx] AOTse Al 712
AT GA HAE Fdst DA Pilot Ay @A 2
A o} 7ER] JE3ER] A7) W Eol), A8 =3
AR (T 2 edu &) EAdN 7 SElsi
OSEPAZHE 7AFEWS 7)4(Proven technology)
¢l UV/Oxidation AOT9)| &l 278t Z A} o}

41 MAH U ME Factors

UV/Oxidation AOT9] A= bzl £xlg] A
28] AA ¢} vz Z X saAl st H59
54, 2984 $79 459 5E 2 FFUES

o 2E3)0] we} N2d9) 4%, S, AANS

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

10

% ‘ UV/TiO, i
%’: 1 ‘ UV/H,0, EE/O =164
2 . \EE/O = 0.63
2 :
< o1
5 '
O
(= + E-Beam

. EE/0O=0.26

0.01 L ! . L

0 2 4 6 8 10
kWh per 1000 L

e{ste] A MAE stojof Bt Alade] A%
2 NG FFE = FAAE keI 2k
* OQHE A B4 1 29EAY 27 € ¥ ¥
o] By &5 FU|E29 ¥y 2 5%

2 24 27 : UV Dose ¥ H20:343% pH
% 2% Mixing §&, Zj9] £7F 2 AL

*
w4

-

d

4.1.1 UV Dose

UV Dose® UV/Oxidation A|&8& AAsH= 91z}
2A, A4 1dg AYshksd 27HE UV Lamp
power(kWh)¢] F7]& 23t} ¥h-g7] Yo A9
H(Quartz deeve)o] 1om o] & AT UV
lmp7} 2Eo] Q) UV Dot A ¢Js) o}
o} o] AL 4 ek '
* UV Dose(Batch) =

Lamp size(kW) X Times(Hrs)/Volume(ni)
* UV Dose(Flowthrough) =

Lamp size(kW) / Flow Rate(ni/hr)

4.1.2 Electrical Energy per Order(EE/O)

EE/O& H27k4] AOTe] & &-& BlasAY,
A" Scale-up @ W) AMRE= AA Parameter
2A, #4 IndFd gFE oE Fol §7122e
0%k}, 3H3(e] 1 100ppm oA 10ppmo.z 7424
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AFled "gd AN I KkWh/ ol /order)E T
gt
®EE/O = UV Dose/log(Ci/Cs) =
1000/V x 60 xlog(C;/Cs)
37|14 : P=Lamp power(kW), T=Irradiation
time(min), V=Total volume(L)

PxTX

Ci=Initial concentration,
Cf=Final concentration

EE/07} R&4E A7uAzt dom Aigs
Z71€c} Tade 49] A7 §71egE2d g
EE/O5 Yepiith

42 Me|A2H 3/ % BY

Table 59 Process Flow Schematic&, Table 6
o APA2de FR/E ehlUtE UV/Oxidation
AOTS} A4S gofsid dhgst 2t
* o2 EPA % OSHAZYE ASHE 7|eelth

W 9 Ajr stripping 2 AAY 5 &
o
=

s A2,

Gvs0000cees

sessvssé

* dAAEo R &40, Lamp cleaning A &®E&

74 Al&golth

AzjH o] AL Skid-mounted?] Compact3t Al

2elo]t},

*t}2 £x724 (Bio-system, GACE)% €72
ato] AL Al oA ulg] AR AY Zee
&4 A1 ek

Table 4. Typical EE/Os for Contaminant Destruction

*

Compound EE/O(kWh/100 USgal/order)
1,4-Dioxane 2 -6
Atrazine 10 - 30
Benzene 2-5
Chlorobenzene 5
Chloroform 15*
DCA 15*
DCE 2 -5
Freon 10*
Iron Cyanide 10 - 40
NDMA 2 -5
PCE 2 -8
PCP 5-10
Phenol 5
TCE 2 -4
Toluene 2-5
Xylene 2 -5
TCA 15*
TNT 12
Vinyl Chlonde 2-3

* Reduction catalyst required

Table 5. UV/Oxidation AOT
Typical Process Flow Schematic

20 §73 B A(1997. 7. 15)
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Table 6. Summary of UV Enhanced Treatment Processes

CCOT Process Type of Treatment Typical Contaminants
Tradename
Rayox® Direct UV Photolysis NDMA
Rayox® / perox - UV catalzed peroxide TCE, PCE, viny! chloride, BTEX,
pure™ 1,4-dioxane
Rayox®-F(patented) |UV and Iron catalyzed aromatics and phenols
peroxide(UV/Fenton)
Rayox® -T Catalytically enhanced peroxide | aromatics and chloroalkenes in high
(patent pending, not COD waters

discussed in chapter 6)
Rayox®-A(patented) |UV and Visible light catalzed aromatics, ketones, ethers,

peroxide chloroalkenes and alkanes, TOC in
waters with high background UV
absorbance
Rayox®-R(patented) |Ultraviolet Reduction TCA, DCA, chloroform, carbon
Tetrachloride, dichloromethane
Rayox®-0O UV/Ozone TNT, color removal, PCP

FA RS, =1 (H)

‘BARA A FABARAENA K9 ARE AT Y8 DA ety YU

EAE BREGF FAehe A7 o B} $o8 ARE ABsa} AR, e AdsideUh

52 A EE3 YA AHEEANE AR £80] E 4 Y= #4/E 2 A, 2] FAYL
EE JUgstd 349 T1(#MH) S vy

53 @38 4 BN oA FA(AIEF F)olN & "R 7)e g FTAE, 187 AR
AL (ISO-9000, 14000213 &5 Ala]) §22 559 QZo|N FAEE $73BAUUED}S] Yrase F
°o] 2 F UEE ¥FHY FAE ResAYr,

—_— 0]. EH —
A 2 ARRS
B #F 9= 802 Y x24F 67 W9 (2004Q 2] 457))
@ 9 7 oog 209
@3 3 -d3E B 2y gad AZED P4 £z nuyFAY gy

c HAFE B e-maild E BUFA AL,
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