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Abstract

Photo-Fenton &2} UV/H.O, S 0|28t Lindane2| &alEA Hlu A+

A Study on the degradation of Lindane in water by a Photo—-Fenton process
and a UV/H20: process

Ju—hyun Lee - Hye—min Choi - Il—kyu Kim"
sim stA@sln}
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In the present study, the degradation characteristics of Lindane by Advanced Oxidation Processes(UV/H,0», Photo—Fenton process)
were studied. The degradation efficiency of Lindane in agueous solution was investigated at various initial pH values, Fenton's
reagent concentrations and initial concentrations of Lindane. GC—ECD was used to analyze lindane. Lindane has not been degraded
without application of AOPs over two hours. But, approximately 5% of lindane was degraded with UV or H20» alone. Lindane with
UV/H:0, process showed approximately 7% higher removal efficiency than H2O» process. In the UV/H:O, process, the pH values
did not affect the removal efficiency. The optimal mole ratio of H20./Fe®" for lindane degradation is about 1.0 in Photo—Fenton
process. Also, the experimental results showed that lindane removal efficiency increased with the decrease of initial concentration
of lindane. Under the same conditions, the order lindane of removal efficiency is as following : Photo—Fenton process > UV/H:0»
process > H.O» process. In addition, intermediate products were identified by GC—MS techniques. Than

PCCH(Pentachlorocyclohexene) was identified as a reaction intermediate of the Photo—Fenton process.
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1 % Lindane 52522 AFA, AzAZ AREE ] gk
om, 34 FolA g kYt sRtER 2R 2 A
U B E52 SEE Al SEutelAs 19794 o] %
AR 9 AAte] SAESHY F, 2000). HE A5EE
Gk Al Ut 22 F7HE%1eH, EPAS Priority
Pollutants list (-1 ¥t d3tela4) ol i 323 o] itk
(http://www.epa.gov/). 1t} QJokE £ E2+= T3y,
Apdto], & X 5A| TOoE AR AR Foll k. 2%
o)Ak 2006 5-E] Aok oz ER3to] 9
AF A o3l ARRE =S Fstal glon, AnEE POk
< 33l WEHY AA 59 JekE fEEE SHYWUARE R
wo] ARgo] 7hsstth

Lindane<> &°F 5% AHgo] 54¥ A = 3l=d
5 BT8R ofd7kA] Sl ARdEE oA AEE T ek
A (BgAHE, 2003, % 5, 2006, ©], 1995), w71 (3,
2002), FHE(R 5, 2006, f, 2002), o905 5 BEA
(%1, 2008), st 81X (5 5, 2007) SolAl = pptell
A1 ppb level2 AZH k= B2 AT A2t o) & AR
sht}, 183 SJeE So) sheto] Al ARge] 7hesiE R
Adgg 0% v W2 ¢ Lindane©] +9E 4 Atk &gt
TS 71927 skl vlal 854 2 3ol iz o
2 Zo} 77 5l = ulH 1, O71E S8l AAT
Ao g olFdh= tEAQ] EAE 7, U], EFOE o]
sob AAEE LA ANAol ATHEIGTFAH
2003).

I3l % Bekal o= o}4 Lindaneol that Wt
st Al 7)ol glod, AAAeR AR A w=r)
WHO?2| 7|5 (574715 EPA 0.2pg/l, WHO 2pg/L) & 3
3ka ik Egh welelx= £, 38, AedtHoR
Lindaneg Alojah= el thgh A57F drkaht, siuell
A= BaE] A7t wjulg Holrl,

ARk g (o] 8F AOPs) 2 ZEl3k Akl S 71X
+ OH radical& o]-&3to] AHethd =2& ASAA HF
202 COM HoO 59 elZ 5713} (Mineralization) Al
71 AS%E OH radical& A4 A7 W el uhebr] oy
72 vtk (Park, 2003). tiF-22] HEEld f718kst
& AFA) A=A W, e Wy T 71E Ad
HPH O 2= sHAZE Qo] 1 gijke R AOPs7} A5 o] gk
o AOPs F/FZ+ UV/He0: UV/TiO;, UV/Os,
Fenton, Photo—Fenton, #5u, AAH, 253} 5o ot
(Safarzadeh—Amiri 5, 2003). °]& 34> 719 3}st
2 e, 224 F&, Sullol gy Fo
Aol w2 g, m =L 8ol F2el
2], 17t AFEFu) ARl whE AA 52 Al

