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Degradation of 2-chlorophenol by various Advanced Oxidation

Processes

Seong-Hoon Hong

Department of Environmental Engineering, The Graduate School,

Pukyong National University

Abstract

Chlorophenols, found in aqueous systems and hazardous waste sites, exhibit
a considerable water solubility, strong odor and taste, and high toxicity.
Industrial activities, drinking water chlorination ~and partial degradation of
phenoxy pesticides are the contributing sources of chlorophenols. As one of
chlorophenols, 2-chlorophenol (2-CP) which is widely used “in paper, pulp,
pesticide, and herbicide industries, is very toxic and poorly biodegradable
pollutant. Also 2-CP is one.of the EPA (Environmental Protection Agency)
priority pollutants.  Trace toxic by-products such as PAHs, dioxins, and
furans are frequently found in the incineration of 2-CP and considered
carcinogens or mutagens.

There are several treatment alternatives available for treatment of
chlorophenols. The biological oxidation process is the common option due in
part to its cost—effectiveness and versatility in handling a wide variety of
organic pollutants. But the biological treatment is “effective only in low
concentrations of the organies and has the generally long retention time.
Thermal destruction, for example, incineration, is another effective choice for
the treatment of wastes containing high concentrations of chlorophenols.
However this process has some disadvantages that the considerable energy is
required to heat and vaporize the water mass before specific organic
pollutants are destroyed and it can lead to the formation of new toxic organic
materials. Activated carbon adsorption and air-steam stripping can be
accepted for treatment of wastes containing chlorophenols, but activated
carbon adsorption produces spent carbon as a waste by-product, and
air-steam stripping creates an air pollutant problem.

Therefore, it is most favorable to examine destructive technologies for the

treatment of toxic organic pollutants including chlorophenols, and advanced

_Vi_



oxidation processes (AOPs) are possible technologies.

The photo-Fenton process, usually known as one of AOPs which are
designed to generate hydroxyl radicals (HO), represents an attractive
alternative for treatment or pretreatment of chlorophenols. The photo-Fenton
process utilizes a combination of hydrogen peroxide (H:0:) and ferrous ions
(Fe”') in the presence of UV radiation. The first step of the process is the
Fenton process, represented by equation (1).

Fe’'+ H:0, — Fe’" + OH + OH - (1)

In the presence of UV radiation, the ferric ions (Fe*) produced in the
Fenton process are converted back to ferrous ions (Fe®), as known in
equation (2), with formation of an additional equivalent of hydroxyl radical.

Fe"' + H,O — Fe’' + H' + OH- ()

The hydroxyl radicals. formed in these two reactions. react with organic
species (RH) present'in the system, promoting their oxidation, as indicated in
equation (3).

OH + RH — HO0 + R - (3)

The pH of the solution has a considerable influence on the reaction rate.
At pH values higher than four, iron ions precipitate out of the solution in the
form of hydroxides. The optimum pH for the photo-Fenton process is
typically in the range of pH 3.0~3.5, where Fe(OH)™ is the predominant iron
species present in the solution.

In the present study, the degradation characteristics of:2-CP by the Fenton
process and the photo=Fenton- process were _studied. The degradation
efficiency of 2-CP in aqueous . solution was investigated as a function of
initial pH, Fenton reagent concentration and initial concentration of 2-CP.
Also, reaction intermediates of 2-CP by Fenton process and photo-Fenton

process were identified, respectively.

- vii =



A&

5

N

)

<H

=

v
_
o

of

Yo

qg], =4 3
2-chlorophenol(2-CP)

A

[e=]
o

$59)

ojn

& Fol,

—_—

oW

o}
e
Bl

—_

s

il

o] &5 i

R

ol

)

e A4 ¥ o

o

2 (priority pollutants) % <]

oh

ofp
T
Hr

o

N

o

ol
il

PAHs, T}o]

s

0y

gl

of
of me gty FA4el Frt

3} 7]

2RAsFE A

==
=

O

)N

=z =
ST

SER D

]
-

I

7

[o]
i

Aoz g

=)

YA =S 2HetH, A2 FAA A

wo
o

B &4 o)A b

A& o

Qe

el
Hlo

G
nijl

G
X
_EH
mw

zel

3

B

~
e

2 AEY, 271y

A=

1=
i

o

3l
A=

w717t dEAHE 7t 8 FHGE &

A F

KR
T

Mo

el
i

A7} ol

5‘—1,

o

(Advanced Oxidation Processes, AOPs)Z& 9]

jazel

==
"o

ild

ﬂ

SRS e - = = R

Jomny v

171 %

o

=4
[e]

] = 2=
=T

&

)
fro!

=8
o

el
a]

g A7} 2
to] Photo-Fenton ¥4 °] A|A¥ 3 9lt}. Photo-Fenton ¥

S

=
=

&

CEE T
g B

o

w
o

= XA

1

:/E

25%H OH #td

o)

&=

B

.

