Treatment of a Highly Concentrated Solution of
Acetic Acid \0to-electroch | Oxidation

( Jun, 2002)



1-1

400 (Ray® et al., 1998 Yildirim®”
et al., 2001) (vinyl acetate VAC)
( polyvinyl acohol PVA )
( polyvin-yl acetate PVAC) (latex
paint ) (acetic anhydride)

( cellulose acetate )

(Krgnc™ et al., 1997
Watanabed® et al., 2001 )
Barbier® et al., (1998)
COD 1-1
COD
COD
COD

Yu® etal., (2000) 10%



1-1 COD

COD
COD<1000 ppm Biological process
1000 ppm<COD<100000 ppm Alter native method
COD>100000 ppm Incineration or Recycle process
02 0.3%
10%
( Advanced Oxidation Process AOP)
Fenton
( “3) 1981 Bigdd®, 1995 (“48) 1998)
Fenton
( H02 )
(Fe& )

(OH )



1-2

Arrhennius Law



2-1

2-1-1

CH;COOH
99%
118.2 1.0494
S0%

2-1 (Perry® et al., 1981)

2-1-2

()

4% 1988
1978 41%

2-1

81%
1988

1970

12%

16.6

1987 11



Hoechst Celanese Pampa

CH3COOH
gmole 60.05
gm 1.0494
16.6
118.2
321.6
am 57.2
glent 0.351
0.201
debye 1.3
0.454
6.15(20 )
SP MPal° 20.7
kJmol 23.70
calg 0.485
kJg-mal -104.72
kJg-mol -91.24
cdlgma K 70.1
kJg-mol 219.82
Antoine () 17.11~117.86
5 A 7.55716
logioP=4— B 164254
t C
C 233.386
a 1.4055
Cp=a+bT +cT? +dT° >
bx10 3.4632
0
H cx10* -0.2557
c O H dx10° 0.006886

1989

15%




1988
BASF
Monsanto 99.5%
BP Chemicdls Monsanto

(1) CHOH  HI «—» CHJd  H,0

CH,
(2) CHsl [M complex] —» l\l/l—complex
|
I
C|H3 CH,
3) l\h/l_complex coO > }3 O

I\\/I/ complex

CH;
T o

|\/|/ complex
‘ [M complex]

(4) H,O —» CH,COOH HI

Wacker

90%

(2-1)

(2-2)

(2-3)

(2-4)



10% Eastman

1987 Hoechst Celanese Pampa
eastman Wacker
140 7
PdCl,,CuCl,,H,0O
2C,H, O, »  2CH;CHO (2-5)
B
3. /
( Hydroperoxide
radical )
—» R (2-6)
R O,—» ROO (2-7)
ROO RH—™® ROOH R (2-8)
2R —* (2-9)
R ROO* (2-10)
2ROO —* (2-11)
160 180 50 57 kg/lcm,



Hoechst Ceanese

BP Chemicads

()

FMC )
( Union Carbide

(Coumarin) Dow  Monsanto

()

100

( Pyrolizneous acid liquor )

) Rhone Poulenc

( 1983



( Wood ails)

(5 10%)
2-1-3
1987 56% ( Vinyl Acetate
Monomer VAM ) 8 %% ( Pure
Terephthalic Acid PTA ) 8%
( Cdlulose Acetate) 27% (

)

()

DuPont Hoechst Ceanese
Quantum Chemica  Union Carbide

1987
114 83 9
10
Air Products Du Pont  Monosanto

()

Amoco

10



Du Pont

0.05 1987 125,000

Eastman
()

( Ketene ) 125

1 Eastman

0.59 1 Hoechst Celanese
Eastman
1. ( Sdicilic acid )
( Acetamin-ophen  N-acetyl-papa-aminophenal )
1987
10,000

2. (Sizing Agent)

4, (Acetylchloride)

1



()

Hoechst Celanese
Eastman Chemical
1984 Eastman Chemicd

1983
219,500 1987 136,400
(
)
1987 368,000 195,400
68,200 38,600
22,700~25,000
()
1987
36% ( Carboxymethylecllulose
CMC)
24 D
30% (Indigo)

()



1987 155,900

2 %
1
( )
1987 (BASF Hoechst Celanese
Tennessee Eastman  Union Carbide) 131,800
70,000
54,500 1992 60,000~62,000
2~3% 80%
2.
( )
Hoechst Celanese Tennessee Eastman
Union Carbide
1987 32,700 18,200
70%

(Lacquers)

14,500

13



Hoechst
Celanese Texas Eastman  Monsanto
Hoechst Celanese
Easman  Tishchenko

Monsanto

Union Carbide

ehthlene glycol monoethyl ether acetate ehylene glycol monobutyl
ether acetate propylene glycol monomethyl ether acetate.

monobutyl ether

1985

14



2-1-4

2-2-1

2-2-1-1

100~400 nm

1.
2.

( near-ultrarviolet )
(far-ultra-violet )

( extreme-ultra-violet )

(vacuum-ultra-violet )

400~300 nm
300~200 nm
200~100 nm

CHCZCTCO



qT

Dilute wastewaters ~ [2000~3000 ppm |Recovery dectrodidysis 100000/ Yu®® et al., Desdlination ( 2000)
ppm 70 min  70%
Ethyl acetate 5000~6500 ppm |Adsorption on ion-exchange resins 6hr 65% Anasthas? et al., Reactive & Functional
Polymers ( 2001 )
Acetic acid 500000~600000 |Recovery Carbonylation of methanol Scates® et al., J. Cleaner Prod. ( 1997)
ppm
Cellulose acetate 300000~350000 |Recovery Ederificationinareactive [3hr  30% SaHa?¥, Catelysis Today (2000)
ppm didillaion column 70% 58%
Vinyl acetate 2000~5000 ppm |Wet air oxidation 100 min ~ 100% |Pierre®? et al., Journal of Catalysis
(1997)
Food industrial[48000~54000 Recovery Pertraction in amultime- 10day 87.5% Wodzki®® et al., Separation and Purifi-
wastewaters ppm mbrane hybrid system cation Technology ( 2000)
PvC 9300~9500 ppm |Fered Fenton 6 hr  90%COD (48) WTTC (1998)