A A= ghov), AAF ol 4 skl wiolel= 3
A& 7ML itk (Park, 2003).

b B Ao neAEA Y 5 UV/H: ¥
47} Photo—Fenton &8 ©]838>] =5°llA Lindane?
8 544S detste] 7 Al A2 WhHE 2t
3Gt & AFelX e 71E8] 46 3k= Lindane ]
5, EYORNE EEHAY 2 E §94E 7R,
ook S5 ® AlF = AR T el 92 THs3E
FT#3te] 7] F5F 50ppbE A3 & AT-ollA
& AR = pH, UPFEA S 2715 %, Ho0.0] 5%,

Fe’'9] 955 o] ue=girh
2. HENE U WY

2.1 Al

2 5] AM-® Lindane AldrichAle] A2k (k
97%) & AHEal o, pH 242 A3 Junseirle] HNO;
(=% 60~61%) 2} Yakuri PureAe] NaOHGEE 96%) &
ARESFSITE B3 Photo—Fenton 370l ARS8 AJefo &
Junseirte] HyO02 (=% 30%) $F Sigma—AldrichAHE%=
99%) €] FeSOy7THO& ©]8-3t3lth. B8t Lindane s 5%
3171 §3ll Fisher ScientificAH=% 99.8%, HPLC grade)
9] Hexanes o€k oW, o] 2745 (Ion Strength) 4
< $181A Junseirte] NaClOsH:0 G 98%) & AHE-3H1

&

[e]
Al &F7] QlEl UV 52 7ksA] W22 3k A
off ARg-st AE AX= WH37), AR, wREY| O
T35 0] Qleh WEE7]E &%Fo] 650mL]] Ake)Ado] Fat
7F53t pyrex glass® A|Z81 0™, 9 FHol| UV &>
(FY7 % 2.6W, Sankyo Denki Com. Blacklight Blue
lamp, F15T8BLB, o} : 315~400nm) & Z&s13ict. &
o] AF-E WEHE AL Apdketa wbe7] A P UV
7h ALl ZARE = 51 flste] wEET] 2ol A
F2EGTh Aol oA sk Aol o3 Y
#2:3} s7)913l S tube o)l WZRE AR W
£ TEAA HbE 9] 2% S WHEIGlTh w1t
N Az shdel= WRPE AX|ste] Hhg- §-dlo] 73
st AHE AXEEES SIStk BES7)9] A= Teflon
tapes ©|-8-3fo] 2]
o] NaClOsH:02] #5%5 0.05MZ H3lt.
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Fig. 1. Schematic diagram of reactor for AOPs.