7

Fe* + H.0; — Fe’” + OH + HO'

o
o

ZE

Fenton At3}3}

(1)

o]

o}

2714 o]

BER=RY

28] 4 o

o
o

(Fe*)
7hH o2 gAY (NES-4A (2)).

o}

ol

AdE 37t

$txlo] OH o zS

=
>

(2)

Fe' + H,0 — Fe* + H + HO'



ol EAstE Fr1EES g - AR
HO + RH HO + R (3)

@4, S99 pHeE F7lede FallEEe 43T JF MAA =, du
Z © 2 Photo-Fenton & A9 &HZ pHE 3~35°/t}. pH7}F 4 o]A4Y wi= &
& Hol&o] Ao SRS IAGH, AAHH= FAdE FoAA
Fe(OH)* 7} % & o] &1},

2 =& = Fenton 3} Photo-Fenton &4l 3 2-CPe &l 54

I Ay
[6) O
el A7 A AT, FEd Aol 2-CPe B a&ol JFS nAE A
24 %7] pH, #4354 T, 27H0)2 Fx, 2-CPY 275 =7t 285

t}.



o] £ W7

2.1. 229 = (chlorophenols)
211 A9 2 54

FEEdERe s Jre 94 2¢ Wl AA%T dE FRUA} 1-5
2

Mo AadAE AgEo] o] Fol FEdds dRB = 74 Huse W
F= verAR F MY dd FE2E HAE AR sy AEske A
e WS By SREAERE VEAR d&5d ol vl JHA &
& o] & A gk : mono[one]chlorophenols, diltwolchlorophenols,

trilthree]chlorophenols, tetralfourlchlorophenols, pentalfivelchlorophenol. ©] % &
2%9 2L A w g AR FEoR R ed AR EA e
O FREAERFE ZF 1971A 0]tk

A Aejol A A Ael = EA = 2-chlorophenol(] 3 2-CP)& Al 2]
, UHA BE FRRIAERE 1A AdE ST ﬁii—lﬂ%%t o}

0

!

}

fr do 2 e

Uy s

2 Hu rlr
o

R
=
i)
I

32
)

monochlorophenolsi= ©} 2] z
= 98 Azx 3 7ty ]"1‘: ol 8- =
SEREHEFEY G A A ' O]%%E}. dF FEIEAEF
monochlorophenols, dichlorophenols)= 4|4 o2 A ZH FAo HAFy
T7F FF9 oW ed=de o) daet AdetdA AHdE F Ao A=
wg A FA Fol diazw Iz gulste RAH A LA FHH

du 4 2 v

_EL
8
@]
'm]
o
[e]
SN
O
=
=}
ko]
=
(¢}
=
S,
(/)
rlr
o2
il
t
Ir
mn o I L oy
ol

flo op

2.1.2. AA " A= FTF

ZraAdsdFe 44 F4, 4% §F AA, v e 79 HF Tl o
AA] FaE 7F F Aok FEEAEFY SV w4 TFAY ASAR &
|otH, 538 599 APAQN FFLS AT ASS dov. Ity o i
AA7E 4 Z 229 = F(lower chlorinated phenols)® HE F9dd 44, 47
52 ooz}l IARC(International Agency for Research on Cancer’'s)d # 5 A
Aol W FEzdEFe AL E D (Group 2B)E A grt”



2.2. 2-chlorophenol(2-CP)
221 &9 -333 54

2-CPE 23, oHZ, ARz Ed So| F wa, Bolb ok fajHs
Ao olgolth. el w 2-CPE Ealels] Ad AL A W QGae 54 b

7} WEE ) E g
2-CPE A2%A, A#4 502 o575 d+=d,” 2-CP9 Chemical identity
2 Table 1.V, 28834 =4 Table 2.7 e AT

2.2.2. QA mA= "é‘ffok

g & vt 2en e 2°CPel xEE Wt R, 47F, A=, ,

- = = S 3
Sgobs, WY, 0 5L doslv 4d A5 R Fgol ol2A B
2-CPZ 9 wmZFe AT} ol g 1AM, 35D §2F FE Ut 15 2

g £ Yol Air Pollution Control Officers Association Air Toxics""Hot Spots”
Z2ade w2d 2-CPe HgAe] ofd kA A H#= % % (chronic non-cancer
Reference Exposure Level: REL)E 18mg/m’e]th. 2-CPo WA =4 o #d 2
a3 A AFAC el gk Zojth dglal "= EPA(Environmental
Protection Agency)= 2-CP8 F4x%%%(oral Reference Dose: RfD)E
5x10 “ppm . & FA 3} 9 ot o] & & 016}94 2-CPell w=%
Ao v s 82 A9 dFES A WA & Ao dqFsa gl

39, v = EPAS JARCE 2-CP2 dfuwEAz Rasar glx or)?

@



Table 1. Chemical identity of 2-CP

Characteristic 2-chlorophenol
2-CP,

2-chloro-1-hydroxy-benzene,

Synonyms 2-hydroxy-chlorobenzene,
o—chlorophenol
Registered trade names Sept-Kleen, Pine-O Disinfect
Chemical formula CsH5C1O

Chemical structure

CAS registry 95-57-8
NIOSH RTECS SK2625000
EPA hazardous waste U048
Identification OHM/TADS 8100049
numbers DOT/UN/NA/IMCO UN. 2020 “liquid, IMO 6.1,

shipping UN 2021 solid
HSDB 1415
NCI No data

CAS = Chemical Abstracts Service; DOT/UN/NA/IMCO = Department of
Transportation/United Nations/North America/International Maritime
Dangerous Goods Code; EPA = Environmental Protection Agency; HSDB =
Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH =
National Institute for Occupational Safety and Health, OHM/TADS = Oil and
Hazardous Materials/Technical Assistance Data System; RTECS = Registry of

