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Removal of Cr, Pb and Cd from Reservoir Sediment
by Electrokinetic Technique

Hyun-Moo Shin*

Department of Civil and Environmental Engineering, Kyungsung University

ABSTRACT

For the reservoir sediment highly contaminated with total Cr, Pb, and Cd, the applicability of electrokinetic remediation
method was evaluated. Also, BCR sequential extraction method was adopted to compare the heavy metal speciation in
between before and after electrokinetic reaction that is operated under constant current condition for the sediment. After
reaction, total Cr and Pb moved toward the direction of anode, while Cd tended to cathode and stayed highest in the midst
of sediment specimen. From the BCR sequential extraction analysis, it was known that for total Cr and Pb the residual
fraction that showed high fraction before reaction decreased and changed to the oxidation fraction. On the other hand, for
Cd the fraction of exchangeable/carbonate that dominated most fractions before reaction changed to the residual and
oxidation fractions.

Key word : Sediment remediation, Electrokinetic technique, Heavy metal, BCR sequential extraction method.
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Fig. 1. Schematic diagram of the electrokinetic process.
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Table 1. Summary of BCR sequential extraction procedures (Quevauviller et al., 1997)

Step Fraction

Chemical reagent and conditions

1 Exchangeable/carbonate 0.5 g is extracted at room temp. for 16 hr with 20 ml of 0.11 M acetic acid.

il .
2 Easily reducible described in the step 1.

To step 1 residual, add 20 ml of 0.1 M NH,OH-HCI and the extraction procedure was carried out as

To Step 2 residual, add 5 ml of 8.8 M H,Ox(pH 2) and covered, contents were digested for 1 hr at room
temp. after removal of the caps, and 1 hr heat at 85°C, and 5 ml of H,O, was added heated again to 85°C

3 Oxidizable and digested for 1 hr. afier the contents were evaporated almost to dryness. Finally, 25 ml of 1 M ammo-
nium acetate(pH 2) was added to the cool residual and the extraction procedure was carried out as
described in step 1.

4 Residual Aqua regia extraction. Then, suspension was digested on the hot plate at 130°C for 2 hr, in open system.

Table 2. Pysicochemical characteristics and the concentrations of total Cr, Pb, and Cd analyzed by Korea Standard Methods and Aqua

regia solution

Heavy metals (mg/kg)

cé\f;is:u(r; ) Sediment pH cogtrftini(co %) PHazpe Korea standard method Aqua regia
Total Cr Pb Cd Total Cr Pb Cd
62 5.50 30.0 5.6 510.0 82.0 15.5 26,690 2,706 443
Ae AHgst] TRk, 3 vigel ME HAE AR DR U IR
€\, (OH" |1 & QY A7) Ssle] FrRE AL A
=0 () 2 g4s FF3 IF B £ 555 LY

a

A7, Cy, Cp = 2B E719 F7H 5=
[OH7], [H]=0OHS} H® 0|29 5%
a=ANE%F [Kgl]

o] i, A== QF F=ole pHE VI, Qgtel
0°] S13= pH & pHy,e $t2 AHSHAH.

232. BCR 9&3=5

B Ao Fa%e] 24 FehE Lopis] S
Quevauviller er al. (19971 2J3+ BCR 3 @A <I&F%
Hiol] wlg) o] 2wt ERIe] A3el] (exchangeable/carbonate
fraction), ¥ El(easily reducible fraction), AFSHEE)
(oxidizable fraction), ZFEll(residual fraction)s 4714

He2 2239tk AFL Table 12] X}l whsic}.

233 TH71EY A

R0l HAEE AR & s gdow F
FHE 0.1 M NaCIE 2447 E3pAZom, AAF 200
mAE 3} oF 16A7F AL AFE 3 A Zh
2o 915 I FANA FAeH, BT
27] S8l AY aw1E o188l ake AlsgElodct.

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009

FAstct.