2.3 AlE g 24 Lindane & S7MMAHE AU
231 UWV/HL0. 338 24.1 Lindane?| 242+
UV #ZE 2HEA]7]7] Aol Lindane§912] %7] pHZ Lindane¥} Hexane< ZH2Z} 2mLA #Hslo] 187 AH3]
zAsl9on pH 4L IstekA] 125PD model S o] & &3l5lo] Lindanes 2319 th 52 3 %53 Hexane
a3tk o] - HoOo7} H7F= AR WhE A& AR o= 9] &gk el gt Ydielz]elA 3000rpme] <
A7star, H07t H7Fa 3 FAlell UV I E ZFsAIieh LR 137 A3 s AAEith 8 $ Hexanes W
S A2 & A AIZF 7HAS 2 samples AFHI F w2 FHeon 11 F 2uLE GC YR AUAE o] 85
Hexanes ©]€3}¢] Lindanes 5313tk UV/H0, 3 o] GC—ECDell 24 333t} LindaneS #4371 $l3i
AL ZF HRSAIZEE 120802 At X1 HP—5 capillary column(J&W ScientificAl, 0.32mm
x 30m x 0.25um) ¥ AA¥EE7AZ7] (Electron Capture
2.3.2 Photo-Fenton 248 Detector (ECD))7} “2Hel  Agilent Technologles/\]-
Photo—Fenton 37 Fenton A|eFo] 371E 3} FAl 4890D GCE AREslo] 435150, o] W02 %359
UV #AZE 2K A 00 7 =742 HES A]ZA7ko 2 A < 7% Lindaned 3|5&2 84~92%= uUERtoH
Aarit). Wks- AlgE & A AR 7HA 22 samples 2|3 GC—ECD®llA] Lindane¥] #H%&3sHl:= 0.1ppbelstz gl
3} B Hexane2 ©|&3}] Lindane g = (liquid—liquid At
extraction method) 3}31t}. Photo—Fenton 372 Wk
A& 5 Zdtef] W2 A] Hhgo] AJZE| T 103 77} o] $-F-E 242 BN E BMahH
© W& 58] Aashs AEE Bl T WAl Lindane©] 3ll=& vHeA =2 dteks 3t U ES
6007 dAgskslntk w4371 H8 271 %E Sppmo® Ao,
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Zy7} 5mME F3t) B3 Fenton A12Fe] £ FA
UVE 7}sA17 Photo—Fenton 78 2% W-5715 7153}
Gk "k AJFF & A AIZF 7FA 07 12mL A sampleS
HFHE 5 HNO; &4 o] &sto] pHE 20]et= 43
5, Ak 2.5mLE o]8-sto] 3ERE AYs] sl F&
(liquid—liquid extraction method) itk F& & A4+
215 AAI81] HexaneZ % W2 FH 3 GC-MSDE ©]-8-35}
o FHAGES BAEIE SN ES EX 5] Sl4)
Agilent TechnologiesAte] HP—5 capillary column
0.25mm x 30m x 0.25um ¥ HAZFEH7](Mass
Spectrometry Detector (MSD)) 7} A& Agilent
TechnologiesAF 6890D GCE Alg-3sfo] A1)

3. 21 % n&

3.1 Blank Test

AF Akl Aol A Lindane©] #8910 2 2| 3|uks

3l AAHE=A ] 75 sefslr] 918l Lindaned] 7]
F55 50ppb® &}, pHE 3, 7, 9% YA 120 &<t
magnetic stirrerg ©]€3lo] WREF A|JAFEAT} 1 A3
A& 2% olUE JERger, wNkEE: FalMe=
Lindane®] AA7F A2 dofvbA] o5 & AUt B3k
UvVelk 2416198 7494 HyO 0.1mM, FeSO,»7H.02

1O el ooy
08
_ 081
Q
[S)
04 ——e—— Stimeralone (pH3)
o] Stirrer alone (pH7)
——-y-——  Stirrer alone (pH9)
024 —=A—-- Wonly (pH3)
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Fig. 2. Blank tests and experiments with reagents for degradation
of Lindane (Experimental conditions : Co=50ppb, NaClO4
=0.05M)
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Fenton A|2Fe] 955+ Ho029 FeSO,7TH.08] 55 % 0.1mM FEZ U35t 12059t wRAT] 9o & F-3f

o 717} oF 5%, 3%, 5%= YJERL, UVLF HOy, Fe? ke
Z¥ Lindane?d] #&lo] & a3} Qe Zo= dugn)
A3 A3l= Fig. 20 YR

32 UV/H.0, 33
UV/H:0p 3742 FY=E UV Suf 2807 AkshA]

HoOo 2 H-E WA E = o 31 A4 radical (HO2, OH &) 2]
AeEg st o g wAES vRe oy f71E4,
T 9T & LHdEEdE ﬂ*‘ﬂ © % COz8 HyO, mineral
acids 58] Falg shehEE A7 a4 el
7Fedt 2dE AEA7IE FITHE, 1998).

HyOo= 2 317 300nm w|RES] UVel eJste] 21(1) 2
7o) OH radical 2 2152 © 2 343 ¥t} (Baxendale 5,
1957). A3 ul$- 783t AksEA<9) OH radical 7]
SHHE(RH) & ARSI 7] radical (R) & YAk, o]
Al A4 7] radical WEg/do] ot 4t v ZeE
t}Legrini %, 1993, Venkatandri &, 1993).