Toxic Effects of Chemical Substances



Table 2. Physical and chemical properties of 2-CP

Property

2-chlorophenol

Molecular weight

128.56

Solubility:

Color Light amber or colorless
Physical state Liquid
Melting point 93T
Boiling point 1749C at 760mmHg
Density 1.2634
Odor Unpleasant, medicinal odor
Odor threshold: Water at 30C 0.33ug/L
Air 0.0189mg/m’
Water at 25C 20,000ppm

Organic solvents

Acetone, alcohol, benzene

Other solvents

Sodium hydroxide

pKa 8.49

Partition LogKow 217
coefficients: LogKo. 195~37
Vapor pressure at liquid 0.99mmHg
25°C solid 0.99mmHg

Henry's law constant at 25T

6.8x10 "atm - m /mol

Autoignition temperature No data
Flashpoint 64T

Flammability Iimits No data
Conversion factors (ppm to mg m:) 2.2

Explosive Iimits No data
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W, w3 (H7F A8 E o OHFOZE S Hy0u7F aEskA Hth. wekAl Fenton
BHSolA OH &t ze #7182 AAd TE&HOR o487 HAsiME Fe'' 3

H20:9 AAN&E ZA3E Aol wl§ T 83t 3 Fenton ¥HgolA HES&

X

g
Ao pH7} wkgo] G & 5 v, pH7F A1 F o] wel Fenton whg-ol 4 it
A= OH egtolZo d9gte]l S7ksto] REg-o] Hx ¥, 44 pH o]l =W
Fe''o] $21st2e gz EAatA 5ol Ho0.9 Wg3 5= ol Fe''o o] 7
23t ®rh o] §Ae] pH7F wropd ASelE Fe''o % F7he H:0,
o] Bk rAstE ol kg (ke oF Hy0.9 Ea7F olgA € 1gx
Fenton A °Fe] F8lgo] 7124 Agade] & JFL vd 5 gt} o=
So] OH #ulzte] o] wWord &z H7124e AAZHE 7JdT F 9
oy, §71543% OH #uze wsswr Addez = A% 9g (), (f),
(7)), G ol $AsA BozM, 258 Fenton ¥¢ol dans = 5 bl
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OH et Z-e Table 3] thebdl vhel o] @A A&m gt o8 2t
A FAME 458 g S wfstm lov Auigo] o FWAT w3
2l Fenton 3}8Hib3-2 2| F-7o

of el EaHeow AEE Uk 1
18

4 A
2305 gsel QoA AAFom o
el

Table 3. Relative oxidizing pow er of various oxidants

Oxidation species Oxidation pow er
Hydroxyl radical 2.05
Atomic oxygen 1.78

Ozone 1.5%

Hydrogen peroxide 1.31

Permanganate 1.24
Chlorine 1.00

(2) 17}y Astd B3 A (high-valent oxoiron complex) WA Y &

Bray9} Gorin(1932)'Y& Haber®} Weiss7Zt OH oz wAUZS o] 43
Fenton Wr-& 3siAe] &g AFE sty 2d A, v (DI Zo] #Ad EIA
(FeO™ )& Efete WS HAIEZS B39t Fenton b8 5 A whA o A
B Y o] Wk (m), () oliRe, Fed 50w ddEAY, v
(0)9} Zo] At /7] ER)TY W&kl A4 F 7 (oxygen donor)2 2F&ght},

Fe”" + H:0s — FeO” + Hy0, e (D)

FeO™ + Hx0, — Fe’ + H:0 + Oy ~ (m)

FeO* + Fe*" + 2H" < 2Fe” + H,0  (n)

FeO* + R — Fe’ + RO - (o)

Fenton ®Fg-ell4 OH gtv]Zo] obd #Hd HFAZ APHH o]z Qs 7]
H

=
go] AsAttn F4s: AFAEe] 4 YuHow A§sE =7 Fenton
GOl A dojubi AbEl wgo] J]Eel el OH evlZ wg wWAUZFIY
£ % A Fad Aolgel drke Aotk
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AA, A BEAe A8 A" AL oln ZHE3F OH gy AnAs &
# 4 9= butanol, methanol 5°] 54 Z7 oA Fenton W7ol FU=E uj
e FaEs doH e Rolth ol & So] Rahhal¥ Rlchter(1988)lg—t~
Fe”’DTPA/H,0: WHS-Alol A t-butanol ¥Hgo AFS Ad Fx o,
methanol& 4 FE& 71 A 38 % E (stoichiometry) ZHol A OH E‘r\:] }ol

dHe F Aol obde wud w glvh

fLN

E4, EF Z7ANA Fenton W% A Fo TAsE= F37HA (intermediate) 2
AA & (product)e] OH oz W& wWAYZAA ddHe A gd=2vs A+

(3) & Far3 @Y Z(caged - OH radical)

Fenton ¥r§-o] Af OH &tz wlAYZol o3 o]Folxrtes o]2s AHT
Walling& 37} Abstd 534 AU Sl ek ol 5o shA{ A, 24 OH v
Z MAYEFeR AgEHA e HFiEd gt 32 OH oz HAYES A
Ze 9t Walling> Mandelic acid(MA)E ##o s QolA mE Fe'' o] &9
MAS Z3gES A s & oA H0:5 FHstr 4FS stk 2
g olm OH gz AFAZ Lex d= acetone, crotonic acid, #butyl

