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Development of Practical Advanced Oxidation Treatment System
for Decontamination of Soil and Groundwater Contaminated
with Chlorinated Solvent (TCE, PCE) : Phase I

Seok-gyu Sohn - Jong-yeol Lee * Jae-sung Jung - Hong-kyun Lee * Sung-ho Kong*
Department of Chemical Engineering, Hanyang University

ABSTRACT

The most advanced oxidation processes (AOPs) are based on reactivity of strong and non-selective oxidants such as
hydroxyl radical (+ OH). Decomposition of typical DNAPL chlorinated compounds (TCE, PCE) using various advanced
oxidation processes (UV/Fe**-chelating agent/H,0, process, UV/H,0, process) was approached to develop appropriate
methods treating chlorinated compound (TCE, PCE) for further field application. UV/H,0, oxidation system was most
efficient for degrading TCE and PCE at neutral pH and the system could remove 99.92% of TCE after 150 min reaction
time at pH 6([H,O,] = 147 mM, UVdose = 17.4 kwh/L) and degrade 99.99% of PCE within 120 min ([H,0,] =29.4 mM,
UVdose = 52.2 kwh/L). Whereas, UV/Fe**-chelating agent/H,0, system removed TCE and PCE ca. >90% (UVdose =
34.8 kwh/L, [Fe*']=0.1 mM, [Oxalate] =0.6 mM, [H,O,]=147 mM) and 98% after 6hrs (UVdose=17.4 kwh/L,
[Fe*]=0.1 mM, [Oxalate] =0.6 mM, [H,0,] =29.4 mM), respectively. We improved the reproduction system with
addition of UV light to modified Fenton reaction by increasing reduction rate of Fe** to Fe’*. We expect that the system
save the treatment time and improve the removal efficiencies. Moreover, we expect the activity of low molecular organic
compounds such as acetate or oxalate be effective for maintaining pH condition as neutral. This oxidation system could be
an economical, environmental friendly, and practical treatment process since the organic compounds and iron minerals
exist in nature soil conditions.
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Advanced oxidation processes(AOPsy= 742+ Ak3[AIQ1 hydroxyl radical(s OHYS AAdsle] LAEZS A7 +=
7o}t B Aol 4= DNAPL?R] trichloroethylene(TCE)¥} tetrachloroethylene(PCE)e] <=2]8}2] 548 3183}
5t AR 2] 7H (UV/Fe**-chelating agent/H,0,7H, UV/H,0,71H)e] A8 715 AAISITE TCE, PCE
Aol Yol 71 B Eaas-S BQ 7HS UVH,0.7MOE pH 69 FA4Z27014 TCEY 7% 1508 o)
99.92%°] TCE 35 WERHRAIL([H,0,] = 147 mM, UV dose=17.4 kwh/L), PCE®] 73-¢- §E3- 2417kl 99.99%
7} EEATH[H,0,] =29.4 mM, UV dose =522 kwh/L). =3}, UV/Fe*'-chelating agent/H,0,7 'S Z-&3159S
A9, TCEE 90 7ol 99.9% (UV dose=34.8 kwh/L, [Fe*']=0. mM, [Oxalate] =0.6 mM, [H,O,]= 147
mM) PCE:= HRSAIZE 6AIZE holl 99.81% (UV dose=17.4 kwh/L, [Fe*']=0.1 mM, [Oxalate] =0.6 mM, [H,0,]=
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A7} FeYEoj A v}, Hydroxyl radical(s OHY &
27 33rEe] g¥as) vhe-S f = 4 dor, g
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T A gAY Aol FRIEHAG
(Glaze et al., 1993; Peyton et al., 1995).