80~100 kcal/mole 50~150
kcal/mole
( 750~400 nm
38~71 kca/mole ) ( 400~1000 nm
71~286 kca/moale)

( mercury vapor

lamp )
1 ( low pressure mercury lamp )
253.7 nm  184.9 nm (
12 154 kcd/mole) ( 380
nm) 2.5 / ( watt/foot of arclength )
2. ( medium pressure mercury lamp )
100 220 / 578nm (
) 546 nm ( ) 436 nm ( ) 405~408 nm (
) 365 334 313 300 280 265
253 238 nm
3. ( high pressure mercury lamp )
265~291 nm
75

1,000 12,000

16



2-2-1-2

max

(di-radicd )
?max
hc
?max : (2-12)
A E
( 6.62x10” ) ¢
€ Beer-Lambert
Iin
Ap=log——-)=¢ C L (2-13)
out
lin l ot C

17



( )
Grotthus-Draper ( )

( quantum theory )

Stark-Eingtein ( )

( chemically active)

( primary process )

(
)
A+ h—> A (2-14)
A* ) Dl + D2 (2'15)
A h? A*
D, D,
¢ - (2-16)
LIJ = (2—17)

18



p -
) (over-al quantum yield )
U] ( primary quantum yield )
P (' secondary quantum yield )
p PNy
® 1
)

uv
ni.=
n:2=

uv

19

(2-18)

(2-19)

(2-20)

(2-21)



ns
n:
n:
2-2-2
2-1
OH OH
[ organics] — ® [ organics] (2-22)

20



Kotz™ et al., (1991)

2CIl —» Cl,+2e (2-23)
Cl, + H,O—> HCl + HOCI (2-24)

21



Substrate Mediator-re Substrate

Anode Products Anode Mediator-ox Products

2-2-3 Fenton

2-2-3-1

1894  Fenton Fe¢"  H0,

H,O, Fé&*

Fenton

1. H,O, Fe&*

22



2. H202 02 H 202

4. H,0,
5. BOD/COD

2-2-3-2

Fenton

Fe" + H,0,—» (FEOH)** +OH —»Fe* +OH +OH (2-25)
OH +Fe" ___, (FEOH)* _, Fe* +OH (2-26)

OH +H,O,—» H,O+H,0O (2-27)
HO —» 0, +H (2-29)
O, + H,O,——» O, +OH +OH (2-29)
Fe* + H,0, —»F&" +H,0 +H (2-30)

46



Fe¥+0, —» Fe&'+0, (2-31)

A, HO, 10°M  F& (2-25)
(2-26)
B. H,0,/ Fe** OH (2-27)
H,O (2-32) (2-33) (2-34)
HO —*>0, +H (2-32)
O, +H0, —>»0,+OH +OH (2-33)
Fe*+0, — P»F&+0, (2-34)
Fe* Fe*

HAA+OH —» HA +H,0 (2-35)
HA +Fe" —>»HA +Fé&" (2-36)
HA +HA — (HA), (2-37)

HA +0OH —» HAOH ( primary product ) (2-38)
HAOH+OH —» HOA +HYQ0 (2-39)
HOA +Fe* —» F&" +H +AO (secondary product )(2-40)

2-2-3-3

Fenton

a7

24



Fenton pH 2~3
Fe™

2-2-4

0O,+2H +2 ——> H,0, E°=0.440V vs.SCE. (2-41)
SCE

E
I, = koNFAeC* (2-42)
I (A) kn (m/s) n
F Farady's (96,490 C/mol ) Ae
(nf) C (M) Kn
kn=D/d (2-43)



D (nfls) d (m)

C* D Taylor'® et
al., (1975) 01MNaOH = 25 40 C* D
Cxs *=1.18mM Cyp * =091 mM Dy =2.20x10° cmis™
Do = 293x10° cm?s* Dy XCos * = 2.60x10° mMcnrs™
Dy XCao * = 2.67x10° mMcnrs™ C- D 25
40
2-2-5
Fenton
(H20,)

02 +2H +2e —» H202 E° = 0.440V vs. SCE. (2'41)

UV/H,0,
(Fe ) Fenton Fenton
( Fenton )

F& +H,0, —» Fe(OH)> +OH (2-44)
h?

49



H,0, —» 20H (2-45)

26

OH +HA —» HA +H,0 (2-46)
HA — further oxidation (2-47)
(244) Fenton
(Fe' )
(  249) (2-50)
(HA ) (2-51) (HO, )
(2-52) Fe(OH)? (2-53)
FE€ —» Fe +e (2-48)
Feé +e—» Fé (2-49)
H
F€ +H,0, <«—» (Fe OH)>’—>» F& +HO, (2-50)
H
FE€ +HA ——» F& +HA (2-51)
Feé +HO, —» F&€ +H +0, (2-52)
h?
Fe(OH® —» F& +OH (2-53)

27



h?

H,0, —» 20H
H,0, «—» HO, +H

OH +H0O, —» HO, +H),0O

OH +HO, —» HO, +OH
2HO, — H,0,+0;
20H —» H0,

H,0O, OH H.0,
HO, OH HO,

H.0O; OH H,O,
H202

O, +2H +2e —» H,0,
H,O,+2H +2¢ —» 2H,0

Feé +e —» F€

H,O, ——» HO, +H +e
HO, —>» O,+H +e

F&¢& —» Fe +e

51

28

(2-54)
(2-55)
(2-56)
(2-57)
(2-58)
(2-59)

H-0;
HO,

(2-60)
(2-61)
(2-62)

(2-63)
(2-64)
(2-65)



( Electro-Fenton )

2-2-6

2-2-6-1

Fe(OH)?