1/\ ol
=

HoOy + Av — 20H: e (D)
RH + OH— H;0 + R— futher oxidation (2

Fig. 3¢l vehdl uls} Zo] Lindaneiﬂ %7]%5% 50ppb,
pH 3¢ ZAA Hy0p FUFS 0.1mM, ImM, 10mM=E
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Fig. 3. Degradation of Lindane by UV irradiation in the presence
of H:0» (Experimental conditions : Co=50ppb, pH=3.0,
NaClOs=0.05M).



HEHEESYR|, =g
247 13, pp.109-117, 2¢, 2010

WAl A3}, 258 0 F 747} oF 9.8%, 15.5%, 15.0%7}
walEe] AAH I HO 527t 57 &5 Belle s 5
7¥etol ot HoOy 8%t ImMoldo] H& 45, 1 o
&) S7FIA gkt o= %S 239381 H0;,
ol AL H,0.7}F ol o] 009 HoOR Widkele] &
Faw7] whiEo 2 wekEh HOp0 &0 2 418}
w 1ok UV/H0057d0] w8l o] o] Z71ekil shsie.
ATz = UV/HO, 3Rt 2= & wallas
ElbA] okobt). w3k Figd9l o] pHe| Wil 34
a8 & JTFS XA P AoE YERTh
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3.3 Photo-Fenton =&

331 HO, T2k #ato] mE Photo-Fenton 38 &2
o| Hs}

Photo—Fenton W+~ Fenton #H8-2} UV/H0z &3]
Agtelo] AbsAEZA f71 A5 nlag Ao R vheeh=
OH radical& A3 ¢t} Haber 2} Weiss(1934) = Fenton
28} 9ES-2] mechanisme- o} ¢} 742 A4) WkS-(chain
reaction) &2 A9+t

(7D 7WA: radical 43
Fe’" + 2H,0, — Fe’* + OH- + OH - (3)
(hdzk 7HA] dAlelA A3 radical ZHE A2
radical®] A47d

OH - + 2H20; — HOy - + H2O = (4)

HOz + + 2H:0p > Oz + HLO + OH- -+ (5)
(th#4: radicale] 24

Fe’" + OH- — Fe’" + OH" =+ (6)

21 (3)9] Fenton HkZollM 4871 Ferric hydroxy
complexes, oIE 59 Fe’*, Fe (OH)* 5& UVel| &J5}o]
R Ho] Fe’ ¢ OH radicals 848t} (Bauer %,
1999, Engwall %, 1999). Faust2} Hoigen(1990) 2]
o] 98 Fe(OH)*' 9] F5AdE 0] 420nme] 9}
A7) dehfe, i)l ekagadel ojste] Fe't o] 3wk
€] OH radical®] 2oz =gs3ic) uwlehA
Photo—Fenton kg2 7]&¢] Fenton Hk&-o| UVE A
3lo] Fe®" 9} Hy0.9}2] Whgol <la A4 Fe'' 5 whz
SHFA el o]g8h7] Mol A Fe™ 2 e A1A o W
OH radical® HAHEZ 3o 74 Fenton WH3of H]s|
Photo—Fenton RE-g-0] Hojit 485248 7H< 1 Ik (Z=
=, 2000). Y¥H4© 7 Photo—Fenton 374 2 <]
pHE 3~3.5% &4 AT, 2007).

Photo—Fenton &34 Fe* 555 0.1mMZ 1173}
P= W, O, 79 F55 WA, RESAIA 605
AHeRS v H:0. 57F 0.01mM, 0.04mM¢S! 7%

06

CIC,

04 -

02 —e— pH3
O pH7
—v¥— pH9
0.0 T T T T T T
0 20 40 60 80 100 120 140
Time(min)

Fig. 4. Degradation of Lindane at various pH by UV/H.O» process
(Experimental conditions : C¢=50ppb, Hx0=10mM, NaClO4

=0.05M).
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SN 0
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Fig. 5. Effect of the HxO. concentration on degradation of Lindane
in the Photo-Fenton process(Experimental conditions:
Co=50ppb, Fe*=0.1mM, pH=3.0, NaClO=0.05M).