HhHo]| o]gfgt 7[HES Iy o=s QHEH-e
A 7NE, 18 A7y A 54
|EIL o, AR 1 A8 o] FE el
g A9t Borg AHIET FalEo] A
Hol| gHA] AAE]o] = Aol F4olt. webA], 24
EY 2 Aalre] Aelell oAM= 1 Aejase] Azt
o] AAl LHESY - Aol HElo] 1 Ao B
Aol

olo] & AFlMe AA IFEE Al&FrA]
2ol 2AoA] Ex-situ 3HS] pump and treatment 7]*H7%
AAIE A SFHEe] =2 88 HY Fo=E Iy
= UV/Fe¥'+chelating agent/H,0, 71'H¥} UV/H,0, *
27l A Az &5 2 Aasol o A3
7Fs Hla - 248kt

o

o %

e
=2
=

gt

0 o wo -y
EL 1
5

I
o

:

¢

ofl
o
oft
N2 o

XN

ol
3

1

>{\1

m

Ir
ot o
R

g o

fm

A

H ] = = S
BiE &

=4
o

=

=

=90

==

ot N2 Do

s

05

g

Journal of KoSSGE Vol. 12, No. 5, pp. 105~114, 2007
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2.1. A 8=

B A¥oa ARE-E  trichloroethylene(TCE, 99+%)%}
tetrachloroethylene(PCE, 99.9+%)< Sigma-Aldrich., Ltd.
AlellA FUTE Z4E AR, FEAZ 2291 n-hexane
= JTBaker A}, #2384 4= Junsei. Chemical Co.,
LTd. AlllA] ALk 2 ARSIl H S 249
Fe(Ill) ©]2& KATO CHEMICAL Co., INCA}S]
FeCly-6H,0(97.0%)C 2 ARE-EST) FAIZ 2291 sodium
oxalate, sodium acetate, ethylenediaminetetraacetic acid
disodium salt hydrate(EDTA)¥= Junsei. Chemical Co.,
LTd. AlllA A2 AL nitrilotriacetic acid  trisodium
salt monohydrate(NTAy= ACROS ORGANIC®J|A] A3t
B A2 247 Prisiel ALgaisith. A%l AH8E BE

T8H AquaMax system(Young-Lin instrument co.
Korea)S ©]83}] #A|ZH 18 mQ-cm deionized waterS
ARSI

22 AEII|F

B AR o] L T 29 AL}
7] I8t WhgT7IE T - ARt AlAgE Lab-scale

=
HkS719] 4L #9] 25 cm, AE 12,6 cm2A] F H
3] 2.8 LoJH, UV light®] 2IF-HE1A9 FAAE 9
3l stainless steel AAE A= ATt TS 2]2]g9]
EEHR] ANBAHE 91 709 sampling A= R[S}
Hor, 2AKde] 3t PIFS H4slsl7] 915l headspace
7} e dEl2 A3siar, W E viE Teflon AEZ
Azl AM83IAT UV lampe AL #3lo)] wle 2
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TE 8] fsle] Ho 7R AP ZhesiH, A
Fgaell BR3SE pH probest 25A9] A HEgH 7}
SI=E A ThHFig. 1).

RE AFo| ALSH UV lampe 589 oA ZFo]
7Fsetes GAA R ARERAAL, UV lampe] 852
0.008 kwol™, &S 254 nmol|A 23S R8st

TESH ARoMe] UV ZAFRE UV dose= UERJO] H]
WEGTE UV dose= UV ZARZE} ZARS] ot gho
2 g 23} o] Axte] 7Fs3ltk(Salari et al., 2005).

[ oo oo

o

_ 1000 x lamp power(kw) x time(hr)
treated volume(L)

UVdose

RE AYoA TCE 2 PCEY 22 913+ wh&-A7H
& 217} 3ARY, AIREe R s o, HhSAITRe] Rfo)
| )3+ UV dose= ThS Table 13} 2t}

2

2.3 AEEXY

EE TCE #3ldol A=l TCE 298
100 mL volumetric flaskE AF83}o] 20,000 mg/L
methanol stock solution2 #|Z3F & AquaMax system
< ARSI 18 mOQ-em7HA] AslE DI water2 200
mg/LE 3JAJ5le] A %310t PCE 9898 100 mL
volumetric flaskE AF8-5}4 10,000 mg/L acetone stock
solutionS A|Z3F 3 D.I. waterZ 30 mg/LZ 3|25}
AZsgth. ZE 439 pHE IN H.S0.2F IN NaOH
£ ARgSte] -3 7F AEe T - AR 1k
ol A headspace”} = “JElolA Fai=oiF o, W2

(b) Photo oxidation reactor

(a) UV Lamp

Fig. 1. Immersed UV lamp for photo oxidation reactor.

