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ABSTRACT

The influence of processing fluids and electrode spacing on the electrokinetic process was evaluated to remediate As-, Cu-,
Pb-contaminated soil. Single and mixture of sodium citrate, EDTA and NaOH was used to investigate the metal
extraction. EDTA for washing reagent showed the highest removal efficiency. Based on the extraction result, the electrode
spacing (20, 40, 60 cm) on the electrokinetic process was investigated to remove the multi-metals from soil. The highest
removal was observed at the experiment with 60 cm of electrode spacing, however, the correlation between electrode
spacing and removal of metals was not clear. The electrode spacing influenced the amount of accumulated electro-osmotic
flow. BCR sequential extraction showed that electrokinetic process removed the fractionation of metals bound to Fe-Mn
oxyhydroxide.
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Disodium ethylene diamine tetraacetate

Table 1. Soil properties

Properties Value
Soil texture Sandy loam
Sand (2.00~0.05 mm) 44.4%
Silt (0.05~0.002 mm) 48.8%
Clay (=0.002 mm) 6.8%
Soil pH 6.4
Soil moisture (%) 21.1
Soil organic matter (%) 42
Contaminated concentration
Arsenic (mg/kg) 200.6
Copper (mg/kg) 297.3
Lead (mg/kg) 710.7
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Table 2. Experimental condition of electrokinetic remediation
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Exp. No. Anolyte Catholyte Operation time  Distance between electrodes ~ Voltage gradient

Exp.1 20 cm
Exp.2 NaOH EDTA 8 weeks 40 cm 1 V/iem
Exp.3 60 cm

a | volt current |

Tube Anode (+) Cathode () 1y

Soil compartment
: i Ele‘ctrode E Reservoir
Reservom Electrode '

Circulation pump

b

Circulation pump

ﬁ Filter paper III
N
| 3
I |
i 4 cm Contaminated soil
| '
’ =
<_T_it?_‘;i'%“1__]f______________________________z__ﬁib__ G
coate
with Pt 28,48, 68 cm

Fig. 1. Electrokinetic system : (a) Schematic of electrokinetic and (b) dimension of electrokinetic apparatus.
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Table 3. Initial concentration and compare 1* and total removal efficiency

Exp. As Cu Pb

No. Initial A B Initial A B Initial A B
Exp.1 7.2 23.5 15.5 25.7 1.2 5.9
Exp.2 31.9 51.8 21.5 54.8 22.1 343
Exp.3 200.6 31.4 51.7 297.3 11.7 20.1 710.7 0.6 1.8
Exp.4 334 535 13.5 22.0 1.3 2.9
Exp.5 16.6 36.5 36.1 45.7 173 32.5

A : Removal efficiency of Ist washing (%), B : Removal efficiency of total washing (%)
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Fig. 2. Equilibrium pH after repeated washing.
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Table 4. Average removal efficiency of heavy metals by electrokinetic remediation

Exp. No. As Cu Pb
Exp.1 23.4 60.7 55.5
Exp.2 17.9 452 354
Exp.3 51.2 64.2 58.9
[EZ8A Residual in soil . F1
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Fig. 3. Accumulated concentration of heavy metals and residual
in soil during repeated washing. (a) As, (b) Cu, (c) Pb.
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Fig. 4. Fractionation of metals after washing. (a) As, (b) Cu, (c)
Pb.
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Fig. 5. Time course of electrical current.
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Fig. 6. pH distribution of soil after electrokinetic remediation.
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Fig. 7. Removal efficiency of heavy metal after electrokinetic
remediation. (a) As, (b) Cu, (c) Pb.

5 sl EGCERE AART, =9 dfHd=E
ARESlE NaOH2F =0l 7| Esli= A== OH-<]
2ol 93l A71d3F | EiA As7F @3] A AE]
© 202 AAETHBack et al., 2009).

