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ABSTRACT

Advanced oxidation processes (AOPs) have advantages to reduce the processing time and mineralize contaminants
dissolved in groundwater. Recently, remediation techniques for organic contamination in groundwater have been studied,
and technology using UV/H,0, is generally accepted as one of the most powerful and reliable alternative for the
remediation of groundwater contamination. In this study, UV/H,0, technology, which generates hydroxyl radical ( - OH)
as known for strong non-selective oxidant, was used to degrade chlorinated solvents (TCE and PCE), and it was expanded
to apply continuous stirred tank reactor (CSTR) system (i.e. combinations of three CSTR). The tested parameters for
CSTR system were retention time and groundwater/H,O, injection volume ratio. To find optimum parameters for CSTR
system, various retention time (6 min ~ 90 min) and groundwater/H,0, injection volume ratio (5/1 ~ 119/1) were tested.
Other conditions for CSTR were adapted from the batch test results, which concentration of H,O, and UV dose were
294 mM (0.1%) and 4.3 kWh/L, respectively. Based on the experimental results, the optimum parameters for CSTR
system were 20 min for retention time and 119/1 for groundwater/H,O, injection volume ratio. Applying these optimum
conditions, chlorinated solvents (TCE and PCE) were removed at 99.9% and 99.6%. Moreover, the effluent concentrations
of TCE and PCE are 0.036 mg/L and 0.087 mg/L, respectively, which are satisfied the regulatory level (TCE 0.3 mg/L,
PCE 0.1 mg/L). Consequently, the CSTR system using UV/H,0, technology can achieve high removal efficiency in the
event of treatment of groundwater contaminated by chlorinated solvents (TCE and PCE).

Key words : TCE, PCE, Advanced oxidation processes (AOPs), UV/H,0,, Continuous stirred tank reactor (CSTR)
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S3oZHA HARl 23} A7) o] Fo Kol S, 47
(incineration) 59| WS o8& ¢ tholgAlel A4
T3 22 ©HE JeERATHGehringer et al, 1988;
Alibegic et al, 2001; Den et al, 2006). WelA, o]}
2 FAE FE] 9% vikke g 22 g2 AP
ZF <l Rt 7ieek seka Aelugo) daA 3t
FER 298 A B EY B ges 7% wn
At G4 SRIER odE BEY E A3l AYE 9
&l AFEHI J= 7IHLS permanganate AF3HHood et
al., 2000; Huang et al, 2001), persulfate *r3H(Liang et
al, 2004a; 2004b; 2007; 2008) “12)al ARSI E]F
ZJ(Advanced Oxidation Processes; AOPs) 5°] o,
1 F 1=k F A (Advanced Oxidation Processes:
AOPs) 7483t A18HA191 hydroxyl radical( + OHYS A3
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9} H,029] AHENE 7Fe3H STHLegrini et al,
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THMauk et al, 1976; Prengle et al., 1980; Prengle,
1983; Belhateche and Symons, 1991). 19973 Shimoda
et al> 784 FEAS Al A3t VIS - UV/
H,0, BAsE4E ol&st wheria ERix} whe4e
=4 4 tubular flowd flow stirred tank reactorsol|A1<]
A3 ®Rusol &3k 20063 Zhang et al-2 Fenton
reagent’ss ©-8%F AL =837 (continuous  stirred
tank reactor; CSTRYE: A-83}o] wigx] &= X3k
ARIZE Qiet. of#igt 71E aA7Ee sHEA0] B 2

Hol gFolx] AU £ SHEHe] HIlas To &
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b, B A7 %28 TCE % PCER 28% A
slgre] aaERl AEE 8t exssitu 3HLE pump
and treat 23 QAT 7¥sEk, E32Q) UV/H,0, 7)
He AE3 AsAETA A2EE st JE5A
g3 A2ES M) ete] AL uRIR AR
(continuous stirred tank reactor; CSTR)Y] Hele] FA
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2.1 AENE