Table 1. A numerical difference of UV dose by reaction time

S5 A B flele] 8 s ARSI
magnetic stirrerS ©]-8-3}o] sl wHksle] FAc).
W] AZElola] ofF, Y W Ak o] 2}
1h3-719] sampling Ao 5 mLe] AEE 4L
H,SO, 100 piE F713Fo g pHE 20]312 243}
akrE 89 ol PR, sk 3
13-5 SAXHS. E4E Alse 98 | mL
33 10 mLe] FZ=Al(hexane)E H7ISF F 2
vortex-mixers AFE3}0] A9} follo] 2R3 HE=
TE 3l FE319oH, EE A2 duplicateZ 71833}

ol o9 Higer AE =3It
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¢
g
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2.3.1. UV/Fe*'+chelating agent/H,O, 7S ©]&3F
TCE ¥ PCE Eaj4g

EE UV/Fe* +chelating agent/H,0, 7|'HS ©]&3t
Aol H2HA| g2 Holo] T3] A8} € 4 3
T2 v)g] AR (Schrank et al, 2005), ¥H-&
IS FRI8kL, UV #ze] Hea) A0 7iA]
=3

-

232. UVH,0, 7['H& ©]83+ TCE ¥ PCE 343
13710l L8RS FYUT & AIsAE

UVE A1 Aol WS 7iAEIR e, 7] pH #k

& 608 =3

24. 24

TCE % PCEQ] FEFEE Agilent Technology A1
6890 Gas Chromatograph®] electron capture detector
(GC-ECD)E °]&3te] EAEAer, &40 A€
capillary column J&W scientific AF2] HP-5(30.0 m x
530 pm x 0.88 pm)S AMESIGTE SEFAL 2T %
g 45°CE 2R &, £ 15°CE 100°C7HA] 5231
FAET L F, B 10002 X2 150°C7HA] 52
siom, HFHoz B 30°Ce] £ 270°C7HA &
23l= Aoz AA3AT. Injectord &%=+ 250°C,
detector®] %= 280°CE A3} oM, carrier gas=
AREE N9 flow rate2 6.3 mL/min® 2 3F3c}. &3

(Unit : kwh/L)

Contaminants Reaction UV lamp Reactor The number of UV lamp(ea)
Time (h) Power (kw)  Volume (L) 0 1 2 3 4
TCE 3 0.008 2.8 0 8.7 174 26.1 34.8
PCE 6 0.008 2.8 0 17.4 26.1 34.8 522
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injector®] split ratio= 1.6: 12 A7J3}IAc}. Hke-8-<1]
pH A4 2 =42 Orion Research, Inc.(Ma, USA) A}
9] pH meterS ©]-83}t}

ol Nk,

3. &% &l

3.1. UV/Fe¥'+chelating agent/H,0,7 |80l 2|5t
HstetE 2PTEH X2

3.1.1. UV/Fe**+chelating agent/H,O,7|5Holl 28+ TCE
LARE A=

3.1.1.1. & Fe**+chelating agent : H,0, & =323

Hol 3} ilkslae] 7 18t TCE
298] 0.1 mM, 0.5 mM, 1 mM&] Fe*'9} 2|
(sodium oxalate)2] EHIE 1:6°F F3IAIZ] & FU3}
T, 0 mM(0%), 29.4 mM(0.1%), 147 mM(0.5%), 294
mM(1%), 882 mM(3%)= ZH8l54e0] FEE Hs)sle]

o 1-=

AL

=0
T EEe

}\g O]:ECL * %}\éi
AFE S8t TS, AFolA UV doses 8.7 kwh/
L= 348t 3313t
Fig. 2-a, b, c= ZZF 0.1 mM, 0.5 mM, 1 mM2]
Hol& & oA Hilslra w5 wisle] e w8

&S BRI Fig. 2-a0llA HolZ 0.1 mM, #;18}
T4 147 mMEH 7P F 89.99%°] TCE #3llas
S HAt ko] IkelaT) kg8 Adol] Exjshd
ofefje] 27} Foizl Hhgell 2J3)| « OHo| « O,HE HEH]
o] «OHe et 4o tigh Aksihgo] A==
Ao7 <A AtH(Huston and Pignatello, 1996; Yoon
et al., 2003).