$7A = BHE AZE 2om HEE 7 RS Uy
o] AkzlE BAsIHon, A= wiEET s
Z U 2xHzE A8t

LAER F PHES 7 e HE sigen,
3 ANgE EYLITE g wE HHE W pH
BA 6715 A, S84 82 9 Quevauviller et
al(1997)°1 &3+ BCR 39 I&57EHS AlFsIsith
w3, 7} sl SRR WE fES 2 HHE
9} FxAlold] YXF A= HNOsS o83t <
pH 28 23 F sl oJde ICPE #4813

Zat W oF

o

3.1 E[XME S22 =5 U 2238 B
Table 25 B o] AMRH E S04 HAES BT
33H B4 2 F Cr, Pb, Cdo] SES VR Aot
o HAHE pt 552 °RM elole], f718e
oF 30% AT T TS VR olHE Al
FEAE FUSEE G R g Aom gdo] A
S, S B TRl wiEEe digel] A% 9F
o= #AEd HHEY pH,@kS HAHE pHS} wid



FA71E 08 454

RS -

s | InitialpH =55

=

T T T T
0.2 0.4 0.8 08 1.0

Nomalized distance from anode (X/L)

Fig. 2. Normalized pH distribution of the sediment specimen
after 16 hours operation.

565 Rl Sl

B SAAEHA st B8 S35 e
EdededrlE 2 aAiEs 2asie A0E Jet
or, G5F o83 AgEF BAe] dah= FAAER
et BAE Algel Hls)] Sl e S uplA] we
e ApolE Bk

F Cr2 2k oF soufe] 2lolE, pbe] A9+ zbzh oF
3019] 2 xjolE vERT Cdo) B9 A7) of )
o} Zjo)& Holx it}

3.2. £ pH 5}

7R Ay 98 F 2om TRHE AHE 7 A=
o thgk pH ¥3F= Fig. 20 Uepd ule} 2o} 4= 2
ol HHSE 2 AlEolM pHE ¢F 3, 8 Hito®
TE pHe F7I8te] pHe ¢F 782 VeI T3
G AN ATl whet L] A} W
oA iAo S50 714 vt FolxAl ¥
= & F Sloh o]#fd @& Acar and Alshawabkeh
(1996) 2 Shapiro et al.(1993)°] A7ARs} & A3}
3 Sith

pHS] W3l 7R odle] 71gre] 380
FFolA 2o ek, w3k A7)l o3 A4
H H' 79 A+ A (acid frontye] 4] whel &2(-)
Jero o] olFe] wWE Aot} w3 oA AP
H™ 9] 9371704 (base front)e
, A 2440 o)Al 7] Ao olsAdrTh A
08 Jv= 2 4 5 Aok o] Alshawahkeh and
Acar(1996y7} T3t ule} o], 4 0]e-8] oliEAdo]
TRF o]9] o]FA Hu} oF | 76l (He] EaA1S 93.1 x

(o]

e

o
>

Iy
i

LA HFEW Cd, Pb ¥ CrAA 73

1000

800

600

400

Volume (mL)

200 -

0

T T T T T T T T
140 160 180 200 220 240 260 280 300 320 340
Time (hr)

Fig. 3. Cumulated volume of discharge over time.

101%m%sec, OH: 52.8 x 10'° m%sec) A& 7] wjFd,
ApF 07 4F o] 7] AXRD) W] o3 Hh
weba] AR B Qs Sl AAgE 9] A
8] olFo] AAER 4k o] Eqke] slelatEg-g An)
s Hrh

N
|
I
@
to
ne
i,
L
e
g
=
ok
£
[\
E
=
%
o
=
k=il

i , SRARY 733
2 Hlee sk Fig 3ol UERSIch dubdoe
| oJs] EgiAte] 2HEGE 9ol o5

o}
2 Ake o 5velA 192 VE Srllgon, A% w3

o] w), 7] FFHYL, 5.4 VEESHEAL 0.3 Viem, 1.08
watt)= FAIE 9LSARWEA] dAsHA 41| & A5
371 AlFste] - HAZE 376A17 A 238 V(HSHAAL
14.8 V/em, 47.6 watty7}A] 3531t o]} o] 3534
7} AJAAL BF FAITe] gl ule) Erkehe
73S HATH(Fig. 4).

o3t AW ST MRS} o] LolEol 25
AARE LFE8dT S5 2ol AAEE g4t} A
Ao ofste] WA H= A3 B F2ol= A At
£9] o5 mME Aoz ATEH, w3 ST
Asle Aol Tvhe A=, FE3ske] S7ie BHE U
7} BEoA ] AHALE sl Bk