52

29

( Fenton )

Fenton



Fenton

Amold® etal., (1995)  Atrazine
2.69 mM FeSO, H,0, 11
30 140 y M Atrazine FeSO, H0O,
11 0.73mM 142mM 269 mM

Atrazine FeSO,
H,0,
Arnold®@ FeSO, H,0, 111 10 2 1
11 Atrazine
dealkelation
F¢ OH OH Atrazine
Tang™ et al., (1997)  Waling® (1975 ) Fenton
Fenton
H,O,/Fe 11 ( Trichloroethylene)
H,O,/Fef 5~11 (pH = 3.5)
“9) (2001 ) Fenton
H,O,/Fe’
25 1 51 75 1 10 1 125 1
H,O,/Fef 10 1 H,O,/Fe’ 125 1
Sudoh® et al., (1986) Fenton phenol 25M

pH 1 2 3 Fef

30



pH

Brillas® et al., (1 1998) H,O./F&
HO, F&€ 0 01 05 1.0 20M 2 g/mL
TiO, 100 ppmTOC (Aniline)
01 M H,0, F¢
TOC
Marco*” et al., (2001 ) Fenton
0123 4mMm
3 mM COD 51%
81% COD 830 min 130 min 4 mM
3 mM
2-2-6-2 pH
Fenton
pH 6
Fe(OH), ( Bigdd®, 1995)
pH
Fenton pH 2~4 ( Sudoh®”, 1986 Bigdd?,
1995) pH
pH Mastue™® et al., (1981)
0.005 M
0.001 M ( Toluene) 10%
0.2 M 24%



Kiwi'? et al., (1993)  pH
03 mM 100 ml 31
4 TOC A0%
pH 4 Kiwi
pH 5.6
Kuo® (1992) COD
pH 3.5
25 COD
COD
COD
Sedlak® et al., (1991)
pH 2
Sudoh® et al., (1988)
20 mol/m®
3 100
pH
2-2-6-3
50 mA/cnt 150 mA/cnt
0.7M 84%

2 9 ASS Fe’
3 pH
pH

pH 4
pH
pH 4
mg/L pH 5 7
COD
pH

3

pH 12
5200 2% 10%

Oloman™ ( 1975 )

03 M

60%



9 (1998)

5000 ppm 2 25Alcnt 10 A/ enf
COD 60% 78%
2-2-6-4
2-3 (Y eager™,
1984 )
(‘adsorption sites )
Quinone groups
Meta-porphine Quinone groups
Meta - porphine
Brillas® et al., ( 1996 ) Fenton

carbon-polytetrafluoroethylene O,-fed
56

33



Ti/Po/PRO, Pt Aniline

2-3

Graphite most carbons
Meds Au Hg Ni Co
Oxides NIiO

>~ W D

Trangtion metd macrocycles CoTsPc CoTMPP

Pt Ptdloys Ptfamily metds
Meds Ag Pd
Oxides lead ruthenate

~ W Do

Trangtion meta macrocycles FeTsPc

Ti/Po/PhO, TOC 84%
TOC 76%

Fenton

2-2-6-5

Oloman™® ( 1975 )

57
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12 am

2-2-6-6

Fenton
“7 (1994)
0.2M Fenton
1.
2,
G (1994)
40 (11994 ) Fenton
47 (1994)
Fenton
James® et al., (11986) Fe® /H,0,
veld® et al., (1991)
Fenton
(49 (1994)
58

35



Fenton

Fenton
Fenton Fenton
2-2-6-7
280 nm H,0, OH
Pyrex 280 nm Vycor
220 nm ( Kochany™ et al., 1992)
H,O, OH

Ku® et al., (1990) 0.32

WIL 2- 2,4-

020 099 122

Kiwi™ et al., (1993)
290 nm 77.5 mW/cny ASS
ASS
1994

59

36



2-2-6-8

OH
OH

OH
OH
24D
Fe® /H,O,/UV

UV 2,4-D

Fenton

2-2-6-9

Kiwi™? et al. (1994 )

2 (11)

Fenton

CO;> HCO; HO,

Sun® etal., (1993)
0.1 M
Fe’ /UV Fe’

Fenton

Fe* /H,0, 30 60

37



2-nitrophenol 2-nitrophenol 3.6

x10 *M Fé 1.4x10 * M H,0, 25x10 2 M
30 60 2-nitrophenol
180 120 Fenton

61

38



3-1

()

cm 0.5cm
cm 33L
7740
()
6285 Mercury
450 Watt Oriel

()

2.0cm 3.4cm
()
1 99.95 % 4cm

16 cnt’
2. 7.5¢cm 6.5cm

90 e
=8 45

62

31
125 cm 14.5
305
Iwaki

254 nm

0.5cm 32¢cm

2cm 0.3 mm

0.3cm



H,O,
() (laboratory DC power supply )
1000 mA
GPR-30H10D Good will instrument co. Itd.

()
SC-120 Suntex

() pH
pH 7 pH 4 Electrolyte
93811 MettlerToledo

()
0.1 1310  Tes

()

6 400 rpm
MS-203 Fargo instrument Itd.
() ( high performance laboratory pipettor )
1~5 mL D-65205 Human

Gmbh
C )

0~10 L/min Hsin Chuan instrument co.
C )
( ) pH

pH
1.pH EP-2100



14%

HEH 012' 14
oFF|8 . :
ON
Curr Vol t Curr Vol
1 11 Fowdr—@ @ -
7.
: F'IE\F'IF'IM' |
iﬂ_b i 18
1. gl (== é
2
3 || 1 17.
4_ I
D BEgIll 2 O .
d
Wat er blath
t her mos|t at
I I I

© oo N Ok~ owDdDRE

N B R R R R R R R R R
©O ©Woo~NO ks WNPEFP O

(

)



PET-300 0~300 mL/min( 50 Hz )
PET-1000 0~1000 mL/min( 50 Hz)
C )
C )
-20 ~100
BL-20 TIT
« )
2201 Tes
C )
254 nm Modd UVX-25
UVX Digital Radiometer
( ) ( High Performance Liquid Chromatogr-
aph HPLC)
Waters 600E Millipore
Waters 486 Millipore HP3395
HP Synergi 4u  Polar-RP 80A Phenomenex
( ) ( Tota Organic Carbon andyzer )
TOC 700 O.1. corporation