«OH + HzOz_) ® 02H + Hzo

£ A= Fig. 2-a0lx4 UERE 37} o] 3
IIEA] BT 294 mM oo E FkshE 7]
UuEAHQ] Fenton HH3-9] 7-9-9f= gi] Fiksliol 9

10 . __'__.. .\ 10.‘.-‘\
g T o
.- A
o8 < ~ o | 4 -
(- . \ SN . e ~
- . \ . ~ p
[Ca - 2 .- ] & h/ - S ' -
o . — - s 06 -
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04 - -
04
oz
v - a2
(K] - v u 4 T
o 20 40 &0 &0 0o 20 140 180 180 200 00
Timef{min) o 0 40 60 80 100 120 140 160 180 200
e Fo’'0.1mM, Oxalate 0.6mM, H,0, OmM, UV dose = 8.TkwhiL Time(min)
Fe''0.1mM, Oxalate 0.6mM, H,0, 20.4mM, UV d\ B.TkwhiL .
° J-AmM, Oxalate 0.6mM, H,0, 29.4m ose = B.rkw —e— Fo™ 0.5mM, Oxalate 3mM, H,0, 147mM, UV dose = 8.7TkwhiL
v Fe''0.1mM, Oxalate 0.6mM, H.0, 14TmM, UV dose = 8.7kwhiL o™ 0.5mM. Oxalate Imi. H.O. 294mM. UV g 8. 7KwhiL
.5m. m L] =g,
Fe''0.1mM, Oxalate 0.6mM, H,0, 294mM, UV dose = 8.7kwhiL ‘J‘ s Gxaiaie toam ' ose "
= Fe™0.1mM, Oxalate 0.6mM, H,0, 882mM, UV dose = 8.7kwhiL » Fe'" 0.5mM, Oxalate 3ImM, H,0, B82mM, UV dose = 8.TkwhiL
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1.2
1.0 - ___.\
.
L -
08 . "
v g - .
S o . . v .
5]
04
0z
0.0
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Time(min)

—e— Fe''1mM, Oxalate 6mM, H,0, 147mM, UV dose = 8.7kwhiL
Fe'*1mM, Oxalate 6mM, H,0, 294mM, UV dose = B.7kwhiL
v Fe''imM, Oxalate 6mM, H,0, 882mM, UV dose = B.7kwhiL

(©)

Fig. 2. a: Degradation of TCE from contaminated water by UV/Fe**+chelating agent/H,0, system using various H,O, concentration at pH 6
(UVdose = 8.7 kwh/L, [Fe**]=0.1 mM, [Oxalate] = 0.6 mM), b: Degradation of TCE from contaminated water by UV/Fe*"+chelating
agent/H,0, system using various H,O, concentration at pH 6 (UVdose=28.7 kwh/L, [Fe*"]=0.5 mM, [Oxalate] =0.3 mM), c:
Degradation of TCE from contaminated water by UV/Fe**+chelating agent/H,0, system using various H,O, concentration at pH 6