A AFHE A1717] $I8} trichloroethylene
(TCE, 99+%)%} perchloroethylene(PCE, 99+%)c Sigma-
AldrichAFe] AJE-S AMEEFHoH, AFSEAIR] hydrogen
peroxide(35%)y= JunseirlS] A AME3IGTE. TCES}
PCE®] o-B3Z(liquid-liquid extraction)s}7] ¢+ Bl
2 JT. bakerAl9] n-hexane(95%)8 AFE3SIATE A7)
g BE FEIL AquaMax  system(Young-Lin
instrument co. Korea)E ©]-83}o] AZE 18 mQ-cm
deionized waters AFESIT}.

22 AEVIT :
B AEAAAEE FrBsl] flale] Alglel A
Fe2 Hke71E dAIsINeH, £ - AFSiY. Al

He F wkgy] iR AR 3o, )] ¥RET|=
2R A7t Hes AEE AF8Y 74 vk
FFAL- Fo] 248cm, AE 65cmEA FIE 08LE
AR At ukgr|e] 24 9@ Q/N= stainless steelE Al
AEom, T e o AEHe Fd) o3t &4
#H28k3l7] 9ISt Teflon AEZ ARISIITE #2829
Ag AHAE S5k he) AE AFHATE FFEen,
Bltolls AkshAle] F1e A% Ml FYT-S A2
ok T3 Addlle 109 wiETF 2 whE A ¥R e
A4ES 2] A% 7R wiETE AR

2.2.1. UV lamp
BE Ao AREE UV lamp2] £ 0.008 kWolH,
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L 254 nmE GR2lo g AR Aoz olAATF
Ax2} FLS UV lamps ARESISITHEATF 9], 2007).
S, AFolxe] UV ZARFE UV doseZ UERN O,
UV dose= UV ZARZEY AN digh gho g ohe
I e AS o83l ARIsItH(Salari et al., 2005).

UV dose = 1000xlamp power (kw) xtime (hr) M
treated volume (L)

2.3, AEER

UFEEN A B=e)] d4A SRIE(TCE 80 mg/
L, PCE 30 mg/L)Z &3 299 AF0 g 8BS =3
F AE=s Bl sleAis LEsAs B0 o
SR INETIE FYSITh A WA ¥eTIE 7 &
Ho| ZR1gal FA UV lights: HSAIZCEA vh-8
=

WA A 3R HRgT1E o8] AdelM A<
FHo= AAH W3-AIZF 90 min, UV dose 8.6 kWh/L,
B A FE 294 mM(0.1%)E 71EAQ w2 Ae
2 ALtk EAT 9., 2007). A5 7Hretention
time)S 7102 YT ATt HFH 0 R AEAA S
o, AlEAF & HS0, 100 pLE 0|83l Xg9] pHE
2 ol3tE 243l IRBGAE 8 oA gEiag]
ozy A8l 28 Whgo] FAEHEE S5t A
8 ImLe} $2A4Q) n-hexane 15mLE A3 1:15
Byl A% & 287F vortex meterS o 83)0] &

£ S5t e Age 3 di71sk dlelx =ik

23.1. 33 APzt =2 49

A AgAkE =231 A% AEE s) Hs A
HA Wkg7) We] dRielEA e 29.4 mM(0.1%)y7}
FAEEE sleid] 27FYEEE 294mM, 2.9
B iksles FUHIES 912 3o, A2
e Z47) 6, 12, 20, 33, 40, 48, 60, 81 min®.& W3}
£ Fol 48& 58Tt

2.3.2. LYE€9N/H,0, HF FYRIulE =2 4%

TCE®} PCEZ &3 0% X349} Filslte] F
7 FAFamleEE =55 98 AFAREE 20mine 2
B8N, FYRIEIL-S 47 501, 9:1, 29: 1, 59: 1,
119: 12 ¥8lE Fo] APE TP}, 7 Aol 3}
2es e 3 WA 98] 71E 294 mM(0.1%)°]