Lindane©] z¥zt ok 37.4%, 94.5%7} %-af=| ek, wst
H:025 %7} 0.067mM, 0.1mM, 0.2mM¢! 7-¢- W&
30%-S A0S W 99.9% o4 =l om], ImMS]
Aol HEEAIE 602 Aol W 99.9% o) il
9k HoOoFU o] 0.1mMY wel 0.2mMY o H-3
F&o] 2 2ozt Qiglon, Hy0x7h AA Soldr= a8
Aol 27 H,0, FU% % 0.lmMo] Ao 2 sk}, u}
24 Photo—Fenton®lA 2 2] mole ratio= Hy0s/Fe? ©]
oF 1.02 e}, Avl= Fig. 59 YeRISi
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3.32 FeSO; - 7H,O T2kl w2 Photo-Fenton =&
& W3t

Photo—Fenton %7@ of| x
W Z4A0 8o s et
uvel & “‘HHOPH =, ad1cal°] Hé
3Fo] OH radical®] 2Xef 7] 45]-74] HH(Walling, 1975).

H:0p F52 0.01lmMZ TAA7T Fe 395 es
0.005mM, 0.01mM, 0.02mM=Z H3}AZ) A3}, w5412
602 737381992 v Lindane 2+2; 9F 51.2%, 58.9%,
58.0%7F H-alHSIt Fe*" Flsnrt 271 45 A%

(e}
e ST, A

Okg] oo

_51_‘_4_1_,
E

H] € (mole ratio”} HyOo/ Fe”*
o] ok 1.0Y W) Hol7hd Fe*' & wEha FYsiehe
& FallEo] O ol Sk Fokth o]+ B HO.7}
AEE] O o] Bl anrt BAgEkA] o] Wiz o s I
=™, A3yl= Fig. 60 YERASIC
333 7| sk Hstol| wE Photo-Fenton 38 &2
g5}
Lindane®] %7|
B7F 3 A3 247} oF 58.8%, 68.6%, 87.5%7F F-3H T
2t} Photo—Fenton 3494 Lindane *7] %7} =7}
s el ado] hadshe A ERIsglon, Av=

Fig. 7¢] vehfsict

557} 50ppb, 25ppb, 5ppb & |, 60

3.34 Fenton A2k Fol2ke| viglof 2 2 H|W
kA ¥ Photo—Fenton HF3-ol42] A 1] (mole

ratio’} HuOo/Fe? o] oF 1.0) & F9JAloke] =% wigle]

10
—e— Fe* 0.005mM
0 Fe 0.01mM
084 ~ —¥— Fe’ 0.02mM
06 1
°
Q
O ~
04 i
021
00 T T T T ; T
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Time(rrin)

Fig. 6. Effect of the Fe?" concentration on degradation of Lindane
in the Photo-Fenton process (Experimental conditions:
Co=50ppb, H0-=0.01mM, pH=3.0, NaClO; =0.05M).

e B 82 Avngitt F9EEE H0, | Fe’ 7}
0.1mM : 0.1mM, 0.05mM : 0.05mM, 0.01mM : 0.01mM
= WS ZLE I AT A FYE Tt 7S 16

HlElste] #af g&o] S71eIit) 0, : Fe*' 7} 0.1mM
D 0.1mMY A9, Bk Al $ 30+ A 2813S Wl Lindane
o] Fall7F 99.9% o R oM, AlokglEs ZAnke.
& %9 HyOy : Fe*" = 0.05mM : 0.05mM% W% w3
A2 T 1A1Zke] 4 2HekelS Wl Lindane ] #3817} 99.9%
ol AyHUt  wFe  Fenton AlFE  o]&dt

Photo—Fenton #7494 Lindane?] #al7} & dojFs
storsli o A= Fig 8ol YeERgith
S
S
00 : : : : : :
0 10 20 2 @ 50 60 70
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Fig. 7. Effect of the initial concentration on degradation of Lindane
in the Photo-Fenton process (Experimental conditions:
H:02=0.01mM, Fe?=0.01mM, pH=3.0, NaClO:=0.05M).