(UVdose = 8.7 kwh/L, [Fe*'] = 1 mM, [Oxalate] = 6 mM).
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ZHukg(scavenging)oll 23 147 mM i
Sl FEXANA B} TCES Hajago] 7ashe
S HYI(H,0, 294 mM FYHA] 66.4%, H,0, 882
mM FUA] 56.7%), BF T H,0,9] s Al 23|
A REGARE 45 min o] F HallEe] 7o) Vel
Fig. 2-bollA] BT Hold] F5F 0.5 mMO=E
=9 I3 AFgzdoMe BE IBlAY] T £
ZollA 23]8] TCE E3llago] 60% etz 7Ashk=
73S B, Fig. 2-coll TA] slGxe] Holo] ¥
E 1 mMZ =] T3 AT Zilslaa 294
mME FY3 390 67.5%2] TCES] Eal&8-S Yet
o] FolS 0.1 mM FYgH AP HET g
I EES et ole Holee] =) Zvistel o
g} Hhg-gollo] g 71 Q18] UV RAREEC] A
St= Aol 71918k Aoz FAGEHTK Tiburtius et al,
2005). WehA, 9lo] AFATE AHEH, TCEZ 2949
AJel=A2]oll UV/Fe™ + chelating agent/H,0-5 2-8 A]
o= Hee] #slAe] oJsiA] < OHO| A WRE-S
1S HislgAe] FERAET Al gk uv 24}
w88 Husl A2 § e HeEe 2Ho] "ad A

o= HQIth

3.1.1.2. &2} Fe*': chelating agent H-& =Z213

TCE 298 215 9|3 & Fe*'+chelating agent :
H,0, HlE E340A 7 2 885 ®2l 0.1 mM
o] Fe 59l 147 mM(0.5%)2] IRIeriss Z719)
A ol ZHA|(sodium oxalate)?] EHIE 22}t 1:0,
1:3, 1:6, 1:98 ®W3glslo] A3S Fhs3th. uv
dose= 8.7 kwh/LZ 1143} F=a8s}3ic}.

Fe*'9} oxalate’} TFU3F ferrioxalate 235E & UV-
vis ZAbl 9] 7Fg WhEAde] Bl tri-oxalato
ferrioxalate(Fe(C,0,);> )L di-oxalato ferrioxalate (Fe(C,04),)
He S o]F7] YA oxalate’} Fe¥'HT}l Fojx= el
opde] FHIE EAsteof Fhrhal Haiwo] Utk(Jeong
and Yoon, 2004; Hatchard and Parker, 1956). ¥ 23
o M% Fig. 33 o] 147 mM(0.5%)8] IFelras
Fh3te] 0.1 mMe] Hold 2+ 0 mM, 0.3 mM,
0.6 mM, 0.9 mM2] oxalateS Z}Z}t w33 Ay 7
ZL 885 29U 09 mM2 oxalate= 3A]ZF ol
90.8%°] EAMEES UERNAL, 0.6 mMO] oxalate=
89.99%°] 19| HIszEF Halass vEhlit vbHo
03 mMoIAE 8139%%] RIEES Uehylon,

oxalateS FY3A| & FH-oll= 79.15%2] Efae-S

1.2

CICO
e
@
a
/

A --""-\-\.
S
~
0.4 - .
A .- T
0.2 . . -8
- -
: -
0.0 + v T T T T r T T
0 20 40 60 80 100 120 140 160 180 200
Time(min)

—.— Fe“‘a,'.rmM, Oxalate OmM, H,0,147TmM, UV dose = 8.TkwhIL
Fe'0.1mM, Oxalate 0.3mM, H, 0, 147TmM, UV dose = 8.TkwhiL

- Fe"a,:rmM, Oxalate 0.6mM, H,0, 147TmM, UV dose = 8.TkwhIL
Fe''0.1mM, Oxalate 0.9mM, H,0, 147TmM, UV dose = 8.TkwhiL

Fig. 3. Degradation of TCE from contaminated water by UV/
Fe*'+chelating agent/H,0, system using various oxalate
concentration at pH 6. (UVdose = 8.7 kwh/L, [Fe'*]=0.1 mM,
[HzOz] =147 mM)

B}
1:99] HIEZ oxalates TUIES FF 7] Bl
7} A mEEkRS BAARE vkSAITR] 3A]7t] X

WA #alaso] 1:69 Bledaet visSiAl: S
UeRSIEt. dol23t ZA|e) Bl 1:6 oVl B

3
ARE o} WkESIle ), vIAIgE e ase] Aol B
doll we} o]F AP Holet 29 HlES 1:69%
ARste] Jsiltt. web @Azl w2 ARlass
2% A dold} A HE AR Ease] o]
7Fse Fe g Als