TE ZNFYUEES 47 1764, 294, 882, 1764,
3528 mM FUsIHTt
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TCE ¥ PCES FEFEE Agilent Technology AR
6890N Gas Chromatograph®] electron capture detector
(GC-ECD)E ©]83l EAEgen, £4d Ad
capillary columne J&W scientific A2} HP-5(30.0 m x
530 um, 0.88 pm)S AMEIIHT LEEIL ZIIREE
45°CE A% F, 2T 15°CE 10000714 3531
A3k, 1 &, B 10°C9] =& 150°07H] et

om, HEFog B 30°CY £EZ 270°C7HA s
3l Aog AMAASATE Injectord =T 250°C,
detectord] 2EE 280°CE A3} O™, carrier gasE
AHEE N9 flow rate® 6.3 mL/min®& 3}k 3,
injector®] split ratio= 1.6: 12 A3} ¥H-e-8-49]
pH 274 2 24L& Orion Research, Inc.(Ma, USA) A}
9] pH meterE ©]-83153T}.

3. 43 ¥ I

o]Z AFolxe] FE whETIE o83t ARdA F
o] zA02 EEF ¥REAIRY 90min, UV dose 8.6
KWL, B854 5 294 mM(0.1%)E 7% 31y
AR FPATHEAT 9., 2007).

3.1 HE MMz =&NE

A< el 98- 7] (continuous  stirred tank reactor;
CSTR)} 843 Hrt AgolA 71 a8 A= 19
He R 9ke7IE BH3ke whEAIFAIReIT d5u
wEERkg Yo 588 SUERl] it dAR B
£ Fol 29457t AjHolof 3, 1 A2 4 9] 2
dslgtEe] AARE =3 Folok gt maElx, HE A
AP =E317] A% AREIL Table 13} 2t

X 288N B0 FRYFIHIEE 0: 1% T
Aagon, e WerE B T8k weAIFARE
£ 6min(R8), 12min(R7), 20 min(R6), 33 min(RS), 40
min(R4), 48 min(R3), 60 min(R2) ~L&li 81 min(R1)2-
2 YRR HelE Fol HkgARM wE Eass v
Wk AFS FYsIATh wREARAITe] 7Y 1 AY
Z7 81 min(R1)E ZE31%e W] 245 A¥RE, 2
dre] 58 B2 27 mL, ABHAIQ) Atslgae] i
& B 3mlE Q@8  IskpAe] FNIHES
9:10]9, ¥ 1% 30mLe] f&o g W78 AR
oluf z}z}e] 0.8Le] ¥WhEY] IHE FHshe ARle] 81
min®]™, 37)9] W75 sk 59t E8do] Hkg
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Table 1. Various experimental conditions according to optimum retention time

No Vr Vw Vi202 Retention Time (min) UV dose (kWh'L) Treated total volume (L)
R1 30 27 3 81 4.5 243

R2 40 36 4 60 33 240

R3 50 45 5 48 2.7 2.40

R4 60 54 6 40 2.2 2.40

RS 70 63 7 33 1.8 2.31

R6 120 108 12 20 1.1 24

R7 200 180 20 12 0.7 2.4

R8 400 360 40 6 0.3 24

Table 2. The results of removal efficiency, standard deviation and residual concentration of effluent with various retention times

Experimental Removal efficiency of each reactor (%) Residual concentration of
Components .-
conditions Ist reactor 2nd reactor 3rd reactor effluent (mg/L)