5% BF (A7 %27 HOn 559 24, 18 74w)o 2 F st zhzte] A
AE F5E TAade FS ZAEA T WallingS o] gF&o] S HgA
5

_%
=
2t MA-Fe Z8tg =78 W&ok slol obd g AlAd 1eje] OHY

2

) 5] 4} hydroxymandelic acid
7F AAREE s dEste] HE 5EFAY 9T S FAsAT. @H, e OH
5 E 5% ot a7 gL A4S
EolA A OH gtoz wiz7lyFowx o W& e &5ttt
sttt ol Aol talA WallingS o7 H o] o] MAS #3g=2 d4
shal e AElelm®E OH v Zo] o] #sbehsE ko] 1xEo] glvhw(caged)
OH #YZ ARAE FYstodx #4 W ¥H&(intramolecular reaction)ol 2|3l
MA7Z} 2bshgivhn Aot
7183 Yamazaki®t Piette(1991)*”= EPR spin trapping 7]%H < Al43
Fenton ¥rg-olA 1% OH F/}EVLO] HAGTE AP A3%E Hastddt 252
Fenton W®F-$-ol A ®HAY &= H @t Zo] & oz =2 EAst= 3lo] of

v, Ag BiAe ge g & 2& 439 B85 1% OH grige] &

o 2
N
Y

_|_4

[ex

-
I
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Age Fgstaa, A4 AsA FoIA 1% OH eojzel AAse nFe A
3 BFAL o] FI Y AR/ AAE 4w Holt W AL 1
s th.

(4) 2] AtstAe] 534 34
Yamazaki®t Piette= Fenton Wrg-7Aloll A kA AFd Al 7FA 3stFo] BF
EgAow A% £ A FH v A =@, AY A WAUES
ATE 33 Pignatellot} Bossmann® #Z& sta5% #38 EaA 7}

OH #t]Z+g ghds walstn Y45 Aolgn A4aAE e

28 3 Goldstein® Meyerstein® =%, Pignatello 59 =& Ax 7|E Ao
2% Fenton REEolA #HEH EFHA 7} "g*é%l T AvtE ThsAedd dd = E
AA ezt sk BojARE o5 WhEol A= OH <z FA S wAsHA = X
t}.

Fenton ®¥FS-AolA A AZH 3gF(tgAEe] BF RS
W3-AlY A wEt ovFo] Wik Ao g
DTPA", porphyrin™ 53} zolod Ea = kg Az 5 9]
Hol g FhdA, EE= Photo—FentonZO) 2o A 3
Fenton 3}8t wh-&o 7]ojstE F-io] AA= o= AE &
12 3 Yamazaki®} Piettei Fe’ 9t H.027} uF$-3}
= 9li, 23] Fe'lol nAE £

348 RE gtd, 1 A 32
=
T

ks
@1 ©

rlr

m
¥
H
mrm

2.3.3. Photo-Fenton ¥ #

Photo-Fenton ¥ % -2 Fenton ®F-3-¥ UV/H)O, F4°] Z3Ho] AstAIZA
FNEAEY vAdgH oz 9gsE OH duzZS AA Tt w3 (b2 Fenton
HFS-o 4] 4] 71 Ferric hydroxy complexes(¢]3d} Fe'’) o & 5w, Fe'', Fe(OH)”
52 UVel oste] FraE o] Fe'sb OH oz AT 2 shtel o
24 Fe(OH)"' &= &3} o] BEadc}

Fe(OH)*" + hv — Fe* + - OH ~ (p)
Fe¥'se zoAmwy OME} JEA B "We F4Ele 89 S

(adsorption capability)& 7+ 3o o &8t} * Faustet Hoigen™< = i1o]
3tw Fe(OH)™ 9] Eriuﬂfgo] 420nme] 3HF7A e o], o) 7ol A Bl %

i Lo of
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Ao o)sto] Fe''e] }ubgo] OH guzte] B gow 28},
B8 (p)oll A Feb'=9) #39o] & AW Fe''= W& (b9 Fenton HH$o]
Aol 43 =1 H0.7F EA5t= 3 OH goze F Aol Bl Hy0n=

(

|
i3

5 (@9 Zo°] 300nm v G Ad UVl 9lsto] &5 4= (Mercury
medium pressure lamp)© UV-CE HF B4 o2 xAE 7] uio H.0.9 AHA

o Bz bt

ol e} o] 371# WA HZE F3l9 Photo-Fenton WHEolA+= 7]&<] Fenton
3-3 UV/H20:2 0 o B2 &9 OH #tZo] AAHo =4 fF71= AsE
b2 Aolw, UVE o] 4d Fe''o] Badel oate] Fe''7b d&xoz A
AEo] FHEER HO7b #Este s¢dde AE5H o2 OH #uzds A4St
A EHH, 7] Hd9 —r‘ﬂ%k% dAAs =d F 3o 4}‘ﬂoi AEeA o

w
-

H>0,9+9] wh&of ofsf A4 ¥ Fe
2 AFAANA ¢ B OH #oZ
ot 2E=sAs st g

WA Photo-Fenton ®F8--& UV ZAZE B 88w o W2 oyA7F 4and
Buk olyE AN AIEE Ade] 2deA X8 A Akl o A8

Fe’'7} stFo 2 EAste] ¢ meo] woba 238 HAF AgF Lol Fenton
ghgol Bla) ol Jte AR JorE AQHE Foluxe] A AZasl
F4e 98 UVe HA iz griol I g sk}

