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The objective of this study was to design an optimal electro-remediation system for TCE contaminated water
using zero valent iron (ZVI) and direct current (DC). A series of column experiments were conducted to evaluate
the effects of electrode arrangement and the location of permeable iron barrier in the column on the TCE removal
efficiency and iron corrosion process. In twelve different combinations of ZVI and/or DC application in the test col-
umns, the rate of reductive degradation of TCE was improved with simultaneous application of both ZVI and DC
compared to that used ZVI only. The most effective arrangement of electrode and ZVI for TCE removal from water
was a column set with ZVI and cathode installed at the down gradient, respectively.
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1. M 2 AE2l COCs EHAslo] Algo] folgt &FHolrt
(Matheson and Tratnyek, 1994; Gotpagar et al.,
A Al §71318-E(chlorinated organic compounds, 1997).
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TCES] ZVIe 28t & 712 vl 844
g 43 Aol (Matheson and Tratnyek, 1994),
ojd], A& AHzle FHYo = LR, AA| g7
zo] o}F F&s| rEEA Kalar k. oz vhg
oA FAAZ 2Bsh= EFS BT HHg ARA
st AER D) ZVIS FEWAAM FFHE
alkylhalideZ¢] &0 A=k olF, 2) A2 19|
AelE 2a) 78 o olFg Fe?t, 3) 9] 7}
FREo)A WA 4 7k Zolti(Matheson and
Tratnyek, 1994).

215l el EAlske F3H71ER-CDe 7AS, &
I e FIAFATE EASE oI 22 vk
B S Matheson and Tratnyek, 1994).

R-Cl4+2e +H"=R-H+CI

olggl whe-S Z= TCEZ} 37FA2] DCE o] 2A|
2 FalEe UENgA EXE ZEEAAA=
+0.50~+0.52 V(Vogel et al., 1987) olt}. olul 07}
o) vkl o3y i ddisle] Fake kgl
A2 ZgEe o] Fal#s) FUslthMatheson and
Tratnyek, 1994).
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Anode 3. HISEF W o7y
e'=Fe?* +2¢"
Fe’+R-Cl+H*=Fe?* +R-H+Cl” 3.1. used
2H,0=4H"+0,+4e” gHas) HES 98 egH Ak dulelA &
FE olgsl AFEAIL, oldl @ stetrds

Buffer area
R-Cl+2Fe? T+ HT =R-H+2F3* +CI”

Cathode

2H,0+2e"=20H +H,

Fe’+R-Cl+H" =Fe?* +R-H+CI

R-Cl+H,=R-H+H*"+CI

SFA= TCEY 2¥48s opr|ah= 3 $4 S
FRED, W =eliE o B g4 7RSI
tHPourbaix, 1976; Schreier and Reinhard, 1995).

Table 1o ERpHATE. A28 TCEx ACS reagent
grade®] W =olvi(99.5%, Sigma-Aldrich), the 33}
glo] ARgsidTh TCEZ 999 7Mte Ralps=
TCE®| 3 & if Hxo] F35E 2L WAlslr)
#sl 10L &2l collapsible Tedlar sample bag
(231-08 model, SKC inc., PAYX) o} Ay 43 =
S ALEsIS e, dAS FEE FAI5P)
magnetg bagdtell ©ol magnetic stirrers 0131 A
71 W XY, SE9E HAF Ak

collapsible bag®.ZY%E] peristaltic pump(D1q1-Stalt1c,

#J8ll micro

Table 1. Physical characteristics and chemical composition of filing materials and simulated waters.