20  Spectronic

42



( ) ( Atomic Absorption Spectrometer

AA)
AAnalyst 800 PerkinElmer instruments
( ) ( lonic Chromatograph IC)
Series
LabAlliance AS3500 Spectra System
HP3395 HP AN300 Metachem
3-2
()
(1) (aceticacid CH;COOH ) 99.0% Nacala tesque
(2 ( iron( ) sulfate heptahydrate FeSO, 7H,0O )
98.0~102.5% Nacaa tesque
(3) ( sodium Sulfite NaSO; ) 99.0% Nacala tesque
(4) (sulfuricacid H,S0O,) 96.0~98.0% Sho Pin Chemical
(5) ( sodium hydroxide NaOH ) 96.0% Y akuri Pure
Chemical
(6) (sodium chloride NaCl) 99.9% FSA
(7) (hydrochloricacid HCl) 35% Nacala tesque
(8) ( sodium perchlorate-1-hydrate NaClO, H,O ) 985

43



% Sigma

9) (perchloricacid HCIO,) 70.0%
(10) ( sodium sulfate anhydrous NaSO,) 99.0 %
( ) HPLC

(tri-potassium phosphate K;PO, nH,O ) Nacaa tesque

() (TOC)

(1) ( sodium peroxodisulfate N&S,0g ) Nacalai tesque

(20 KHP( potassium hydrogen phthalate CgHsKO,) 99.0~100.2%

Nacalal tesque
(3) (phosphric acid Hi;PO,) 85.0% Nacaa tesque
()
(1) (hydrogen peroxide H,O,) 30% Nacalal tesque
(2 (titanium( ) sulfate Ti(SO,),) 27~33%
(3) (potassum dichromate K,Cr,O;) 99.5%

44



4 ( sodium hyposulfite N&S,0;) 99.5% Nacaa

tesque
(5) (potassum iodide K1) 99.5% Nacaa tesque
()
(1) (aceticacid CH;COOH ) 99.0% Nacalal tesque
(2 (sodium acetic  CH;COONa) 98.0% Nacala tesque
(3) ( 1,10-phenanthroline monohydrate p.a. CoHgN, H,O)

Austrana-Praparate

(4) ( iron( ) sulfate heptahydrate FeSO, 7H,0O )
98.0~102.5% Nacaa tesque

(5) ( hydrochloricacid HCl) 35% Nacala tesque

()

(1) ( sodium sulfate anhydrous NaSO,) 99.0 %

(2 ( magnesum chloride hexahydrate MgCl, 6H,0 )
98.0% Nacaa tesque

(3) (sodium acetic  CH;COONa) 98.0% Nacaal tesque

(4) ( potassum nitrate  KNO;z; ) 99.0% Nacala tesque

45



(5) (aceticacid CH;COOH) 99.0% Nacaa tesque

(6) ( barium chloride anhydrous BaCl,) 99.0% Nacaai
tesque

()

(1) (iron standard solution) 10002 mg/L

(2 (nitricacid HNO3;)  60% Nacaa tesque

(3) ( hydrochloricacid HCl) 35% Nacala tesque

(4) ( caciumcarbonate CaCO;) 99.0% Riedd

() IC

(1) (chloride standard solution)  1000+2 mg/L
Merck

(2) ( chloride standard solution ) 1000£2

mg/L Merck

(3) ( sodium Carbonate anhydrous NaCO; ) 99.0%
Nacaa tesque

(4) ( sodium hydrogen carbonate  NaHCO; )
99.6~100.3% Nacaa tesque

(5) (sulfuricacid H,S0,) 96.0~98.0% Sho Pin Chemical

() pH

46



pH 7.0 pH 4.0

()

Milli-Q
3-3
32 31
()
(1) 2000 mL Milli-Q
2
€
pH
(4)
(5) 10 30 60 90 120 min
10 mL

6) 34

47

100 Q 1

pH



(2

(2

48




6V

pH
(mA/cnT) (L/min) em | () (mg/L)
0.22,0.55,0.66,0.77 3 0.6 1 25
0.99,1.1,2.2
0.66 3 10.2,0.3,04, 1 25
0.6,0.8,1
pH 0.66 1,3,5,7, 0.6 1 25
911
0.66 1 0.6 1,2,3 25
0.66 1 0.6 1 10,25,
40
NaCl 0.66 1 0.6 1 25
0.5M,0.1M,
0.2M,0.3M
NaClO, 0.66 1 0.6 1 25
0.5M,0.1M,
0.2M,0.3M




(0]

1 ()
pH uv
(mA/ch12) (L/min) (cm) () (mg/L)
Na, SO, 0.66 1 0.6 1 25
0.5M,0.1M,
0.2M,0.3M
0.66 2 1 25 TOC
2 25 450 W TOC
254 nm
0.66 2 1 25 450 W TOC
254 nm
pH 0.66 1,2,3,4, 0.6 1 25 120 450 W TOC
5 254 nm
0.66 2 0.6 1 25 10,15,30,60,120 450 W TOC
254 nm
0.66 2 0.6 1 10,25, 15 450 W TOC
40 254 nm




TS

3 ()
pH uv
(mA/cn) (L/min) (cm) () (mglL)
450 W TOC
NaClO,4 0.66 2 0.6 1 25 15 254 nm clo, Ci
0.2
M( )
450 W TOC
Na,SO, 0.66 2 0.6 1 25 15 254 nm SO42
02M( )
NaCl

NaCl

74




()

1) 2000 mg/L 2000 mL

@ oH
©)
(4) 10 30 60 90 120 150 180 240 300 min
( ) 10 mL
(5) 34
()
(1) 2000 mg/L 2000 mL
2
pH
©)
pH

pH
(4)

52



) 10 30 60 90 120 150 180 240 300min

( ) 10 mL
(6) 002mL 1M
OH (
)
7) 34
3-4
()
(HPLC)
A-1 HPLC
25 u L 25 L HPLC
( ) 32
() (TOC) *

(1) TOC 1000 ppm
21259 KHP 1000 mL
1000 mg/L (C)
A-2

53



HPLC

( column)