A7VFFES A7 ot fAl9] o)Fo] Al
sl Ao, 1 AVlolle A o &9 F5,

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009



74 Al

250

@  (X/L)=0.125
,,,,, O (X)) =026

ey ——  (X/L) = 0.375
200 4 ——A—n (XIL)=0.5
— - —  (X/)=0.625
— —o——  (X)=0.75
— —e——  (X/L)=10875

150 - {Xmy=1

100 +

Electrical potential (V)

- @——  (X/L) = 0.125
S S (X/L) = 0.25

1 ————— (X/L)=0.375
— A —- (XIL) =05

12 4 — -m —  (X/L) = 0.625
——O——  (X/L)=0.75

——o—— (X/L)=0.875

10 4 (X/L)=1

Electrical potential gradient (V/em})
®

T d T T T T T
0 50 100 150 200 250 300 350

(b)

Fig. 4. Change in electric potential at each nomalized distance
from anode over E/K reaction time. (a) Electrical potential (V),
(b) Electrical potential gradient (V/cm).

Sl oRER, 1 Al o'l 9%
H=THEMEA, 2000).

AR Al we} AWAAPE SRR Bt
I ] AlGZ o FUIEA] e H0e B
B} SFTE Aol EAlShe Aute] Hjol ojg
AoZ AHE, o] FATVIRS} o]2olF Aol o3
THOE oJFdlE B o] S5 HIolA 21381 A
AEE 4 27 F=20l= A RS ol &

o

filo

k2

3l Zt FE50] UiF B E¥XE JE Aot &
Crel 735, 5004 4508 258 w5t S35 9l
S & F Itk = EAXL=00A F o =5
T 9 1,780 mgkglE 27| BE 510 mgkee] 3.58)
7} X3 o, 22 EGX/L = 1PME ¢F 60 mg/
kgS & 27159 oF 0287} B3yt

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009

—e— Pb
L O Cd
—-w¥— TotalCr

CiCo
{Final Conc./Initial Canc.)

Nomalized distance from anode (X/L)

Fig. 5. Nomalized distribution of heavy metals remaining in
sediment. Operation time =16 day, Initial concentration : Total
Cr=510.0 mg/Kg, Pb = 82.0 mg/Kg, Cd=15.5 mg/Kg.

Cre LubEQ B 870l Cr(VDSF CriDy] F &
B2 =3 Cr(VDyS pHSF ARl X2 o3
HCrO,, Cr,0/4 2 Cro o8 EA3k] dukzoz o
AslE © EURIAelY] vhiE 915le] EYS W 8
3l =e o]5AE vehlie Wb, Gl Cr(OH),
Cr(OH),", Cr(OH);, 2 Cr(OH)s> & &Aske] kel
EY pH Zolxe BRI 3 e Rsk o]
SAdo] - Yth(Rai et al., 1989). wjebA, TR =4
0 Cr(VIYS $o2 Cr(ll)e 2507 o535 °
THLindgren et al, 1994). Cn(VD)¥] £4 A3 Cr(VI)
o] T e wol EHE W SRk F Cre] thiE
e off g2 &A%l ok fdEn, B A
Aol gloAME Crite] GEEoR SF07 o|Fde &
Ak whdle] AEgS Holal Utk ol Cro] 9<d]
pHO] g0 F OH oo 4138} SIRIE-S FAsh= 2ol
TE wisizlele] Addel we A3Ee] ¥4 == EY
ARk} Al 7RIS Aoz HgHEn.

T4 olFL ol HdH 2 F2ol= U
AsPdHol] FES won, 53], o] A HsPdel=
IHY pH(FP- 0l wet Zgert. AHAEE B3}
o 249 pH,(F¥)e 5602, B =5 pHvt
5.6 oldelME YA SR8 el wet 5o o
3 "ot whd 254 pH) 5.6 olslollAde FHEE
Hoj 2= ko 2 o) F3I}, Kk, FEole] e

M= g ol ditele HRES AT +
o, o= FE0l 9] 318 (speciationys A3
7] §hgelM] F&ol 9] ofFdl Fad Y viE
Ack. zeg Tt f7) B 7] HigAE 2%