50 AAEL AbFoZ 60 cm HHSTIONA 7
Z9kom | 20 cm, 40 cm =0 E YEPRFTHTable 5). 18]
L ZF "kl Ase] AAE(17.9-51.2%)S Cu(45.2-
64.2%)2} Pb(35.4-58.9%)2] AAERTE wker, Cudl
AAE0] 452-642%F TRE Fa<0| Hlal =& AAE
&5 BTt Fig. 7914 As®] ¢ 20 cm BF&7]°]l
A = FRIOA AAEC] E=0oH, T4 Y E
Fo=Z Aol ® AS IR & UATh 1A 40
cm BRE7[OIAE 20 cm HRS7 IR AAGE0] Yol o
u, 5 FElA FAo] ot AL & &= ISt vt

H 60 cm BFS7IOIE Y i Bl HHo] H
Zlo] opJg} H= Fe] Eoko g HZHo] Ho] 20cm

T

Fe7)oh= diEE AES Bt Ass AR AE]ollA]
71 AsZ AH1E FE2 2 EAleh, 1 s A
HEH H,As0,, HAsO,Z, AsO, 2 Sole-g ek

.

J. Soil & Groundwater Env. Vol. 18(1), p. 6~15, 2013

Egoﬂ : oob%‘)*\—]l .

7]

Fozh
RhEolF=
L=

o] $ol25E OH-9 o3t o] wehs &
B g3lo] Hr} wepx] EYRS G714
Aol As®] EERS FTMA, AARES 7M1 20
cm HRS71olX = 7ol s} A7 o3l A7t T%
o] I =, d=Eolxe dafjde] dFo=z <l A
Ago] & Aoz FAETE 40 cm ¥R = #7]
o)l oJgt go] 7R vigl A8l d=r(+) Faro
Z olFste] Aol | Ao AEHM, 60 cm W7ol
Ae A7 e A9 glar 7)olse] jo] A8k
A 23 Aoz HRAY A|AEEL 20cm, 40cm,
60 cm HRE7)oA ZHz}; 234, 17.9, 512% Fou}, A=
7ol Aol oJgt AAE L] IAE HAsIdl ofHT}
3 A} AYAAE 1 ViemE FL93107] iz A
Zlolsoll= AFe] glovt wkgr|e] =7 &, =57t A
27t A7V gl JES vRle ez AlEEHTh
Cutt Pbe} 22 7} oS H= TE59] A9e ol
£HoZ FHESE o)Fdhs Alo] gubyoly, %3
A= ARgElE EDTAZF A71E8lRkeel €8 EDT2} H+
olo=F {3Eal, Cuot Pbo] H+ol27e] o] 2ughs
F3ll EDTAZSIHE< 43 (Zhang et al., 2010). ©]
o EDTAZSI3HE-S 012S =1, Ase} Zo] =

olFdhe AS ERIE = At o]He ¥k EDTA
AR AE3lE ST00A oy FFo2 o)E3s}
BES Hol7] wWiEdl, 55 T Cust Pbe] AA

o

o|N

ol

32

ofo
2
e
N
o
B
gi
ofl
u)
i
o
o
rok
m
=
it
o3|
(3
3
v

oF 71 ool BIszEIom, Ase F2 9 F49] EXFE
7F FE olF ATk ArIEEEE Faple 48 &
o= F2 EAIE|Ql o w3t AelE AgE oA AA
7F 2ol ® A& FRIF & AT Ase =2 pH
=, ddePdelol AAEEe] o, =3 EDTAS} &
2 AY|EAE AEETE AAES =Y & 3

EDTAE #, Zs, vk, B3, 4798 & 22
=57 A3RtES Fdsk=dl, SAFH WelA gsiA
At 3 Uz AskE AgEERE Hy) ks Ao
23S s Ha Juidez Al i
U= AFHERE AsS SSATIAE E3ith. 2234
o2 Aso] EAFH F F49] e FolEr] FEIA
9h, EDTA®] 280 = F27} 7hAste] HlAA| A 7]ogh
Aog AAHT Cue F2 2 F39 EAFE} FE o
Fa ek Asoh 22 olfE EDTAZBIGHE dAdo) <