( mobile phase)

Synergi 4y Polar-RP 80A

1.0 mL/min
1116ps
(detector ) UV/VIS detector

220 nm

25 u L

2.67 mins

30 mL/min
Attenuation 2048
Chart Speed 0.5 cm/min
PT 1000
PW

54



2
50g NaS0Os 500 mL

(3)

295 mL 85% 500 mL

5%
(4) O.l. Anaytical Model 700 TOC
( ) (40)

A
A. (40)
a 0.1 N K;Cr,O( )
b. 0.1 N N&a,S,04
C.
(1) 25mL 0.1 NK.,Cr,0O, 250 mL
25 mL

(2) ImL
3 059 NaS,0; (CO,)

4) 1 K|
(5)

55



(6) 70 mL

(7) 01N NaS,0; 1, 1.5 mL
(8) NaS,0; cr
)
(10) N&S,03

N;xV; = NoxV, (31
N; KyCr0, N2 N&S0;
V, K,Cr,0O, V, NaS,0;

N2 ave
d. H)O,
(1) H,0, 25mL( pipet) 8 mL

6N H,SO, 10mL10 KiI 3
(2 0.1 N NaS0; I 5 mL
3 N&S,03
(4)
) H0,
ppm = ( N1xV,x17000 )/( V5 ) (3-2)

N; NaS,03
Vi NaS0;
Va H.0,

56



Ti* + H,0, + 2H,0 —»  H,TIO, + 4H" (3-3)

(1) 0 8 16 32 64 128mg/L
(2 50 mL 250 mL
(3) 10 mL 1mL
(4) 410 nm

A-3
(5) 10 mL( 80 mg/L

10 mL)
(6) 1 mL 410 nm
() o
1)
2M  CH;COOH/CH;COONa ( buffer )

pH 4.70
2)

57



(3)

(4)

()

(6)

(

(

(

)

)

)

0.3964 g 200 mL

10 mM
2.7802 g 10 mL
1L pH 2 10 mM
5mL

78 156 312 625 125 u M
510 nm
A-4

(42)

75015

(39)

00540

(41)

(1C)

58

1N

HCI

1mL

A-7



(

)

(41)

(1C)

A-8

3-3

82

3-3



3_3 1
59

( column)
Air Reperated Ralves 100 psi N,
Pressurised Regenerant Reservoirs 5psi N,
Operating Pressure Range 1100~1500 psi
( Eluent) 1.8 mM Na,CO; 1.3 mM
NaHCO;
( Regenerant ) 0.025 N H,SO,
( Conduvtivity ) 18~20 ps
( Flow rate) 1.6 mL/min
2.52 mins
755mins
Attenuation 2048
Chart Speed 0.5 cm/min
PT 1000
PW 6

60



Y
(Yeaga®™, 1984)



O,+2H +2e—> H,0, FE=065V (41)

pH

@D
NxFxC,xV

(%) = o x100% 4-2
n n=2
F Faaly's 96490 coulombs/mol
Cm H202 mol/L
V L
Q coulombs

(4-1)

(4-2)

(2)



2XC XV xRXT

(%) = —  x100%
0.96%(P1-P,) xG
P1 kg/cm?2
P2 kg/cm?2
L
0.082 L-am/mole-K
K
(4-1)
(43)
C, V (P, P2
0.96 kg/ent
4-1-1
3+0.2 25
0.6 L/min 4-1
0.66 mA/cnt 20.1 mg/L
0.66 mA/crm?
0.66 mA/cnt

(4-3)

am

pH



0.66 mA/cnY

ANANANANN
< < < <KL
EEEEEC
vooooE
~—---00
LT~ —
EEEEECL

25

90 120 150
( mi n)

60

30

H202

H202

0.6 L/min)

1cm

C

=25

(PH =3

87



o

(pH=3 =25 C =1lcm = 0.6 L/min)

4-3 H202

(pH=3 =25 C =lcm = 0.6 L/min)



4-2

( 2 )
0.22 mA/cnt 49.7%
mA/cn? 3.4%

Huang® et al., ( 2002)

Marco™ et al., (2001 )

1V
4-3
2 )
0.66 mA/cnyY 0.042%
0.66 mA/cnt
0042%

0.66 mA/cnY

4-1-2

0.66 mA/cnt

2.2
E = IxR®



(mg/L)

H20,

0 30 60 90 120
( mi n)
4-4 H202 H202
( = 0.66 mA/om pH =3 =25 C =1cm)

0.66 mA/cn
1.0 L/min
4-4 45 0.3L/min
Do et al., (1993)
>0.3L/min O2
H,O,
<0.3L/min O2

H,O,

4-6
03L/mn

150



30

gzo—
10r
O 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
(L/ min)
4-5 H202
( = 0.66 mA/cmi  pH =3 =25 C = 1 cm)
0. Q6
0. @5
0. ¢4
0. @3
0. @2
0. G1
O | | | | |
0 0.2 0.4 0.6 0.8 1
(L/ min)
4-6 H202

( = 0.66 mA/cm’ pH=3 =25 C = 1 .cm)
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0.6 L/min 0.042%
4-1-3 pH
0.6 L/min pH
pH
4-7 (pH =1+0.2)
(pH =11£0.2)
pH=1 46.3 mg/L pH =11
20.9 mg/L pH
4-8
50

40

T TOTTTDO
ITTTITTITT

RPO~NOTWERE

3
EEL .
<20
Q
I
10
0=
0 30 60 90 120 150
( min)
4-7 H202 pH H202
( = 0.66 mA/cnT =25 C = 1 cm = 06

L/min)
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80

6 OF
S
4 of
2 OF
0 | | | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 1011121314
pH
4-8 H202 pH
( = 0.66 mA/cm’ =25 C = 1¢m =06
L/min)
pH
0,+20H —> 2HO, (4-4)
HO, OH —> H0 0, 2e (4-5)
HO,
pH (41)

(41) (44) (45)
HZOZ



1+0.2 pH
4-1-4
Icm 2cm 3cm 4-9
4-10
4-11
0 (1989)