Simulated waters

Filing materials

Minimum  Maximum Used source materials
Peerless Fe' pH 551 6.91
Fe Fe', Fe*Fe**,0, Eh (mV) 612.1 957.9
C (%) <4 EC (uS/cm) 91.3 196.2
Pb (mg/L) 58.46 DO (mg/L) 3.62 5.60
Ni (mg/L) 256.8 Temperature ("C) 8.8 26.9
Co (mg/L) 946.5 Alkalinity as HCO; (mg/L) 752 14.98 NaHCO, 0.2 mM
Mn (mg/L) 5105 Chloride (mg/L) 6.20 8.62 NaCl 0.2 mM
Mg (mg/L) 41.48 Nitrate (mg/L) 12.02 12.70 NaNO; 0.2 mM
Cu (mg/L) 3823 Phosphate (mg/1.) 8.94 9.49 NaH,PO,2H,0 0.1 mM
Ca (mg/L) 803.4 Sultate (mg/L) 8.99 9.73 Na,SO, 0.1 mM
Al (mg/L) 61.1 Sodium (mg/L.) 0.9 mM
Na (mg/L) 298 Ferrous iron (mg/L) < 0.01 < 0.01
Specific surface area  1.2125 m%g  Total iron (mg/L) < 0.01 < 0.01
CEC 0.56 meq/mol  MES Biological Buffer CqHy:NO,S 0.2 mM
Porosity 65.00% TCE (ug/L) 5974 2485
Quartz sand
Porosity 45.00%
Column Mullimeter
) \
o I ! | lilectrode l J
LA =T
Sampling port . } | ‘ C[ ; -
(B ; : ! / Ext{emal»pﬂfr supply
" pH/EWEC *l J i 7 Dd l;crcr |
: meter \\ / } —
[ ! Giass micracell ~,
Gas-tight syringe i Peristaltic pump T e /_L
with on/off valve — -ﬂ_, —
I Tcﬂon tch %
Waste \'Ia;n:l'u. stirrer

Fig. 1. Schematic diagram of experimental set-up.
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Masterflex, Vernon Hills, IL)YS ©]&, 12711¢] 444
ZYgoz F3] e 1 mI/min®] F4202 FFsIAT
(Fig. 1).

ZVI #2AE22 Peerless Metal Powders and
Abrasives(Detroit, Michigan)ollX] 7<43le] AME3EI95 0
o, 712l dEe tE&d 2tk () d=EEE
8~50 mesh(2.38~0.30 mm); (2) 86% Fe’, 3~4%
carbon, <3% silicon and other trace metals; (3)
XA AR A 28 Felolny, A%l wiovet
olEE FHSkL th(Table 1). # ol9je &1 £
of g wiEkeld B4 S| 2R AT A
542 ICP-AES(Jobin Yvon 138 Ultrace)s ©l£-
Bl F4931 CH(Table 1).

wAlE 298 A3 sheE 242 vl Avic
Hlad FUE g HES SRoH, §5 £ 3

# 1 mL/mine] $93t 2703 A8e AASHETH
(Table 1). & A#olx= Aztd zh Aol Lige] B
T zlolg 7N ER, Type A2 AE Eoi7k= A%A}
o] oF gt Azt gk wEbA Aa~Ac HE2
7k7} 2793, 2695, 2813 mLel EZ3FE& slAH,
Ba~Cc Z@7X= ZVIZE ARl B2e 5Y dFgo
2 2Rsong ZVI 23 FE A 81 mL
9] =L 71AY Da~Dec ZH HA] ZVI A x)HHo)
Ba~Cc ZHe] vls) 20} ZVIE F0=0emR 3
o] 1625 mLZ 7p7] 2B oo AP
Ao} o] Asg FENIo] el xsle vwg
= gloh webd & dddas Aelg Aske] H4
2 BdstithFig. 2).
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Aol AM2-H W3 ZHH(Ace Glass, Vineland, NJ)
2 plexiglass A2l Zo] 35 ¢m, W74 15 cmZE
S FTE5E 87 27 cm Al thread portE
o|-g-8ted dAstHet. A=l AEL iridium
FHE titanium oxide2 2% FFHY AFSATt
(Fig. 1). 2Ae] FEZ& Teflon end fitting® O0-HS
ol&-3ted L3kl

B Age A=z ZVie) migd ue JadAE
dolrnz] 9% Zolmg Fig, 29 72o] 12702] 4%
setZ w3 Type-A(Aa, Ab, Ack= ZVI9]
= glol ARded Fgeo %o wMEvg njwd
Zolw, Type-B(Ba, Bb, Bc)= ZVI7} hydraulic
upper-gradient, & @3 oA AFol| A=A
control(reference)?} =9 w9 Aeidt Zlojt}.
Type-C(Ca, Cb, Cc)= Type Bl ®Hit) A$-=
ZVIZ7}b el A€ A S5-olH, Type-D(Da, Db,
Do 4, 3ol B2l dA8 HAE BAg A
ole}, Type D= 74 shfellet zhzh AR)g Aol
vja] AUA] &7t J=RE dotr 7] 4§
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mm 7] carbon pade} H3HA dRed, o]y
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Fig. 2. Schematic diagram of columns with different ZVI installation and electrode arrangement. The left side of each