@ o 32



SA7E o83 FA

2% FAEW Cd, Pb ¥ Cr AA 75

Table 3. Cumulative stability constants for lead and cadmium complex with 0.1 M chloride

Formation of metal with chloride  Stability constant* (log B) Complex species [AA?T] =logp
(M ]

15.945 PbCI” 14.945

b 4 nCl > CCL2-" 21.317 PbCl, 19.317

" 37.807 PbCly” 34.807

15.398 PbCl> 11.398

1.350 cdcr 0.350

Cd 4 nCF & CdCL2-T 2295 CdCl, 0.295

! 3.443 CdCly” 0.443

5.508 CdC* 1.508

note : M : metal, L : chloride ion, n:number of chloride ions.

* Adopted from Kolthoff et al(1969) and 237+ %-(2001), Values @ 20°C

A LA FHHES ARE AR B A
A= oleldt wi9iAte] AEE o] folakx] gt u)
A ArMe AR ARE EE0.0M)e] C o)
= TE 0]R0Z T AFE AR, A9
Table 30 YERASITE. 4ol 9] pHoll 93t 23)3E
o] A= F37) vkgolA Fg3H 2R, Fig. 2
e} o] 25 Jé X e pHvE 7 A==
1i°ﬂ Hg] w9 e g Holal glo], AulHoes
273E wijA| 0}951\:}

Pbe %i% N o ole3TE el ok
FF FOH 25 EDoIMY Pb T 242} 287 mgke
7 4 lmg/kg—i HERE Ol dHeE ofFsldle
= & AU olF Akle cvt wERe EAE

735, PbCly 9} PbClL> 9] 3l5HEo] &4 & 4
(37 =, 2001), PbCly$} PhCLES
(log By= Table 30lM$} o] Zkz}b 37.8073% 15.398%
YER T Stk o] & 2ol Asjd gaog 01
M NaCE: ARSI, 0.1 M Cl %7} Pbe} uhes}a
PbCly7, PbCL> 9] i glEo] 4o EAsk= AL

SChy

T
A Qg A

2 Wt 2, 2ol guje] Pt $47 vi7RIE
F ol BB ojste] Y o] FHe Aoz B
.

¥he & Cdd B s BEE 2R X/L=0,
0.5 1914 Z¥z} 0.5, 25, 28]3L 12 mgkegl B Z7)1%%
o] e, 0.038) 2 osshE Ueh}, F Crolt pbet
ge] 5 Bl ofd Sl AuiFes e whot
Sl =

Cde CIo] EEE &R A4S, CdCl 9 CdCl2)
ARE 2 EA) & 5 JoemEkdT 5, 2001),
CdCly ¢t CdCL> 9] 53 AR Ar(log pre= 22

3.443%}F 5508 VFERASL Q) T GAole] FEvt
Z71E4E CdC 9} CdCLF 9] & o] e A
E B3lon, pbe} fAleh €Qlog wdETh Cdo 7%
HARS] S=FET o5 o I w50
Ae B Fig. 29] 2ol ANE FH7EH F F
HEW pH7} pH,p B W} (+) charge® 7HE O‘X}
o] A7GEH Sol&-S = Cd A3 E 23t
o159 F w7lUFel gt ds Agol FIS nke
o7 g

2 EY UIE xR 015& w4 AstEe] 84
573 3 wiAE 4 glon, olefdt &
£9] o] Fa% FFS lel A "ok Jey 2 4
e fFrlke] AslE Aol tigh Fie 1eHA]
gt

1 (-'O{I
» rko

35 8|5 Mo o HLKFEE H

A BHEEY Fa5e] ofd FEH=E At EXlske
A& Lolr7] 93] BCR J&5FEHS 283130

Fig. 6~Fig. 8¢ &417] ¥k & 457 255 =
Y EAlshs Fa&e 23FHE e It

ke A Fad SAFHE £ ] AS 2 e
717} 57.9%, AkSHE ElE 40.3%, ¥4 H%»L— 0.8%, ©l-&
NEER BT 1% 27 Ve o] 2R Hl9)
F71E A3 7Fse AdEl]l AskE B2 e