=
>
g
q,
I
(A
0 30 60 90 120 150
( mi n)
4-9 HoO2 H202
( = 066 mA/omi pH=1 =25 C = 0.6 L/min)



70

(%)

6 Or ’\0\’
50 1 1 1
0 1 2 3 4
(cm)
4-10 H202
= 0.66 mAlcmi pH=1 =25 C = 06 L/min)
20
——1 (o}
— =2 C
= 1 5F A/\A/ﬁ —+—3 ¢
—_ 2 A
o
>
~— 10_
5 -
~ ——— "¢ ¢
o 1 1 1 1
0 30 60 90 120 150
( mi n)
4-11 H202

= 066 mAlont pH=1 =25 C = 06 L/min)
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1cm

4-1-5
10 25 40
4-12 4-13 2
10 25 40 53
mg/lL 463 mg/lL 3.6 mg/L 70% 60.8%
4.7%
6 0
5 of —~1 c
Py —— 2
S, 4 OF
é —— 4
3 Of
o
= 2 Or
1 0Or
—2x A —
O 1 1 1 1
0 30 60 90 120 150
( mi n)
4-12 H202 H202
( = 0.66 mA/crT pH=1 =1lcm = 0.6 L/min)



80

60

(%0)

40

20

0 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

(C)

4-13 H202

( = 066 mAlomi  pH =1 =1cm = 06 L/min)

Taylo®™ et al., (1975 )

H,0,

Do e
al., (1993)

4-1-6
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25

005M 01M 02M O0O3M NaCl NaClO, N&SO,
HCl HCO, H,SO,

pH 1
4-14  4-15 NaCl
NaCl
4-16  4-17 NaClO,
NaClO,4
01M 2
40

0 30 60 90 120 150
( mi n)
4-14 H202 NaCl H202
( = 0.66 mA/omi pH=1 = 1cm = 0.6 L/min
=25 C)



60
i/ﬁ/r =
<4 0r
2 OF
O | | | | | |
0 0.050.1 0.150.2 0.250.3 0.35
NaCl ( M)
4-15 H202 NaCl
= 0.66 mA/crm’ pH=1 =1lcm = 0.6 L/min
=25 C)

O | |
0 30 60 90 120 150
( mi n)
4-16 H202 NaClO4 H202
= 0.66 mA/om pH=1 =1om = 06 L/min
=25 C)



80

6 OF
S
4 of
2 oF
O 1 1 1 1 1 1
0 0.050.1 0.150.2 0.250.3 0.35
NaClO,  ( M)
4-17 H202 NaClO4
= 0.66 mAlom pH=1 =1cm = 06 L/min
=25 C)
70
so. —*+Na2s04 = 0.05
- Na2S04 = 0.
S0 a~Na2s04 = 0.

(mg/L)

40r <~ Na2S04

o 30r
<
T 20r
10
O | | |
0 30 60 90 120 150
(min)
4-18 H202 NaSO4 H202
= 0.66 mA/ont pH=1 =1lcm = 0.6 L/min
=25 C)
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[ERN
o
D

%)
(o)) (e0]
° o

4 0r
2 OF
O | | | | | |
0 0.050.1 0.150.2 0.250.3 0.35
Na,SO, ( M)
4-19 H202 N&SO,
( = 0.66 mA/cm pH=1 =1lcm =06 L/min
=25 C)
0.3 M 02M
4-18 4-19
NaSO,
NaClO, Na,SO, 0.2 M
4-14 4-19 NaCl NaClO, NaSO,
02M
NaCl 2 34.2 mg/L
44.%% NeClO, 2 52.6 mg/L
69.1% NeCl 2 64.3 mg/L
84.5% 02M
2 4-20 4-21

NaCl
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5 oL " Nacl=02M
N ——NaClO4=02M
- 5 0f
> —%— Na2S04 = 0.2 M
£ Al
40
.30
Q
T 20
10
0
0 30 60 90 120 150
( mi n)
4-20 H202
H202
= 066 mA/omi pH=1 = 1cm = 06 L/min
=25 ()
90
8 OF
70
S 6 0f
T 50t
4 of
3 of
2 0F
1 0F
O 1 1 1
2 =z =z
Q Q Q
o o N
- - 0p)
4-21 H202 o o
AN I
= 0.66 mA/omi pH=1 = 1cm = 06 L/min
=25 ()
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( 491994 )

(Huang® et al., 2002)

415 416
1.19 V ( 46)
0.695 V (41)

ClO, 2H 2e «——» (IO,

N&SO,
NaClO,

(Do et al., 1993 )

25

103

NaClO,

03 M

H,O E=119V

(4-6)



4-2

4-1
4-1
2000 mg/L
TOC 940~970 mg/L
COD 2100~2140 mg/L
2000 mL
pH 2 55~2.60
0.25~0.30 ms/cm
mA/cn? 0.6 L/min 1 cm
254 nm 450 W

25
pH

104

0.66



4-2-1

4-22
5 12.5% 18.4%
22% 4-23 ) TOC
4.4% 154% 21%

10¢
RS — S
E\E—E
80_ AN A
S
=~ 60
——
4 OF
—F—
2 Or A
O 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120150180210240270300330
( mi n)
4-22
( = 0.66 mA/cmi pH =2 =1 cm =25 C
=450 W = 254 nm)
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( %)

6 Or

——
8 4 0r ——
|_
2 Or A
O 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120150180210240270300330
( mi n)
4-23 TOC
= 0.66 mA/cm pH =2 =1cm =25
=450 W = 254 nm)
TOC
( pseudo first-order kinetics)
dCTOC
=-k Croc (4-7)
dt
k ( reaction rate constant )
4-24 k R 42
4-2 Kk

106



)

In(TOC

70 1 1 1 1 1 1 1 1 1 1
0O 306090125821 2427@B0B30

( mi n)