723 Photo-Fenton HFg-o = F=2 8% ee] Fe' Bt} LMCT(Ligand

to Metal Charge Transfer)4t IPCT (Ion-Pair Charge Transfer)® ¢l&lo] UV o
Aol A ZFFAFT7E o 2 ferrioxalate®t 2 F7]E o] ALgE. F3id
Fe' ~complex %914 pH 39 uwl Fe(OH)*7}, pH 2d w= Fe''7} Auja o=
= ?5“3]' Fe(OH)*:=  420nm7tA1 9] FF2~"meadS  Jege  300nmel A
2050M 'em '] EL EFBASLE AT Y v, Fe''E 320nm v kel UV
S ofF oA FFehe AdA o e EFHASE YEAT pHAtel A
a7 =W, Fe(OH):ol A Eo] FAHWAM Fe''o] 57 s g2r) 2o}
AWA UV E3go] ol Fe''o #UEo wolAA ®rh. uwhA
Photo-Fenton W52 pH 304 74% =& §8S wolA ®p Y

2 vz $FFA o] gy e thA Fe
S WAHEZ 30 =ZH Fenton HH-30 vl3) =

m}n Fl
_\:Jd
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2.34. 2-CP9 AR E &3 A3 AFAE

Ozoemena 5(2001)*"e] 3%, 2-CP= UVel ola HH A 23 FA (direct
photolysis)ol A/l el Ao o} Fa&fj3t S22 FalE 4 Jdvbr Bustay ). o
ol Zhou %1997 pH 7190 2-CP F&do)A UVel 93 catechol®

cyclopentadienecarboxylic acide] A H & ol v,

O

&3, D'Oliveira 5(1990)*'7 Sehili 5(1989)*& 2-CP7} #Z o) g4l o3
A 27t AEE w FHAPAES P4, catechol & HAFES
A= A9 chlorohydroquinone #< 93 &% dASE A%=2 g B
ekl 283 Karoly 5(2002)7¢] AdAzte] ostw 2-CPe #ZE w34
% 7]9] chlorohydroquinone, catechol, hydroquinone 9 2 ¥ Jt}7} o] &
24 A0l UV ZAbo] o obA|EXH(acetic acid), ¥ & H(formic acid) 5 o= &
e Aoz ey, aglm UV ZF=z 9 2 ZddAME
chlorohydroquinone, pyrocatechol, hydroquinone 5% 2 &g o] &= =n} 3l
=

Lin %(2000"70 ¢ 8%, % & 9}/Fenton &4 A= 4-chloro-1,3-benzendiol,
2-chloro-5-methyl-phenol, 2-chloro-6-methyl-phenol, 4-chloro-3-methyl-
phenol, 2-chloro-p-hydroquinone, 2-chloro—p-benzoquinone, 2,6-dichloro—2,5-
cyclohexadiene-1,4-dione 52 77FA S AAEo] dedxHRon o EALE F
2-chloro-p-benzoquinone°] 7k ®Wol A EH T W 313}

Kotronarou % (1992)"”, Serpone %(1992)*, Minero % (1995, Stefan %
(1996)"”e] dFAAe) wzd, setA AHFA o5 =BT v

ul F8 F7HAA 52 A chlorinated benzoquinone©] A ®Hrbi B 13
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o+
o)

3.1. Al ¢

2-CP+ Junseirl Al F (£ 98.0%)2 At£3F 2™, Fenton Al Foz ALSH
FeSO,.7H0% Sigma-AldrichA}F A1 #(99.0%)5, H:0:+= Junseirl AF(TZ
30%)= AREstath. 2 o] AX xAS 9 w37l FYUE NaNOs=
KantoAlb Al #(985%)S AF&3tdth. 2-CP €99 %7] pHe Alm AH F9
pHE =4d3st7] ¥ DCAFl HNO3(60.0%)3 Yakuri PureAl9] NaOH(96.0%)<
AFEEt. GC-ECDE %3 2-CP %% E4%S 938 HoneywellA}
Hexane(99.9%)< ol &sto 2-CPE F=s3t3t.

Aol AHgE REE7I+ Fig. 13 Zo] 9539 oFd Fx=2 Holo
= 10mm T4 9 o} 3 ¥# (24 =80mm, ¥*°]=280mm)= A& 1, o}
23 e Pyrex &8 ¥(&A7%=33mm, %¥°]=600mm)S FzsAct.

o= UV @ Z(Sanko DenkiAl, GISTSE, A] A == =3W, 1}%=280~360nm

= AAsgh? g UV Az A HAEHE o] o uhg g

Hol &% AsS WAy S WATFE £FAA S 2EE OF 25TCT=E o

AotAl AR, 8 UVZE R 2 =5 E 3S Adst

BEE ddoz UV7ZE YA ZAEES §h7] ¢ w87

=]
B
235tk uk3-7] dhikol = Magnetic stirrerS A x| dho] ukS-g-ole] A3 Al

_16_



Cooling water

pH meter u l T y Sampling port

1

&— DNMirror

UV lamp

Aqueous solution
¥ of 2-chlorophenol

S

T I

Magnetic stirrer
Fig. 1. Schematic diagram of reactor for the Fenton

and Photo-Fenton process.
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33 243 ¥y

3.3.1. UV/H:0; &7

UV x5 2A5A7171 Aol 2-CP &8¢ x7] pHE A (IstekAl, 125PD)3s}
Atk o] ¥ Hy0.7F H7ME & AIZEE Whg AR Azto =2 AASa, H0.7F A7t
3 FAlo UV FZE ZFAZAT. vbg A2 & dA Az 11402 5mLA
AMES AHAT F IN HNOz &H45 o] &ste] pHE 2 ost= x4d ¥, IS
o] §3Fo] 2-CPE %= (liquid-liquid extraction method)d} 3 th. Bt} A3 23
dolHE 47 s #d3 dPE 29 o] AAsHH.