3.1.13. HF A A8 A9

B AL oju] 1 a&o] ¢#A U= ferrioxalate ©]
Qo] gE F7KkE FAY AEo7 V&L 7HH AP
= ALY Theds ERIsk ] ffal el
At A FdE AFS V|28t HHoE A=
0.1 mM 9] ZHol&E%=9} 147 mM(0.5%)%] Ikl
FEEZRNA Hole} ZHAe] EHIE 1: 622 H831%
o™, UV dose= 8.7 kwh/LZ 1143}t Fenton
reagentl] UVE FAISIAL NTA, EDTA, oxalate, acetate
S} e HAZ A8 PATE Fig. 4 LA
S w4 Al A& A% AR TCES] RESS
Bt Acetate= 3A17F] WRE-ERF 90.12%°] TCE &
S-S B OH, oxalate FEZH 3AIZE Uil 89.99%°]
AR B3l a8-S YeRITE EDTAE 81.90%, NTAE
87.7%2] A &&S JEMIRITE Fe''-Acetate complexi=
3291 FSHAZ ALEE= ferrioxalate®TF A9] WS35}
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Fe' 0.1mM, Oxalate 0.6mM, H,0, 147TmM, UV sode = 8.ThkwhiL
Fe’* 0.1mM, EDTA 0.6mM, H,0, 147mM, UV sode = 8.7kwhIL
Fe’ 0.1mM, NTA  0.6mM, H,0, 147TmM, UV sode = 8.7kwhIL
Fe' 0.1mM, Acetate 0.6mM, H,0, 147TmM, UV sode = 8.TkwhiL

Fig. 4. Degradation of TCE from contaminated water by UV/
Fe*"+chelating agent/H,0, system using various chelating agents
at pH 6. (UVdose = 8.7 kwh/L, [Fe*'] = 0.1 mM, [H,0,] = 147 mM).

crc,

0.2

0.0 T T 7 ==t 7 ¥
60 80 100 120 140 160 180 200

Time (min)

- Fe' 0.1mM, Oxalate 0.6mM, H,0, 147TmM, UV dose = 8.TkwhiL
Fe' 0.1mM, Oxalate 0.6mM, H,0, 147TmM, UV dose = 17.4kwhiL
Fe' 0.1mM, Oxalate 0.6mM, H,0, 14TmM, UV dose = 26.1kwhiL
Fe™ 0.1mM, Oxalate 0.6mM, H,0, 147mM, UV dose = 34.8kwhiL

Fig. 5. Degradation of TCE from contaminated water by UV/
Fe**+chelating agent/H,O, system using various value of UV
irradiation at pH 6. ([Fe**] = 0.1 mM, [Oxalate] = 6 mM, [H,0,] =
147 mM).

Ay 238 Hold TCE ZaaLS YehdozA
ferrioxalate A%+ o}g} Fe’'-Acetate complex &
UV/Fe**+chelating agent/H,0, 7['H< o83+ TCE *Ig]
FA Hole FFPozA A o] 7158 A
o2 Bk

3.1.1.4. UV dose ¥7 23

ok AFellM HHEES B 0.1 mMe] Holex
A1) EHIE 1: 602 85 200X 147 mM(0.5%)
o] IBEAS F181aL, UV doseZ 217t 8.7 kwh/L,
17.4 kwh/L, 26.1 kwh/L, 34.8 kwh/LZ W7 - 283}
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010{1

p

kA
B AAS F3slauth(Fig. 5). TCE EalasS UV
dose7} 34.8 kwhL® 739 909 ®HEAIZE Hho
99.93%2] B3| E-8-S Hal, UV doseZ} 26.1 kwh/LY
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Fig. 6. a: Degradation of PCE from contaminated water by UV/
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[Oxalate] =3 mM).
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