4-24 TOC

-0.0088x

y = 100.24e R’ = 0.9275

-0.0158x

y = 99.55¢ R’ = 0.9149

-0.0181x

y = 09.82¢ R’ = 0.9613
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4-2 TOC k R
TOC
k(min 1) 0.0088 0.0158 0.0181
R’ 0.9275 0.9149 0.9613
R’ R° 095
R 0.95 TOC
4-2-2 pH
pH Fenton
pH 1 2 3 45
pH 120 mg/L
4-25 4-26 TOC
pH 1 2 3 4 5 5
28% 70.6% 454% 26% 12.5% TOC5
37.7% T729% 465% 353% 8%
pH pH 2 pH 5
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10

80

( %)

60

| —+—pH = 1
s~pH = 3
—>—pH = 4
20 —*—pH = 5
O | | | | | | | | | |
0O 30 60 90 120150180210240270300330
( mi n)
4-25 pH
= 0.66 mAlemi  Fe' =120 mg/L =1cm =25 C
=06L/mn UV =450W UV = 254 nm)
10
80
X
~ 60
—+—pH = 1
8 4 0OF —E—pH = 2
= A~pH = 3
+pH = 4
20r —*pH = 5
O | | | | | | | | | |
0O 30 60 90120150180210240270300330
( mi n)
4-26 pH TOC
= 0.66 mAlcm Fe = 120 mg/L =1cm =25 C
=06 L/min UV =450 W UV = 254 nm)
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)

In(TOC

4 O 1 1 1 1 1 1 1 1 1 1
0 30609012QA5QA8R1®R4R7®BO®B30
( min)
427 pH TOC
pH=1 y=998%" R =0.9005
PH=2 y=100.62"""" R’ =0.9593
pH=3 y=100.04e""" R’=0.9835
pH=4 y=996le" ~ R =0.9666
pH=5 y=10012¢" " R =0.9723
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43 TOC pH k R
pH 1 2 3 4 5
TOC
k(min )  0.0331 01056  0.0478 0.0344  0.0063
R’ 0.9005 0.9593  0.9835 0.9666 09723
OH
4-27
k R 4-3 4-3
k R? pH
2 34 5 R° 095 pH 1 R®
0.95 pH 2 34 5 TOC
4-28
OH pH
pH
pH
(4-8)
H,O, + H,O «—» HO, + H.,O (4-8)
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(mg/ L)

H20;

10

—0—pH = 1
8 + —E—pH = 2
A~pH = 3
+pH = 4
6 —*%—pH = 5
4
2
0
0 30 60 90 120150180210240270300330
(mi n)
4-28 pH H202
= 0.66 mA/cmt Fe' =120 mg/L =1cm =25 C
=06 L/mn UV =450 W UV = 254 nm)
12
—0—pH = 1
a~pH = 3
80 —><pH = 4
+pH = 5
6 Or
4 Or
A
2 Or \E—E—E/E\E—_—E
A — @- < o
0 ¢
0O 3060 90120150180210240270300330
( mi n)
4-29 pH
= 0.66 mA/omi Fe™ = 120 mg/L =1 cm =25 C
=06 L/min UV =450 W UV = 254 nm)
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I mnn
GObrhwWNE

0 30 60 90 120150180210240270300330

( mi n)
4-30 pH
= 0.66 mAlcm Fe™ = 120 mg/L =1 cm =25 C
= 06 L/mn UV =450 W UV = 254 nm)
1
' ——pH = 1
0 —E—pH = 2
' a~pH = 3
+pH = 4
0.
0.
0
0O 30 60 90 120150180210240270300330
( mi n)
4-31 pH /
= 0.66 mAlcm Fe = 120 mg/L =1cm =25 C

=06L/min UV =450W UV =254 nm)
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(2-44) (245)

OH pH 1
5
OH OH
9 (1992)  Fenton pH 2 4
Sedlak® et al., (1991)  Fenton pH
2 4
429 430
pH 3
Kiwi'® et al., (1993 ) pH 4
pH 5.6
pH 2
pH 2+0.2

4-31 pH 2+0.2
Fe2t/
OH pH

4-2-3

2-2-5

114



pH 2 pH 0 15 30

60 120 mg/L
432 433 120 mg/L
5 100%
30 mg/L 5
90% (254) (2-44)
(2-53)
h?
H,0, —» 20H (2-54)
Fé +H,0, —» Fe(OH)> +OH (2-44)
h?
Fe(OHY ——» F& +OH (2-53)
(2-54)
(244) (253) (254)
(2-53) Fe(OH)?
OH
5 15 mg/L
3 90%

4-34 k
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10

—~—0 mg/ L
— 8 0r —+-15 mg/ L
S 30 mg/L
- —~—60 mg/ L
6 Or —+—120 mg/ L
4 Or
2 Of
0
0 30 60 90 1201500802102402703003360
( mi n)
4-32
( = 0.66 mA/cmt pH =2 =1lcm =25 C
=0.6L/mn UV =450W UV = 254 nm)
——0 mg/L
@ 80 —=—15 mg/L
S a—30 mg/L
~ &0 —»— 60 mg/L
—*—120 mg/L
o 40
@)
|_
20
0
0 30 60 90 120150180210240270300330
( mi n)
4-33 TOC
( = 0.66 mA/cm pH =2 =1 cm =25 C

=06L/min UV =450 W UV = 254 nm)
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)

O 15 mg/L
=
= a 30 mg/L
x 60 mg/L
x 120 mg/L
10 1 1 1 1 1 1
0 30 60 90 120 150 180
( mi n)
4-34 TOC

Fé =omglL y=10733 ™" R*=0.9052

F€ =15mglL y=10379% " R’=0.9717
F€ =30mglL y=10551e" """ R’=0.9177
F€ =e0mglL y=9826e R =0.9838
F€ =120mglL y=10062""" R’=0.9503
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4-4 TOC k R
Fe€ (mglL) O 15 30 60 120
TOC
k(min %) 0.2271 03158  0.2374 01471  0.1056

R 0.9052 09717  0.9177 09838  0.9593

R’ 44 44 k
R2

15 60 120 mglL R® 095 0
30 mg/L R® 0.95 15 60 120
mg/L TOC

Kuo'® (1992)  Fenton

4-35
OH
(49)
OH +F& — » (FeOH’ —» Fe" +OH (4-9)
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~ /U