3.3.2. Fenton &3, Photo-Fenton &7

AgzAe W F o] YAt FeSO, - TH0E H0.7h A 71E 7] Ao
9} 8ol Magnetic stirrerg o}-&3te] &N & F 235 TP o, IN HNO;
93 IN NaOH § %0 §3te] 2 CP gole 27 pHE 3002 %439

AT ALE ne A% AvoE AR M A% F 2

o N

o= 5mLA AMES AMAHGF A HT AsE F7EE ] wE o]
e = AL JAs7] Y8 IN NaOHZE pHE= 8.0 o|A o J
IN HNO; & HE& o] &3lo] pHE 2 oJst=2 XA H, A4S o] &3¢ 2-CP
%% (liquid-liquid extraction method)d} 3 21, 23 doJE o AHIAS A7 9
3 Tde APE 28 o] AAISA T

o

Yol EAsl= 2-CPY FT=E EA4357]  Hdlr HP-5 capillary
column(J&W ScientificA}, “0.32mm-x 30m x 0.25mm)¥} A=}E 2 = 7] (electron
capture detector(ECD))7} 2% Agilent TechnologiesAl 4890D GCZ A}-& 3¢
BAs AT, FYT) SEE 250CE, #E7]9 &xE 300C2 FAARH,
QB exxga#(Table. 4-(a)2 Z7] 100CelA 28 A &= ch7t 10C/min
o] &% 2 120C7HA] A%3 tS, holding time $l°] ®¥}Z 20C/mine £ E&
220C7H4 Asd v FastEs A R VA 98 wHeR 32
T 2% A4(99.999%) 71AE o] £3H L /‘]E‘:‘ FYTF AHY 2 LE
< (direct injection method)dF A th 18]l A HY oA, g4 s5&
7tA = 2-CP &89S o83t vy FAd Z::%kﬁzlg)ﬂr retention time X
Estol 2-CP9 sxE5 A o W, ot AEF v F4& 9lsto
v Ade diete] sdId AMES 2HA EA 6

2-CP7} Ra®E WweARE dar] 9d FAALE BAL 9ot

I

b o
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AT-1000 column(AlltechA}, 0.32mm x 60m x 0.25um), & Zo]L37 % 7] (flame
ionization detector(FID)), 18lx Z &4 7] (mass spectrometry)”} 2H¥
Shimadzurt  QP2010 GC-MSE  Ab&ste] EA4editt. 29 Sxzzd
(Table. 4-(b))> %7] 35TCdA 10% A&EHYG7F 8C/mine HE=Z 120C7HA
ds e o, Al 1029 holding times 7FA A s 4th 1 thd 12C/ming &
E2 180C7HA s & 78 Fo AEHA sk, A 15C/ming £2=2 23

0C7HA 453 ¥ FRA=Z 2390
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Table 4. Oven temperature programs for analysis of 2-CP and its intermediates

Target material(s) Oven temperature program

20T

20°C /min

(a) |GC-ECD 2-CP
- 10C/min
(2min) 120C
100°C
(10min)
15C /min
12°C /min
Intermediates
(b) |GC-MS (10min)
of 2-CP

8C /min

(10min)
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4.1. UV/H20; &7

4.1.1. Blank test

A2, A% Aol A 2-CP7} ot
3}7] ¢ 8l Magnetic stirrer?+g 2t . 7]
2-CP #=% ImM=Z 349d. 2 43, Fig. 2-(A)dl vetd A3 Zo] 1208 =
F 7] 2-CP ¥ %x°l g AAEL 1% "W o
olutA &S gelstkrt.

UV7h d5o02 ZA439e v oF 7%7F B350 (Fig. 2-(B)), °1& %3
280~360nme FFHAE 7HA= UV-#=Znboz 2-CP7t v & &3 7lsstth=
As Fdstdon, o= 300nm v ¥He] UV-Cell 93] a7 dolwtr] w2
2 Amndan?

g, UV 325 A5A 714 &

E7F 0.0ImM Y w60+ 9 HP%

=)
o
fru
olN
i3
1o
rot
2
Y
N

)
Y
1o

1

H)005 @508 FYeaS We HOr ¥

&% 2-CP7h A8 Ea¥A %k om, HaOo
= 2k 7y ok 29, 4%, 5% 7t 3l H k. Ho0:
X7 2mM Y “ﬂoﬂ “]Eﬂ TEE 1008 T7FAIA 200mM=z A3t x F714
A Ea7E 718 dojuA = AL ' HWol HO2 €55 2mM oo w F7HA
71 AL 2-CPe Zalol o4l Bl & & #oje} & & it}

>
2 S K

UV/H0: 34 A H:05 OH-ghrl o] Ay elalz] wiel #7129 AAL
o] H,0.9 F ol & LT H0ps WA~ 2ol etz s5e A
A% wgel 9she] H,007b & H AL AAYel b st

OH - + HxO» — HxO + HO3 - (q)
HO:; - + HO» — H-O + OH- + O (1)
OH: + OH:- — H0O» = (8)
HO; - + HO2- — HyO02 + Oy < (t)

ol gz AZAF NS5 B9, fUEA et ¥AY H007F B
2 T2 EAY A5 fdA dPHEt.