column is inlet of artificial groundwater.
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Aa Aejolr] o) BE4E E457] Yl micro
A&sl in-line®# pH, Eh, HA7AE=(EC),
|&22k4D0) #42 A3k pH, Eh, EC 34
Pentrode’} ##¥ MMS phuture pH/conductivity
meter(Thermo Orion, Boston, MA)E ©]&3}%14,
Z+zt A% A 390 DO Orion 830A DO
meter(Orion, Berverly, MA)YE o]-8-&3ith
T-2}8 sampling portoll FAIZ HHE 20 mL
9] A8+ ZA] headspace §lo] 717} EHEO] th
o] EAof o] &E Ak AEAMFHA R fr]set=
o] gz §& 2 o]9] A8lE =] 91 retrofit
syringe valve(Alltech, Deerﬁeld Ly E=l FAP)
= ARSI 7 AR A F et SRR
74z} 5, 10 34 A FsigiTh
WA, TCEY HalibEe] v AR AFH S4,
EPA Method 5035 purge-and-trap system(SRI,
Torrance, CAYS ©]83] wFatd & Whe=s
FID2} DB-624 capillary column(30 mX<0.53 mmX
2.0 um, Alltech, Bellefonte, PA)}] &€ 7k =L

cell&

Aa
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1
- —— Function Aa 1
2 o)
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I T 1
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Y 06 ¢ | © e ;
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04 ‘ @ Cb
i, — — - — Function Cb
0.2 hd ce

Function Cc .
o

0.0 4 T I ] !
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900 1200 1500

olggt Aall TCE A3tagel 3t A+ 233

Zupe 2259)(GC, SRI 8610B, Torrance, CAYE o] &
8] ®A3tdd. TCE®} E3|i=el thg MDL
(method detection limit}e 0.01 mg/Lelch. 3EE3|
AHEQ) gz ofgkl uisiAls FIDS: HP5 Z4
(30mx0.32 mmx0.25 um) ©] “F3E Agilent 6850
o3 BAE19 01}, ethylened] 7§ ojv] AgF 4
U 250 9s] AY HellM 7A2 ESARE HolH,
Sax2A] Fesle] A& Zoh

4.4 o
Ag A, ZVIE AAsHA] e dHE AR BE
74340] C/Co=0.8~1.00f =shedl] 2k 1,000~1,500

LE B ¥, 7401 AA3 FE BoFEr)
(Flg 3). Type A8 %ol C/Cy=19 =gl +
v)71 HAs] v} ’é 5% Tedlar sample bag ol
v|Exlol 9]3t FEHEE Fo]7] 93] micro magnet
2 olga) ALHoR EFIHN2Y C) T= WHEt
A Ho] oAl slHAS dXe Rt
3

3 whgEe A As Fol UEA Ay

>

j
i ‘ -~ ——-- Function Ba
0.4 ‘ ° Bb
— — — — — Function Bb
0.2 - * Be
Function Be
0.0 T T 1
0 300 600 900 1200 1560
1.2 —
1.0 - A
v
0.8 A
0.6

- Function Da

0.4 v Db
— — -~ — — Function Db

0.2 — A Dc
- Function Dc

0.0 - \ T 1

0 300 600 900 1200 1500
Treated water volume (mL)

Flg. 3. Breakthrough curves of TCE through columns packed with different ZVTI installation and electrode arrangement.
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2
000 pg/e §ABI2A} 8180
u, Aol g ule} v HalE Rolmg )
A Aol EHAHANA A4S Falle AL v
ShA] gt whebA o] sl BAAS) sp 2 et
curve fittingS AAISSITE ¥ Sigmoidal Family
o] MMF function®] 714 & A#AAAE BAFY
T}

of gk wholnz Age] ARRE TCEY H=:= &
1 !