— g/|L
-~ g/|L
o g/|L
S mqd /

H20,

30 60 90 120150180210240270300330
( mi n)
4-35 H202
( = 0.66 mA/cm. pH =2 =1om =25 C
=06L/min UV =450 W UV = 254 nm)
OH
4-2-4
10 25 40
4-36
4-37 10 25 15
40.7% 95.9% 5 57.8%
98.1% 25 40 15
95.9% 97.6% 5 98.1%

98.2% 10 5
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( %)

0 30 60 90 120150180210240270300330

( min)
4-36
= 066 mAlcmt pH=2 Fe2+=15mglL =1cm
=06 L/mn UV =450 UV = 254 nm)
108
.80
X
T 60
@)
ol 40
|_
20
0 I I I I I 1 1 R i
0O 30 60 90 120150180210240270300330
( min)
4-37 TOC
= 0.66 mA/cm pH=2 Fe2+=15mg/L =1cm
=06 L/mn UV =450 W UV = 254 nm)

120



)

In(TOC

10

4-38

a 40"~

30 60 90 120 150 180 210

( mi n)
TOC
10 y=100276""" R’=0.9980
25  y=1037% - R’=0.9717
40  y=10295 " R®=0.9706
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4-5 TOC Kk R

10 25 40
TOC

k(min %) 0.0615 0.3158 0.3247

R 0.9980 0.9717 0.9706

25 40
Brillas® et al. (1998)  Photoelectro-Fenton
100 ppm 25 40
4-38 k R 45
10 25 5
25 40 1.03 25
RZ

Arrhennius sLaw  k



Ea

K=Axexp(— —— ) (4-10)
RT
K R
A Arrhenius
Ea
(4-9)
Ea
InK =InA — (4-11)
RT
k uT
EaR R R
=8.314 XK 'mol ! TOC 4-6
4-6 TOC
A Slope Ea
(Ea/R) (KImol)

3537745 4988.2 41.472
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Ea ( Boltzmann distribution,

e ERT Ea
4-2-5
4-1-6 02M NaClO, NaSO,
0.2 M NaCl
02 M
NaClO, NaSO,
25
4-39 2 100%
4 100% 5
53.9% 4-40
TOC 5
98.1% 97.1% 52.3%
Pignatello®?
(1992) Fenton

so? Cl  PoS

24D 4 do, NO,
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(%)

TOC

A ——
80_ A
X —=-NaCl 04
6 OF o, 5~ Na2S04
- A A
4 Of
2 0F
0 < <& & ! i
0O 30 60 90 120150180210240270300330
( mi n)
4-39
= 0.66 mAlcm pH=2 Fe& = 15mgL =1cm = 25
= 0.6 L/min UV =450 W UV = 254 nm
= 0.2 M)
10@
A ——
8 Of e S ——NaCl 04
A &~Na2S04
6 0F A
7AS
4 of
2 OF
O 1 1
0O 30 60 90 120150180210240270300330
( mi n)
4-40 TOC
= 0.66 mA/cmi pH=2 Fe =15mg/L =1 cm =25
=0.6 L/mn UV =450 W UV = 254 nm
=02 M)
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)

*

In(TOC

NaCl O4
a Na2S04
— { N a
1 O | | | | | |
0 30 60 90 120 150 180
( mi n)
4-41 TOC
NaClO, =02 M vy = 10246 R*=0.9761
NaSO,=02M vy =9951e""* R’=0.9912
y =103.79¢ % R®=0.9717
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4-7 TOC R
NaClO, Na,SO,
TOC
k(min 1) 0.2817 0.0522 0.3158
R’ 0.9761 0.9912 0.9717
Cl SO,
4-41 K
R 47 47 k
R? R?
095 TOC
4-42
4-2-2
90
90
4-43
clo, Fe

(Pignatello 2, 1992)
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50

—~ ——
-
- 40r -=—NaCl 04
e A 4 Na2S04
AN
_ 30
AN
g,
I

0 30 60 90 120150180210240270300330

( mi n)
4-42 H202
= 0.66 mAlcm pH=2 Fe& =15 mg/L =1cm = 25
= 0.6 L/min UV =450 W UV = 254 nm
= 0.2 M)
lg
. ““8 ——
6 —=-NaCl 04
| ~Na2SO04
0 30 60 90 120150180210240270300330
( mi n)
4-43 /
= 0.66 mA/cmi pH=2 Fe =15mg/L =1 cm =25
= 0.6 L/min UV =450 W UV = 254 nm

= 02M)
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210
= 180
— 150 10.9
11'.
120 ——Cl 04 - :’
900 = Cl - O
£ S042- 1o 1
600 —%-Cl -/ Cl 04 -
300 —o—o = o
O & i S ] il ] ) O
0 306090120508QR124@780330
( mi n)
4-44 Cl /Cl04
( = 0.66 mAlcm pH=2 F& =15 mglL =1cm = 25
= 0.6 L/min UV =450 W UV = 254 nm
= 0.2 M)
(4-12)
Fef 2 —» Fe (4-12)
S0, Fef
4-42
co, (4-6) clo; Cl
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ClO, 6H Se— » 1/2Chy 3H,0 E°=147V (4-13)

Cly 26 —» 2CI =136V (414
clo, Cl 4-44
clo, 30 Cl 30
cl  do, Cl 60
clo, 0 Cl
( 9 1994 ) 4-42
0
SO42
SO42

5-1
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mA/cnt
2.
2
mA/cm
3.
uv
2
4.
OH

80.3 %

= 0.6 L/min
H.O 10

272

70%

= 0.6 L/min

02 M
2 H,O

25

= 0.66 mA/cmt pH =2

=1lcm

=254 nm
100 %

25

=15 mglL UV

TOC

131

= 0.66

=1cm

64.3 mg/L

= 0.6 L/min

=450 W

2000 ppm

90 %



41.5 KJmol

15 mg/L

TOC

132

Fenton

25

1%

Ea
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pH
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