°



A71rEH s AsrlE 8-S A3 Ao el Ad= 3 Zd57ke] A 7t 13

- F1
—= F2
== F3
— F4
=== Removed

Exp.1

100

80
60

40
20

108

80 |
60
40
20
108 —H!Hm

Pb fractionation (%) Cu fractionation(%) As fractionation (%)

Exp.2

Exp.3

80

60

40

20

0
T T N v N o T® QW
5 © © ©o o o =9
E Eco

0.25
0.35

TOTNOONOONONNOO N
=9 NoMNIgROhRSR
o oo oo oo oo o

0.45
0.55
0.65
0.75
0.85
0.95

Normalized distance from anode

Fig. 8. Fractionation of heavy metals after electrokinetic remediation. (a) As, (b) Cu, (c) Pb.

3 F27t o] ZAERANE 40 cme] WRS7|o M= F2R
o F30ld AAEoe] o & Aoz Ktk Pbe F7t
80% oS ARSI AL, T3 A|AE Feje} vln
SIS wl F29o] 7A4e) HIsset AES ®Qlth b S
As$} 22 o= EDTAFSRME Aol o) Frt 7
23 Ao AlRHTH

4.4 B

i
ol

b
o,

1

)

71588 AHar)eS olgdle] By FEL50E 9
=Y skt 83 X1 Haldae )
o] Aglel| mE FEFS ARt A des 3t
7] 98l F=8Mo= SC, EDTA, NaOH, SC +NaOH
2 EDTA +NaOHE AFE-3]F3Ac}h olw] Ase SC+
NaOHE ARSI AFollA 53.5%, EDTAS AME3lE
Al 51.8%, NaOHE ARESIE AFNA 51.7%=2

F
il

4

[ex]

=
=
=4t

—_

AAESS B0, Cuét PbS EDTAZ AMES|E AF
oflA 54.8% 9} 343%= 7FE =& AAETS BT
A8Zo=Z EDTA7} 7F¢ E9ZQ) FE8gHo 2 AlRy
o] &) EDTAS H83)] =}

27158 HalolM FEE5e Bt T AAES
As, Cu, Pbo] AAEEE 27t 512% 64.2% 58.9%=
60 cm HES7ol| A 7FE %O}, 20 cm@}t 40 cm RES7)
o} vlwE A HF7e] Agle} FEE AAE Aol
B s RIS 4 Itk MBARE 1 Viem
2 T3] whitell A7lolegEe FARIA oY v
718 Z7] &, A53e] AP A7 el 93
H2= AoR AlEEh

BCRAGFEHS B3l W58y Hrleas A&
gt 75o] B vwslS W, EXFeEs) 1=
Fae] ARGz 1 o] BisSITE EAIY
e T vtk Zol7b AJATE tie] Frt &0

J. Soil & Groundwater Env. Vol. 18(1), p. 6~15, 2013



[e)
=8 - A5

&=

i

Ao® nol EDTAZSIE WAl oJs) W} Y7tel
sz A% F 2w Ao e,

=S ul

[ r

Al A}
g A= B 7IEYe] GAIA A7A1e] =)
doz 53 QO&HE}
20239

Acar, Y.B. and Alshawabkeh, A.N., 1993, Principles of Electro-
kinetic Remediation, Environ. Sci. Technol., 27, 2638-2647.

Acar, Y.B., Gale, R.J., Alshawabkeh, A.N., Marks, R.E., Pup-
pala, S., Bricka, M., and Parker, R., 1995, Electrokinetic Reme-
diation: Basics and Technology Status, J. Hazard. Mater., 40,
117-137.