R1 99.4 71.2 0.4 0.197

R2 972 83.8 7.9 0.176

R3 97.2 90.2 16.5 0.138

Trichloroethylene R4 95.1 91.5 29.0 0.208
(TCE) R5 93.4 92.5 51.6 0.165

R6 85.5 90.3 76.7 0.161

R7 83.1 80.2 853 0.453

R8 70.8 509 57.1 5.569

R1 99.0 91.4 2.8 0.023

R2 96.7 89.0 72.9 0.030

R3 95.1 953 69.1 0.033

Perchloroethylene R4 91.9 93.0 68.2 0.048
(PCE) RS 81.9 91.9 84.5 0.038

R6 81.2 86.0 80.8 0.054

R7 74.7 68.2 80.9 0.543

R8 61.3 334 41.4 6.595

UV ZATRE 2] 1o oJA3t 4.5 kWL o), ofd,
A HA RE37)0IM] TCES) e E8-2 99.4%0]3, A
HA) REg7lellx Aejgl gdo] g vFoR T WA
k7ol e Al as-e 71.2% 2 F A ¥kgy)
oA el godlo] FEE 7IF0F 04%2] AlasS
HRoRA, yle] vhev]e] Hit AM2EES 57.0%= U
ERTH(Table 2). Z7Fe] Hkg7loflA 1& X2)Ea8S B
olx] Eslar A WA Hhg7ole] H- oERE HYow
A, ] ¥hETIE BEHOF o|83A] Eihe S
RIS}, Bk, 7 wkgAlFAIeE Qtsle] HE A
glralld TCEQ) F%+ 0.197 myLE AR3#S wiE 3
S71E3] olBIR] 0.3 myLE Sk 29E Jepiick
(Table 2). ©)%, Az} WhSAFAIINS ©&3)7] 95l
60 min(R2), 48 min(R3), 40 min(R4), 33 min(R5) 17

320 min(REQE Z218 Wikl A¥st A3, TCE
it B ESS 22 63.0%, 68.0%, 71.9%, 79.2% 1
I 842%% WREAIFAIZIO] ©EESE H TCEY
HYEE0] VM A ERIBIHFig. 1). R2olA
R69] ZZAMSIME R17} vl HRZ 03 mg/L ©l5}ke]
FEE TSI ole AlZte] WEg WE Uve] =
AlRe ZAE RN ATl 9EERE Y W
S0l 18 HEE&S yehlied 7RIske 3o
A}ZE K Table 2).

A, whSA|FAI ] GEEsE AeEge] Y
9 o)Folx FHEAE W AL IS ThFig 1)
Table 20| Ax}Z B, R73} R8Y ZHo|A= Hit
A Ego] M3t i3l s ERIT F o, =3
0.3 mg/Le] BX7IER o3l UESA] il A ¢

£
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Fig. 1. Average value of removal efficiency of three reactors
using various experimental conditions by retention time.

T At ol#d AFe FAREF 59 STl e
JAFAR] U dEEo] 383 UV A 81 £
gl w2t Uv 2A1eF dsladel] o]’ -oH e
olgA ¥ -OHZ TCEY ¥hgo] &E=A Hei= &
Aoz diE 4= ) 1 moLle] H,02= 2mole -OH
E WA (2] 2), o]EA BAE -OHe 4] 33 Zo]
TCE®} WR33CH(Chen et al., 2001).

2-0H — H,0,, k=5.3 x 10°mol s )
“OH + CICH = CCl,— CCLCHCIOH, k=(3.3-43)x10°
mol's™! 3)

t3kd, TCESF H,07} ¥H83l Co, H0, O, ¥
HCHS: ¥t slelelaale v 4] 49} ZtH(Shimoda
et al, 1997). '

CHCl; + 5H,0,= 2CO, + 4H,0 + 0, + 3HCI @)

TCES} 3l EA18k &= PCES] 7%, TCE2 A
AR} fARE A VERa ok A¥ZEA Ri6IA
R6Z RHEAIFAIO] 82; ZABFE )] whE7]olA
A EEL Rl ZANA 61.4%) A28 veRd A
& AQslae ZE FA4 80.0%Y e AIEFLS
Holx o}, w3 R6 ZA7ERA] wRSA|FAIT0] 74T
2 o] vl A} 1E FLS Hol= AL ¥
A3 4 glolor, RT3 ReAME AHxF X ago] 7
3= AL FIETHFig. 1). PCEY Xalo) oA
AL RS 27024 HAF AHE$e] PCEY AEFEE
0.038 mg/LE ¥HSAIFAIZMS HUlZ 9&319:8 w9 F
AsEolth(Table 2). 3KA9}, TCES} PCE SAIXEol] $1