UV/H:0, FANA A A58 9% (a), (@), (DZFE dojd thLo] uhgo
A 1% 0o 229 H0.2%H A4ddn”
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2H202 — 2H20 + O < (u)

Fig. 32 H.0.% ?%‘6}3 Al UVE Z2Absksls o 2-CPel w8 23+
H:0; w2 vadg Aotk H0. w%=7F 0.0ImM, 0.67mM, 2mM, 200mM <
W, 12089 WHEAIESE A7 2] 2-CP9 9F 53%, 11.0%, 23.1%, 64.9%7}
el E Y. 2Ea 0, =7 SR s Zelas s weh SISk o
g Asts UVel 93 H2027]' OH =zt e Zeso] ojzle] &9 &9 2-CPE
FASA EesRA L WS (a)ol oste] H:0.9 w7t S7hE¢= OH ehv
Z Eelse G wolbx7] Wi Alrdt

Fig. 4= H:0: $57F 71855 WME&EEE F7HgS HoFErh. 53] H0.
FE7F 200mM Y W= w9kg A1F FOJ0R7A wbSE&wrr & Zow sy
9 HeOr FE7F 2mM 74§ 12029 RESAIZE T RS &7 ofF AA
3 g2t &, 2-CPYdA Fx9 2dadrt 1208 59 AEHASS 9
@k, 282 H.Op 5 %7F 0.67mM, 0.0lmMY wE Whg A1 2 5 208 0] 7 3}

ofN
g o
_()|L
Y
i,
i

AEA W34t 0 AT A RA B0l A
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Fig. 2. Degradation of 2-CP with UV or H20: alone.
Experimental conditions: Co=1mM, NaNQO3=0.05M.
(the upper figure: (A), the lower figure: (B))
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Fig. 3. Degradation of 2-CP by UV irradiation in the presence of H:0:.
Experimental conditions: Co=1mM, NaNO3=0.05M.
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Fig. 4. Reaction time(min) vs. rate constant(k) in the UV /H:0: process.
Experimental conditions: Co=1mM, NaNO3=0.05M.
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4.2. Fenton &7

4.2.1. Blank test

Fenton WF-8&-& d927]7] o] Fenton Al %F F2 sl FeSOs - TH,0E WA
Fdste=d oAl ofg 2-CPe w3 &7t ﬁl—i‘ﬂg dolr 7] 93] FeSOy -
TH,0% S FY3te] ImM2 2483 F 1208 % sk}, Fig. 501 vebd
R o] o} F AlkE WX oF3 WY AJAFE ﬁ@@_#(stlrrer alone)$} w3t

ZPA R 27] 2-CP %9 1% wrto] A7 ¥ o] FeSOs - TH00 o3 AA &3

[
—
A’l
1(

1 O
B AFAEe o3, Ande 2 3
v, W QAFolA s ohael 1A HEA S o Forel A

Aol sl e

e R

A9 2o wel Fenton Wkgo] 1x ¥bgo = FefHE iy stH, (4 H A7 t)/Co
£ x%F, In(C/Cr)E yH2o2 8t adlzs axgs o 71277 dAd A
Zo] 3ol 2y Aok gt} Fig. 62 2-chlorophenol?] %7] ¥%7F 0.1lmM¢¥
o} 2mMY we A AL 2Rz E YEpdH Aojr). ol AL 308z A 4
7 Fol A AHASE Fenton W&o A AsiA 5 S SE7HARE TS}
o] JebW Rolth, 77k R® ol-0.8912, 0.8256% 1hE} Bl WA 13} ubSo 7}
7 At & ¢ du, g REe) A 3ddA Fenton RES-o] 3% o s
o] 5E7A ] HAGAL aW A= R FS oa v 3 Ao A"
). w2kA Fenton WH§2 W2 AFAMH oA wralzl ve} o] 12 HH&E& M2
tha & gl

=
2
i

4.2.3. 7] pH9
2-CP #4899 pH7} Aga&el vA= 9 Fotstr] 9sto] Ha009 H4E
(Fe* )& 7t7 1:1(molar ratio)® ZA3de] Al29 pHE 1.0914 9.07A W 3lA
Zt}. Fig. 72 Fenton 54 & o] &3 2-CP &) Ado|A %=7] pHY 9 FS
Bl Zlojth pH7F 8.0 °]4d W= 2-CP7F A9 Zaw A sk=dl, oo ojs)
pH7} =2 Aeol A= Fe’'7F Fe'' = ¥ g3l o 7”& &7] w&o] Fenton & 7ol
s doflvde Ad+Z237 v =7 pHE 1.0914 9.07bA W3}

i
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A3 pH7F 3.04 w 2-CPe] #3l&Z&o] °F 508%= 7 EA o

S AlF F 2~3% o]Wel Fenton AF3ubg-o] Ao FALY. o]