Acar, Y.B., and Alshawabkeh, AN., 1996, Electrokinetic reme-
diation. I: Pilot-scale tests with lead-spiked kaolinite, J. Geo-
tech. Eng. ASCE, 122, 173-185.

Alshawabkeh, AN., Yeung, A.T., and Bricka, M.R., 1999, Prac-
tical aspects of in-situ electrokinetic extraction, J. Eviron. Eng.,
125, 27-35.

Bacon, J.R. and Davidson, C.M., 2008, Is there a future for
sequential chemical extraction?, Analyst, 133, 25-46.

Baek, K., Kim, D.-H., Seo, C.-I., Yang, J.-S., and Lee, J.-Y,,
2007, Remediation of Pb-Contaminated Soil by Soil Washing
using Hdrochloric Acid, J. Soil & Groudwater Env., 12(3), 17-
22.

Baek, K., Kim, D.H., Park, S.W., Ryu, B.G, Batjargal, T., and
Yang, J.S., 2009, Electrolyte-conditioning-enhanced electroki-
netic remediation of arsenic-contaminated mine tailing, J. Haz-
ard. Mater., 161, 457-462.

Cho, J.-M., Ryu, B.-G,, Park, S.-W., Kim, K.J., and Baek, K.,
2009, Electrokinetic Remediation of Soil Contaminated with Zn,
Ni and F, J. Soil & Groudwater Env., 14(1), 36-43.

Cho, J.-M., Jo, S.-U., Kim, D.-H., Yang, J.-S., and Baek, K.,
2011, Electrokinetic Restoration of Saline Soil Accumulated
with Nitrate and Sulfate, J. Soil & Groudwater Env., 16(5), 18-
23.

Dermont, G., Bergeron, M., Mercier, G., and Richer-Lafleche,
M., 2008, Soil washing for metal removal: A review of physical/
chemical technologies and field applications, J. Hazard. Mater:,
152, 1-31.

Gleyzes, C., Tellier, S., Sabrier, R., and Astruc. M., 2001,
Arsenic characterisation in industrial soils by chemical extrac-
tions. Environ. Technol., 22, 27-38.

J. Soil & Groundwater Env. Vol. 18(1), p. 6~15, 2013

L=t

. kA . W)
Jeon, C.S., Baek, K., Park, J.K., Oh, YK., and Lee, S.D., 2009,

Adsorption characteristics of As(V) on iron-coated zeolite, J.
Hazard. Mater:, 163, 804-808.

Kim, D.H., Ryu, B.G, Park, S.W., Seo, C.I., and Baek, K.,
2009a, Electrokinetic remediation of Zn and Ni-contaminated
soil, J. Hazard. Mater., 165, 501-505.

Kim, D.H., Jeon, C.S., Ko, S.H., and Yang, J.S., 2009b, Electro-
kinetic remediation of fluorine-contaminated soil: Conditioning
of anolyte, J. Hazard. Mater., 161, 565-569.

Kim, GN., Lee, S.S., Shon, D.B., Lee, K.W,, and Chung, U.S,,
2010, Development of pilot-scale electrokinetic remediation
technology to remove Co-60 and Cs-137 from soil, J. Ind. Eng.
Chem., 16, 986-991.

Kim, B.K., Baek, K., Ko, S.H., and Yang, J.W., 2011a, Research
and field experiences on electrokinetic remediation in South
Korea, Sep. Purif: Technol., 79, 116-123.

Kim, K.J., Kim, D.H., Yoo, J.C., and Baek, K., 2011b, Electro-
kinetic extraction of heavy metals from dredged marine sedi-
ment, Sep. Purif. Technol., 79, 164-169.

Kim, S.O., Kim, W.S., and Kim, K.W., 2005, Evaluation of elec-
trokinetic remediation of arsenic-contaminated soils, Environ.
Geochem., 27, 443-453.