)
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2 SZdlF & B9E YASFS W, Fig. 19 Uehd

Az} o] T 3¥Ee] HAEEEY wAEA R6 X
7o) HZ 9] HSAIFAIYUE SRIF 4 Ut PCE
gl o] R6 79| 7S, Ha HBEEC] 87.2%°]
o, 3% Ag4 W9 PCEY AEFETT 0.054 mg/LE
Uepdozx Ex Ae7|EA olst ¥ HAAMEES
TSty Ao RS ZARTH ¥RSAIFAIES 13 mine
9=k ode JHAT Qo) weEk, B ARE VRS
3lo] TCES PCEE B3 299 48 Ao o

N, o

E
o o

" CSTR Al2EE FH8d 3¢, 3 H3AFAIRER 20

min(UV dose 1.1 kWWL)?] R6 ZH0E TEE ).

3.2. QUBMNM,0, X FLROH|E & MY

A WSAFAIE tEo] CSTR Al&FlolA F88
e v folEe 89 F 295t I
20| FURY vlgelr). vkgY] UlRe] g EF =
T9| HBAE 2] 3] 35%9] TEEe] 3
AFARE AER SIME IRseATE FUE 5
Ak, shAEE, #e whSAIFARE o] B2 4] 29
£ A2 o B} 5852 340] 2 ZoF WUHd
w2} Q4G slae] HA FRET] vlEe] &30
gaezjold), wehd, 9 =F9 AelM TCES} PCEZ
H3} o9 5894 Ao Jo] =EE HFo vAlR
AIZFS 20min(RE)E 13T, FYEIHLS Z7t
5:1(11), 9:1(12), 29:1(13), 59:1(14), 119: 1152 ¥
32 Fo AFE FYIATE 7 AP 2L Table 3
I 2.

TCES} PCEE B3 2.9€ 894 Aglol] loix TCE
o] AYZA= thed} 2t} Table 49142 TCES %
ZA2EEE AR 11 2AG: DR FE39S o,
0313 mg/LE TCE HX7IEAQ! 03 mgLE 273
AE HoFEw Qo) B3 12 2A(9: NOE 8319
£ 735, 0265 mg/LE HRIIER] osle TS Jlo
U, TCEY HE A= F=7} 0083 mylsl 13 213
igF 3RSt =25 ERIEIIT T8, 14 ZxdolA
I5 U002 4] FUlEo] Ilsleie] FUvE
Ho S/ 2 TCEY &% ST} HA daske
7% Bt

PCEQ] HZAHE Auuy 11 27004 15 270z
AR egde] F=URy vlge] SUIESE PCEY HF
AEFTe HA gadskes AES Bola itk A
I 2787 4 279 H9elAe] PCEY ¥F IEsE W
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Table 3. Various experimental conditions according to optimum injection volume ratio of contaminated water and hydrogen peroxide

No. Ve vw Vino2 Retention Time (min) UV dose (kWKL) Treated total volume (L)
I 120 100 20 20 1.1 240
2 120 108 12 20 1.1 240
I3 120 116 4 20 1.1 240
14 120 118 2 20 1.1 240
I5 120 119 1 20 1.1 2.40

