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Abstract: Thousands of sites are contaminated with both heavy metals and organic compounds, which brought the difficulties and challenges
to soil remediation. Previous studies had shown that electrokinetic(EK) remediation technology has potential to remove heavy metals and or—
ganic compounds simultaneously. In this paper, red soil was selected as a test soil and it was spiked with pyrene and copper at a concentration
of 500 mg+ kg™ to simulate typical compound pollutants. The impact of the biosurfactant hydroxypropyl-B—cyclodextrin(HPCD) and oxidant
H,0, on the EK remediation of compound polluted soil with pH control was studied. A voltage gradient of 1 V +cm™ was applied for all the
tests of 15 days duration. In all the tests, both pyrene and copper had the trend of migrating towards the cathode. The results showed that in—
creasing soil pH reduced the oxidation and degradation of pyrene and hindered the removal of copper. The treatment of 109% HPCD and con—
trolling catholyte pH at 3.5 was efficient for the desorption and migration of contaminants, and the removal rate of pyrene and copper reached
51.3% and 80.5%, respectively. The use of 6% H,0, was found to be ineffective for the removal of pyrene and copper because of the instabili—
ties of H;O,. The increase of H,O, concentration and dose could be considered to increase the removal efficiency of PAHs.
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Figure 1 A schematic diagram of electrokinetic apparatus



1100 BINE  BESE-AIE SRR RSB ERIR 201046 A

Ay TAEPING S AR B RREE R LR S IR
BH  BAPIAR 2575 — Ha s , B b IR IR TR 2 78 em’;
AT R 4 cm x 4 cm BRI, FL AR B R 5511
VSRR (29 1 L)R R Sh78 #1146 35 3BT R, e ik
& 60 r-min™; FEF AT pH MIEBE PHEA pH Hik
R b Ry pH, T pH 42 815% F B 471318 pH
BERIARS, @A AR LA RO pH
FERITEREMTEEIAE, R TF GEErE A s+
BT R R, KRR LA RS,
FESE, BT A MR 28, 2 A FL R o TR FE B
1 Veem™, $pERT RN 15 do RIGBET LT 1, BRI
8 S0 A AR A R A L B A B R Y pHL,
R IR A RS , VIR RN R AR, B LA A
PR BIBAM 0 5 &0, - AIARic o S1-85, Wl &
¥or 3 pH, AL SR M2 B A RS
1.3 3thiAiE

B EACTRAL M BN RE « 228 5 L VA pH
SR CO, ZZRI/KER LA (LKL 1:
2.5), 5 B{# F pHS-2B EUK5% pH 311 DDS-11A 74
LS R 5 PH B AR e B O PR R AR i s 3
B Ul S BEAMA-KLCr0, PR TR S &
K 25 B Coulter (/R HF )2~ BIA: 7= 9 L5230 BOBKL
FEAINRE o

T R A E < SR A EkE Y USEPA3550B
BB TR, FREGE 20 BT 4 2.00 g,
A 2 g TLKBLRREN, RS N A 10 mL I ER 1 — & HF
PERFR R 1:1 ARREGR, ZEAR R 45 Kz, I3
100 W I 454 F i 75 23X 30 min, 4 000 r-min™ B0
10 min, FREBGE R E L IR, S IR . IR
LR RRES, BB E 3 mL AP, i SPE
1 (Supelclean SPE, USA )i§+k, Bt 0 5 mL A F1EL
R MIES M S P . £5E MIRBOR K
R EER, RERT, REEAZE 2ol ZEH, it
0.22 wm JEFE  F B3R AH 215 (Agilent 1100, USA )33
T4, 3N RAE C18 £ (LC-PAH 250 mmx4.6

mm,5 wm,Supelco USA ), EAMG &5 , I K 254 nm,
WBHHH 100%Z 8, Hi#E 1.5 mL-min, H:3E 30 °C,

I PEEABES RN ED PRI 2 g LA T
HiFF, LA 20 mL 10%#) HPCD, 25 CTF#R% 24 h, U
4 000 r-min™ {3 EE.L 30 ming, BUE.LER FIER
10 mL FHEEBCE T, A 10 mLIEC LT, Rk
% 1 min,4 000 r*min™ B.0»> 10 min, W FEAGHVLHE S
mL BWIRSE =T, A 2 mL Z &, 13 0.22 pm JEHE,
FESBAE (1 (Agilent 1100, USA)ZEAT 234 , 2047
SRR R B E

-3 A AR A B I E >R A HF-HC10,~HNO;,
B4, THALHT Hitachi180-80 JFMR sttt
W5E o 8 R A A I e 25 3R FRER 2.000 g -
FT 50 mL 2R, LA pHT.0 §9 Mg(NO5), 20 mL,
=EVEY 2 h, F 5000 remin™ Z.0> 10 min, 1385 H
Hitachi180-80 J5lF MRt 73 et B HIN =Y,