Kim, W.S., Park, GY., Kim, D.H., Jung, H.B., Ko, S.H., and
Baek, K., 2012, In situ field scale electrokinetic remediation of
multi-metals contaminated paddy soil: Influence of electrode
configuration, Electrochim. Acta, 86, 89-95.

Lee, K.Y., Yoon, I.H., Lee, B.T., Kim, S.O., and Kim, K.W.,
2009, A Novel Combination of Anaerobic Bioleaching and
Electrokinetics for Arsenic Removal from Mine Tailing Soil,
Environ. Sci. Technol., 43, 9354-9360.

Lopez-Sanchez, J.F., Sahuquillo, A., Fiedler, H.D., Rubio, R.,
Rauret, G, Muntau, H., and Quevauviller, P., 1998, CRM 601, A
stable material for its extractable content of heavy metals. Ana-
lyst, 123, 1675-1677.

Moutsatsou, A., Gregou, M., Matsas, D., and Protonotarios, V.,
2006, Washing as a remediation technology applicable in soils
heavily polluted by mining-metallurgical activities, Chemo-
sphere, 63, 1632-1640.

Park, S.-W., Cho, J.-M., Ryu, B.-G, Kim, K.-J., Baek, K., and
Yang, J.-S., 2008, Feasibility Study on Acid-enhanced Elec-
trokintic Remediation of Zn and Ni-contaminated Soil, J. Soil &
Groudwater Env., 13(6), 17-22.

Park, S.-W., Lee, J.-Y., Kwon, T.-S, Kim, K.-J., Chung, K.-Y.,
and Baek, K., 2009a, Feasibility Study on the Remediation of
Zn-contaminated Railroad Soil using Various Washing Agents,
J. Soil & Groudwater Env., 14(1), 78-82.

Park, S.W., Lee, J.Y., Yang, J.S., Kim, K.J., and Baek, K.,
2009b, Electrokinetic remediation of contaminated soil with



A71rEH s AsrlE 8-S A3 Ao el Ad= 3 Zd57ke] A 7t 15

waste-lubricant oils and zinc, J. Hazard. Mater, 169, 1168-1172.

Park, G-Y., Kim, D.-H., and Baek, K., 2010, Evaluation of Pro-
cessing Fluids on Electrokinetic remediation of Cu, Pb, As-con-
taminated soil, J. Soil & Groudwater Env., 15(5), 1-7.

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

Ryu, B.G, Park, S.W,, Baek, K., and Yang, J.S., 2009, Pulsed
Electrokinetic Decontamination of Agricultural Lands around
Abandoned Mines Contaminated with Heavy Metals, Sep. Sci.
Technol., 44, 2421-2436.

Ryu, B.G, Yang, J.S., Kim, D.H., and Baek, K., 2010, Pulsed
electrokinetic removal of Cd and Zn from fine-grained soil, J.

Appl. Electrochem., 40, 1039-1047.

Ryu, B.G, Park, GY., Yang, J.W., and Baek, K., 2011, Electro-
lyte conditioning for electrokinetic remediation of As, Cu, and
Pb-contaminated soil, Sep. Purif Technol., 79, 170-176.

Shin, H.-M., 2009, Removal of Cr, Pb and Cd from Reservoir
Sediment by Electrokinetic Technique, J. Soil & Groudwater
Env., 14(1), 68-77.

Yang, J.S., Lee, J.Y., Baek, K., Kwon, T.S., and Choi, J., 2009,
Extraction behavior of As, Pb, and Zn from mine tailings with
acid and base solutions, J. Hazard. Mater., 171, 443-451.
Zhang, W.H., Huang, H., Tan, F.F., Wang, H., and Qiu, R.L,,
2010, Influence of EDTA washing on the species and mobility

of heavy metals residual in soils, J. Hazard. Mater., 173, 369-
376.

J. Soil & Groundwater Env. Vol. 18(1), p. 6~15, 2013




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