Pbe] 735, Z5 elollM 89.8%F A UEhtor, A
3= EjoA] Uex] 2Rl 102%E JERteH, Cdo
785, ol gt Agt HollA 100%E U} 5517
54 A GA AA 7s & Aolet ddEn

TAVEEAT A 3 BAE U FEE é; =

z} 77b 2 J=REyl opny wiwdk A F rd

¢

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009



76

100% -

93%

BO%
70%

80% -

& Aenidus!
50%

# Oxidize
40% -

B Reduce

3085 # Exfcarbo

20%

10%

0% 4

Fig. 6. Distribution of total Cr in contaminated sediment
analyzed by sequential extraction procedures. 1: initial 2: anode
3: cathode.

100%

80% 4

30%

70%
60%

® Qesidusl
50%

Quidize
A% A

B Reduce

30% 8 Ex/carbo

20%

Fig. 7. Distribution of Pb in contaminated sediment analyzed by
sequential extraction procedures. 1: initial 2: anode 3: cathode.

100%

% Residual
50%

2 Ouidize

A%
0%
20%

8 Reduce

®Exfrarbe

10%
G A

Fig. 8. Distribution of Cd in contaminated sediment analyzed by
sequential extraction procedures. 1: initial 2: anode 3: cathode.

WS A oF 58%E ARAIEH ZRE7 S 8= %
A Z¥2ZF oF 38%9} 25%% 7hAE W, oF 40%S x]—X]

s NSE B A 57%9F 2% SN IS B
At o] W, Y= F] F O BEE 27 ] = B}
%} 35HH T/ AH, 2= Felde iR AAEH

2 748 VERIoHFig. 5).

- uk

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009

,Fr’_

Pbe} 749 ¥hE- ol Blsf ¥R F X B FEel
Wi ke o Fgo] i & Fo Wsld Ae
UeRlT gllon, S5 Bole S57E0M £8

T X Y

01 Z7t=lo] Qith. ol Fig. 59 Fu&
£ Cro) A9} AR A72, Lindgren et al.(1994)y2
OIEM Alo] Fa5 pH,2l A&l o]
A e = logar SHT
Cde] 7%+, B3 A tiRRo) oleudERie
A3t B2 X o] AA7} 8ol AoE ATHEHU
AWk E Cr 2 ppoie g Cde EA| Sz HE
SII(X/L: 04-0.7) 202 oFdled E¥3ta gk wk
A gRE-S AAE olgudERtg A% B FE
I SN A2 23%54 41%E 703 Ao
yepgdtl vbd ukg 2 FAIE A2 WgE
HRo| 2zt 37% 9 50%E 7t Fom, T3 A3t
Bl 24t 18%9) 9% 2715 S Rtk

—1—"

=]
%:‘E—rj"_ o

[ 2y =

Mo &l orle OIO

4. 4

2
dd HHE g 527] B9 J8UksAdE

Bkl Slsid, #54& Cr, Pb Cde g AsA 24
H HAES WA A B frREEE AFEA
o, 200 mAY) BT ZA L3 A} vge] 2
2S A4S I AU

A HES oF 30%2] F71%, pH7} 5.5, pHype 31°)
5608 - H2Ke] & AEAS] BAS A e
), Bk A A wel 4% 3= Cr, Pb 2 Cd
o] 2w ZH}t 510 mgkg, 82mgkg Z 15.5 mgkg
2 - & TEE 290] Hoj A8t ol BEE
o el FAZNE F83 A, F o ¥ Pbe U
Zog olFslon, v Cd= U= £ Huke A7 A
o] 74l 7FE A a8ln AAFeRE S5 £oF o
F3hs A4S Holx

SAVEAAT XY & HHE ] 225 AY¥HE

7% :’.L ]_ = O]:::L]:Il:l Oj.]:l H.L]— H]ﬂﬁ]— @_]’} & Cr__.