_ (ab+cxd)
(b+x%)

MMF Model : Y

100, 500, 1,000 mL A8 71219] C/Cp= 2t
TypeollAl 2] v 2 ZVIS] A A=A ule} ¥
37t BEE, 53] Ac, Be, Ce, Db Zdo] %9
type WellAl 71 e

FETES Bk 2ehd, ©

—
™D

o]

Flow rate variation to initial (%)
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Aol MeAEE veiY 0, 1 mgl Wel] 27)%
5 7HER AR Aols FYsitty B 4
ek ZVEl oIk Bzst Wl b Fed ws
A eAEgde FE Y whgEde] Buds vHy
o, Ayvitt 27) Fzo] Zol7} glow, wak H10%
ZVIe] 4= 77t tEEg, Held FHE 1 swt A
AE HIEE wE o AEE 2 TypedR Ac,
Be, Cc, De 2ol 71¢ Heligo) 2 A0= U

EbdtHMeasured normalized effect in Table 2).

A3tER] ¥ wiEsE TCEY w5
7t we} Z7HE-8 Bole=d (Roh ef al., 2000), ol=
=2 15 B2 TCEZF AA=E W87k F-=0
Al 710" Aoz B AFdME §45S peristaltic
pumpE ©]83] Y43 TAAA JFEIPeY, 27
Foll theh f5miste)] vgS wEeE de] 29

OAO] =
el o

(b)

1 5 .

13— 1T T T T T Tl

100 1000
Treated water volume (mL)

(d)

400 -

300 -

200

100 —r1on
10

T

100
Treated water volume (mL)

TOTT

1000

Fig. 4. Changes in physical properties of column effluent as the function of treated water volume: (a) flow rates; (b) direct
current (mA); (c) resistivity (k€); (d) electric conductivity (US/cm). Symbols are same in Fig. 3.
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Fig. 5. Variations in chemical characteristics (pH, Eh, and DO) for each column. Symbols are same in Fig. 3.

FXE] o] A oE B D-Type AHo] 714
Aol HA vehgort 1 thgere C-Typed] A%
. B Type®] A2 2719
C-Typert} #3to] Zlou xg)7|7ke] AojAHA 3
A Frksle e Btk gk Ar)HExgk(Fig.

4d) 91 Z7191= D-type 257F 285l ghgo] 3
=} x]aggtrik] Bb, Bc Ce %Z a#o] E} 742—?01] H]H
=1 fAECh

ZVI FAEZo] v AType BHoM= EF p

7t B2EA] ArhFig. 5a). WA ZVI FRE0
= EEB, C, D-Typeyrlr £ &4 43
§&f%, °F 100 mL) ¥ pH ¥9¥ 9~10
#Axgt pH Z717t =), Ch APelA
HollAot fAMdol H3 gle ¥A1-1 pH
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=
71674
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el

rir

3P7o] AT
E3F ARl A A (Fig. Shye A1 we) ghashy,
o ol Ball7t douA e AIERE C, Y0 ¥
FEBE o] Frlshs Ade] & vehdo 28y
AF ZFEAFA] 7] +800 mVolA +300 mV 1}
o] AEHQ At vehde AH2 Bb, Cb, Da,
Db, Dc #Holt}, && A& aFig 5c) FAl %7]
3~5 mg/lLel et Bb AH-E ALt ZVI FHEo)
AXE dHoAM e JF T8 d7kx difE 1 mg/l
ez st

5 E (=]
5.1. ICES] M} &8

A71& o] &31A] & control AH T vwal B
(Table 2), %5} shFell 247t 4R g Ba, Ca #H
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o] A EES vt kol vla] A, shFol BAlel A
x8l= DaBa+Ca &+hZ@do A, AR FH7)5
o= of 188 & 28] Axprf Avh v HFH
0]8-3= 739 Db(Bb+Cb &3} ZAHL 1272
7ke] A2l g3 g 7F2 W, DeBe+Ce &
AELe 0822 038 Auaxr) Bode ¢
Ak, o) ZVI he o83t 7Agel ARHAYS %
o o]gshe AE, TCEe Edaslo olgrl+e
Rp7b ZVIS] 2bstel 3] W el Fxkek DCe «lﬁﬂ
HEE Ar] g TS AA S E
g Bet C-Typed] ARG 722 o) 3 %t
oz A¥RvZtE DbAb+Da) ZHE L1114,
Dc(Ac+Da) ZHE 12712 AAkEvt Bb, Cc, Da
Zylor e} 72 Al g VA et
S ZVI9 ARHYE Al o83 X AFE
o] &3] AJLA] E—»HZVI e AFHes 7 59
Ho R AREEd Hshe 739 Boh T4 ARSLSR
zizbel o] HEEe HeEEe] §F oo A
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