Table 4. The results of removal efficiency, standard deviation and residual concentration of effluent with injection volume ratio of

contaminated water and hydrogen peroxide

Experimental Removal efficiency of each reactor (%) Residual concentration of
Components .
conditions 1st reactor 2nd reactor 3rd reactor effluent (mg/L)
! 86.6 894 76.3 0313
. 12 85.5 90.3 75.7 0.265
Trichloroethylene B 85.4 91.7 90.7 0.083
TCE . . . )
¢ ) 4 83.8 87.3 98.0 0.071
I5 84.8 91.3 95.8 0.036
i1 80.8 82.2 80.6 0.254
12 81.2 86.0 80.8 0.172
Perchioroethylene B3 79.8 84.0 85.8 0.151
PCE . X . .
¢ ) 14 75.5 79.4 87.0 0.133
15 76.9 83.9 88.9 0.087
9 0.254-0.133 mgLE PCE ZEAEEES) 0.1 mg/ o . o
L& SR Zap, 9] 15 275k 0,087 mg/LE . e 0
0.1 mg/LeElE “73‘—0}95\‘:} RN o

ol& Fig. 29 A9z MAwd
& ok TCEY] H2as-e 2949 nl&o] Ha 7t
Sholl w2} Fo Ajage] Frpt SdsH] Heole v,
PCE®] 4% &tst 277} Hol=d| o|& -OHell <J3t
TCE9] Bd&r e} pCEe] Hel&wr}t atla Bug
71&e| g HHE 4 AtMkiee=4.0-43 x10° M5,
kpep=2.3 =28 x 10° M's"")(Buxton et al, 1988). OH
o 340 23t PCES] &hlslks} whe-2) (2 5y e
ZtH(Kang et al., 2006).

CLC =CCly+40H — 2CO,+4H" +4CI &)

°F = A7 ghgTlelA A Eso)
S —Em‘ifkc As g3d & ¢ Uk 7 ukgv)e]

113} 158 8lwdle uf, Y54
&ol ofF 208 Holdel wlz} A WA, F WA wE7)e
el FElEES A7) U] @Ag, Al WA 1'%7101]
Aol 7t BEY B i Zole TCEY A
19.5%, PCE®] 79 83%2 JERIT)

HA 24 159 7 vkgoPE Relg8-2 TCE= A

60

40 -

20

Average value of removal efficiency (%)

{3+ Trichloroethylene (TCE)
(-« Perchloroethylene (PCE)

11 12 &) 14 15
Experimentai No.

Fig. 2. Average value of removal efficiency of three reactors

using various experimental conditions by various injection

volume ratio of contaminated water and hydrogen peroxide.

2

1R w27 84.8%, F WAl ¥ES71 91.3%, A #iX wt
271 95.8%0]3l, PCEE A WAl 9-87] 76.9%, F W
A whE7) 83.9%, Al WA vk 88.9%H3 o, HF X
2888 TCE 99.9%, PCE 99.6%% et s
% T3 TCE 0.036 mg/L, PCE 0.087 mg/LE 2HiH=
WEEE 71E3] ot TEE TESIATH(Table 4).
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£0] thh "HAXRRE A FYg HF A2ass B2y
o} 34 Al2Ele] A aERe] IEA £ A
A ago] HolAls ASE Vet vh, d&xEA
2Elo] ¢ FYURIHIE0] BoldgE 2Egde] £
Fole sojua, IRkslie] FYRTE SolEAN 2
e BeAT A&HoE Fqigd me} ¥kev|=
Y Al 2880 3] FA=o] HFe] vkgxHoR
TSl wet 919} 2 ARyt vepe ZAoE wdE
ok meEbA, AFARe] 3% W) 2E%e A
&% FUsle] 2 A8de] FYRIMIES YTE BS
ol AR A7t 7Fsd AoE dAdEy, £ o
TolME TCE® PCER &3 29€ Aslg A& 9
g AEA ALY Q@8N ARl 2 F
PEIEE-119/1, 15)S ==3199c)

4.2 E

UV/H,0, 7THE A& 4k8-7] (continuous  stirred
tank reactor, CSTRYPI E3F o2 Z83}7) 943 -3
2A1Ee] H7HEQ) T3l Lab-scale®] Al2¥le] A%5-S
715 A7), TCE ¥ PCER 2¢9% QlFodsgds
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