) —,—r
WS A oF 58%2 x}A|EE AR} FLa) &= Zd
A 27 oF 38%9} 25%= A3 W, oF 40%E A

ShA AR Bl 217} 57%9F 72%E 2715 HES B

k. o] u), %= Fo] F Cr T ;7] T Bt}
oF 350 =3l Wil &2 ZoAE CIRE AL

ufp- wke RS VERICE Pbe] B¢E tﬂw Zel B3y
e 3 A5 8 FEo) 7AEin AskE | FiEe) o
& & Zog HlE AL VeI Yo, JERE



TRAIE o83k

Hrks 5578004 8o $7kE0] qltk.
:LEM Cd= 9he- A RS XAs1e o] LwdhErt
@ AF B FEe 453 S5ERAN A 23%s)
41%§ 2ot Ao et 9 7k A =
S R B FHo] A7 37% B O50%R FF
gor, w3t AEE g 47 18%9 9%E 71 7

e ngr.
Ab A}
B ATE 2007hAE YT 2R A7)
NGO ojFoIHE
xoes
614.

S UW., 2002, Electrokinetic 7}l 213} #AHE &0 T34
st 579, 79 el vi skl vatslele, Bk,

o4, 2002, FAHE Electrokinetic 710l 18k B21E A E
x2] S Aol 3 A, AU sl A=,
Bk

2], 1996, Electrokinetic 3} 710l 28t 2 Gx|uhy o] &
7 AA, 15tk kel WALk =g, Q1.

$H3A) , 2000, Electrokinetic 7)ol €18k @ AEo] A7 )AME o)
TEE OIFEA, YR ek WAL=, Mg
Acar, Y.B. and Alshawabkeh, A.N., 1993, Principles of electro-

kinetic remediation, J. of Environ. Sci. Technol., 27(13), 2,638-
2,647.

Acar, Y.B, Rabbi, M.F., and Ozsu, E.E., 1997, Electrokinetic
injection of ammonium and sulfate ions into sand and kaolinite

beds, J. of Geotechnical and Geoenvironmental Engineering,
123(3), 239-249.

Alshawabkeh, AN. and Acar, Y.B., 1996, Electrokinetic reme-

A L.

& HHEW Cd, Pb B Cr AA 77

diation. : Theore- tical model, J. of Geotechnical Engineering,
122(3), 286-196.

Kim, B. and McBride, M.B., 2006, A test of sequential extrac-
tion for determining metal speciation in sewage sludgeOamended
soils, Environ. Pollution, 144, 475-482.

Kolthoff, I.M., Sandell, E.B., Meehan, E.J., and Bruckenstein,
S., 1969, Quantitative chemical analysis, 4th Ed., Macmillan,
London, p. 1199.

Lindgren, ER., Kozak, M.W.,, and Mattson, E.D., 1994, Electro-
kinetic remediation of unsaturated soils, Proceeding of the
American Society Symposium Series on Emerging Technologies
in Hazardous Waste Management IV, Washington, DC, USA, p.
33-50.

Quevanuviller, P., Rauret, G, Lopez-Sanchez, J.L., Rubio, R.,
Ure, A., and Muntau, H., 1997, Certification of trace metal
extractable contents in a sediment reference metal (CRM601)
following a three-step sequential extraction procedual, Sci. Total
Environ., 205, 223-234,

Rai, D., Eary, L.E., and Zachara, J M., 1989, Environmental
chemistry of chromium, Sci. Total Environ., 86, 15-23.

Rauret, G, Lopez-Sanchez, J-F., Sahuquillo, A., Rubio, R,
Davison, C., Ure, A., Quevauviller, Ph., 1999, Improvement of
the BCR three step sequential extraction procedure prior to the
certification of new sediment and soil reference materials. J. of
Environ. Monitoring, 1, 57-61.

Rendell, P.S., Batley, GE., and Cameron, A.J., 1980., Adsorp-
tion as a control of metal concentrations in sediment extracts.
Environ. Sci. Techno., 14(3), 314-318.

Renholds, J., 1998, In Situ treatment of contaminated sedi-
ments, http:/cluin.org, p. 27.

Shapiro, A.P. and Probstein, R.F.,, 1993, Removal of contami-

nants from staturated clay by electro-osmosis, Environ. Sci Tech-
nol., 27(2), 283-291.

U.S.EPA., 1995, In-situ remediation technology status report;
Electrokinetics, 2-K-94-009.

Stumm, W., 1992 Chemistry of the solid-water interface, Wiley
InterScience, New York, p. 428.

J. Soil & Groundwater Env. Vol. 14(1), p. 68~77, 2009