—o— H0,0.1mM+Fe” 0.1mM
0 H0,0.05mM+Fe* 0.05mM
—¥— H0,00ImM+Fe* 0.01mV

CIC,

Time(nin)

Fig. 8. Effect of the Fenton reagent concentration on degradation
of Lindane in the Photo-Fenton process (Experimental
conditions: Co=50ppb, pH=3.0, NaCl0,=0.05M).



MBS =2
243 13, pp.109-117, 2€&, 2010

34 7t 3¥Y 2Edllgg Hl 35 FHYME AT

Fig. 9] 7} 3= el a&S vlwste] Yepgith A A7 AR 38, =4 0 F Lindane
Lindane?] %71 %2 50ppb, pH 3, Hy0,=0.1mMZ % = Wallehs ATtellA] - FY et siEe] Lindane -3l
s AT AeelA] A8 3 EE e a8 7327} AIX = STE Lindaneo] #87F R €55 294
H WSt ol a8S w2 0% Ydshd Photo—

s} wkgoll o3l a7t e AEgE JERSITE Fu 5
(2005)& a—Fey03% ©]8¢ Lindane?] #isl 54 A
TolA 784 E2 PCCH(Pentachlorocyclohexene),
TCBs(Trichlorobenzenes), DCBs (Dichlorobenzenes)
= ZRlsk3lrt. B3t Phillips 5 (2001) 2 HHE2jols o]-83t
AESHA Bafloll ] 8452 DCP (Dichlorophenol) 2F

Fenton ¥, UV/H202 379, HyO25k 43 A¢ 02
Photo—Fenton &7°] 71 &&o] £9th

" TCBE #1518t Fig. 10 o LERd niel o] wkg- AJ2F
e . . 108, 208, 30% ATeAE W A sampleiy
| PCCHE gelgigion o]= hx] A3t d7:x1509] 23|
“ yle) 7 2RI QA B o] FANE B4 Avis
LT e e G849 Lindaneo] oj® #g o Rajso] 7h=AE
0641 . - - - . - -
S|4 —v— H,0,0.1mM+ Fe? 0.1mM+ U(Photo-Fenton) 743 = QA 3t Lindane #-38l157] Al<shd @4
° ) 5 wkgo] ZayEw PCCH, TCB, DCB, DCP, TCP
4]y = i _
o4 \ (Tetrachlorophenol) 52 % &=t} HF5H 02 CO%}
\ H, 0% #3i€ Flolg} 4%t
024 ¥
\\
v 4. 4 E
0.0 —— ¥ : : :
0 20 4 6 8 10 120 140
Time(min) = Od:FLOﬂ}\TT:‘ O% Eiﬂ'xl I’_Eﬁﬁ}ﬂﬂ%@ %‘ UV/HZO&
Fio. 9. Tho decradaton of Linkane by vai - Photo—Fenton &7%3-& ©]&3l] %A Lindane®] 3l
19. 9. e degragaton O noane Py various comoination processes EAJO o= L= q _ O 2 2107 0
(Experimental conditions:  Co=50ppb, pH=30, NaCOx =4S derstel 71 A Ql Azl S e sigle.
=0.05M). v 1 A v g2k
AU ancs TIC: 208N, D
Hif:bf.‘.l
14000|
12000
10000
i
nufm:’
GO0 |
-mrauf;l
ij
zoooffly J
ol Wy Ly [ » :
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Fig. 10. Gas chromatogram from GC/MS analysis of the Lindane reaction products (Experimental conditions: Co=5ppm, HO=5mM,
Fe®"=5mM, pH=3.0, NaCl04=0.05M).
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1) Lindane-=> 2k Zdejellx] A2 3|7k doubA] ekgke.
o, UVY Hy0,, Fe™ RF 0.2 3918198 7390l
Tl ago] 5%olstE Sl ATt AL e AOoE
EFATE
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