S ol&st] AF FUISFES BAY W 87H= HH

pHel #3 @& MAa AFAx4E53% A9 FAkstoh ool tis] Sedlek 3

Andren(1991)2 Fenton & A& o] &3 2-CPe #a AddA pH7F 2.0~4.0Y

W HAe REES Holv AL FUISESFEY A VA Has
= )

=
0d wf WEEEr A ew i, pHZF 30
s

4.2.4. H)O2°] %43

Fig. 9% Fenton A olA H.0, HX7} 2-CP Eafol v x& ool tha] o}
Bt ok HoO02 5 %7F 0.67mM, 1mM, 2mM 2 w22k oF 81.7%, 89.8%, 99.8%
o &7t O‘OU_D% ol & H:0: T =7k 57 el whet 2-CPo E3las
o] T71EE Atk oldd AdE H0: v&7F S71gol we 2AsEE
OHﬂM?H kol Z7tste] kA AFH WEE (a)o} o] 2-CPY ®IE FHXA
7171 2 Alsdt thEYyg Ha0:9 T2 v AA Ao ngE 2 AFE 9%
H-0-2] zlxq FEE ImM=2 AASAY. Fig. 102 H0» 5X7F 0.67mMol A
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Fig. 5. Removal of 2-CP with FeSQO4 - 7H20 alone.

s: Co=1mM, pH=3.0.

Experimental condition
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Fig. 6. t/Cy vs. In(C/Cy) plot by batch reactor.
Experimental conditions: Co=0.1, 2mM, H>O2=1mM,
Fe’'=1mM, pH=3.0,
NaNO3=0.05M.
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Fig. 7. Effect of the initial pH on degradation of 2-CP
in the Fenton process.
Experimental conditions: Co=1mM, H>O2=1mM, Fe2+=1mM,
NaNO3=0.056M.



Fig. 8. Initial pH vs. rate constant(k) in the Fenton process.
Experimental conditions: Co=1mM, H202=1mM, Fe2+=1mM,
NaNO3=0.05M.
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Fig. 9. Effect of the H202 concentration on degradation of 2-CP
in the Fenton process.
Experimental conditions: Cp=0.39mM, Fe2+=1mM, pH=3.0,
NaNO3=0.056M.
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Fig. 10. H:0» concentration vs. rate constant(k) in the Fenton process.
Experimental conditions: Co=0.39mM, Fe2+=1mM, pH=3.0,
NaNO3=0.05M.
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Fig. 11. Effect of the F& concentration on degradation of 2-CP
in the Fenton process.
Experimental conditions: Cy=0.39mM, H20.=1mM, pH=3.0,
NaNO3=0.05M.
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Fig. 12. Fé' concentration vs. rate constant(k) in the Fenton process.
Experimental conditions: Co=0.39mM, H202=1mM, pH=3.0,
NaNO3=0.05M.
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Fig. 13. Effect of the initial concentration of 2-CP on degradation
of 2-CP in the Fenton process.
Experimental conditions: H.O>=1mM, Fe2+=1mM, pH=3.0,
NaNO3=0.05M.
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Fig. 14. Initial 2-CP concentration vs. rate constant(k)
in the Fenton process.
Experimental conditions: H2Os=1mM, Fe2+=1mM, pH=3.0,
NaNO3=0.05M.
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4.3. Photo-Fenton &7
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Fig. 15. Effect of the H202 concentration on degradation of 2-CP
in the Photo—Fenton process.
Experimental conditions: Cy=0.39mM, Fe2+=1mM, pH=3.0,
NaNO3=0.05M.



Fig. 16. H-O; concentration vs. rate constant(k)
in the Photo-Fenton process.
Experimental conditions: Cy=0.39mM, Fe2+=1mM,
pH=3.0, NaNO3=0.05M.
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Fig. 17. Effect of the F& concentration on degradation of 2-CP
in the Photo—Fenton process.
Experimental conditions: Cy=0.39mM, H20.=1mM, pH=3.0,
NaNO3=0.05M.

_43_



Fig. 18. F&' concentration vs. rate constant(k)

in the Photo—Fenton process.
Experimental conditions: Co=0.39mM, H202=1mM,
pH=3.0, NaNO3s=0.05M.
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Fig. 19. Effect of the initial concentration of 2-CP on degradation
of 2-CP in the Photo—Fenton process.
Experimental conditions: H2O2=1mM, Fe2+=1mM, pH=3.0,
NaNO3=0.05M.

_45_



Fig. 20. Initial 2-CP concentration vs. rate constant(k)
in the Photo-Fenton process.
Experimental conditions: H2Os=1mM, Fe2+=1mM,
pH=3.0, NaNO3=0.05M.
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Fig. 21. Gas chromatogram from GC/MS analysis
of the 2-CP reaction products.
Experimental conditions: Co=0.39mM, H202=1mM,
Fe* =1mM, pH=3.0,
NaNO3=0.05M.
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ction pathway of 2-CP degradation

involving hydroxyl radicals.

Fig. 22. A proposed rea
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6. 2-CPY Fenton ®r&ol 93 FHAAHE F 3-hydroxy propionic acid,

p-benzoquinone, malonic acid ¢ 37I1A EZY HESL FAds9x,
2-CP, hydroxy phenyl radical, 1,2-benzenediol, hydrohydroquinone,
hydroquinone, p-benzoquinone, 3-hydroxy propionic acid, malonic acid &
o= Bals o]Fojd Aow FAHY.
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