2 BEREHSH

2.1 BEhERPEFRBESRENTL

HL Bl B v R A AR AN ] 2(a) BiTm . XoF AL
P (Exp-01) FHLIRAERHIN 6 h K 2B K(E 12 mA,
Bl )G B E 2 mA £4 o Exp—02 403 o FEAR 35
7E pH10, TR E/DN , —EHRHFTE 5 mA DIT . Exp-03
ARFE R B pH (B 3.5, B8 AA 2 e T U
AP, FE 82 h BUIRIRE|—MEME 18 mA R 2RI T %
Z 3 mA, M5 &8 L, 7 315 h IS BIER KM 38 mA,
Exp-04 FHIR A H0, MAbH o | B it 2R BT
B (HZNF Exp-03, 545 R BAE) 12 mA,

K 2(b) BB sdRPasmEnEit,
Exp-01 Zb 32 i s B I Bk 3, RAKHBRE
k222 mL, T7E Exp-02 4b T A BHAR 35 i Btk 4514,
BB AN R FAAR RS B, X553 W B 0L TR H H
pH SR B3 SRR 8l i — LR IR A — B,
Exp-03 Zb3E B HAERT 8 d 2 AW, BE
R PR B s, R LR E AT R A T AR,
B A4S ., Exp-04 5 Exp-03 H M E#ES, 5

® 1 SR TRNE LRI

Table 1 Experimental design of electrokinetic treatments

AbFH Treatments PR ¥ Anolyte BAML Sk Catholyte pH #5i# pH control + 5 Soil weight/g
Exp-01 0.01 mol-L™" NaNO, 0.01 mol-L* NaNO, AR 510
Exp-02 10%HPCD+0.01 mol - L NaNO, 0.01 mol-L* NaNO, FAAR 3738 (pH10) 535
Exp-03 109%HPCD+0.01 mol - L NaNO, 0.01 mol - L NaNO, FHAR 7R (pH3.5) 535
Exp-04 10%HPCD+6%H,0,+0.01 mol+ L™ NaNO, 0.01 mol - L NaNO, FHAR 7B (pH3.5) 525
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Figure 2 Change of electric current(a) and cumulative electroosmotic flow(b) with time in various treatments

10 d LB R AR ), i s 77l o
22 HiEpH BEX

& 3(a) W niRIn 4 R AR Y pH 2375 o
AN [E A 3 v A R4 AT A pH X 2 B 3 A FAAR 21 B
WoB TR A, RHME =AM HEBRSIERT
Il K PRI . Exp-01 Ah 38 v FHAR B 3T 4
(S1)1 pH & 2.5, 2\ BA AR Bt i 2 8 7R & 4.3(S5),
FIAR B3 48 1Y pH IF&A M - Bk i pH(4.8),
XEERENIEASGZRE 15, AR 40
OH B BRI SE vhEE J) , [RIEH FAAR ™ A Y HHT RS 3|
T AR S5, T3 S5 #im 1581 pH A BT T, Exp-02
AL 3R B TR AR YA pH o 10, 37404 T HY
M &R, 2P AR TE Y pH TR T HE A
AL, RR RS AR L A pH FHE BT 7.91,

9.0r (a)

8.0

7.0}

60}

50r e o = ®
40t D/G’D/

301

20}

1.0}

0.0 1 1 1 1 ]
S1 S2 S3 S4 S5

BT (A ERAERIR)

Soil section (from anode )

pH

Exp-03 1 Exp-04 th 13K 4R pH (128 1k B A A
HaH, BRI R pH 252 1.6 1 2.0, B FHE pH 45
R 3.4 F1 3.5, 5 Exp-04 A5, Exp-03 H7 pH 8,

Bl 3(b) B HIER B SRS M. AR
MR SRYE T IERERD SR (28 pS-
em™), 45403 + R AR A EC #1230 B E
AR 2T T et #4038 Exp-03 (1115
SRR, M Exp-02 ) H3EHE FREM, X 584
Pe 13 pH (AR AL RLELRAHXT B
23 TEPENER

ARG SEERWSHFWE 4 (a)fF
o ALIRJE, ANEEE HED A S B E TR,
Exp-01 F Exp-04 {518 Z2 PR % 2 5 4 38.9% .
37.9%.51.3%F1 42.6%, M AEEI HER) SE S E

T (b)
— 6_
5 st
4
5
=
|
ﬂ]’p‘z
2 |
o—e e e 1 ()
S1 S2 S3 S4 S5
R B AT )

Soil section (from anode)

—-Exp-01 -+ Exp-02 —& Exp-03 —>¢Exp-04 -@ initial

B3 1 pH(a)FNEBSE(D)
Figure 3 Soil pH(a) and electrical conductivity(b)



1102 BINE  BESE-AIE SRR RSB ERIR

201046 A

KRE, LIEPRIKMES BN ERB AR ZHT R,
2% BR B8 A [ £ 190 TR) B A 32 9T 1) B AR E S B e
Exp-03 FEMTERREIHE, RUBREAEELGFTF
B EBR. Exp-04 BRI HETHE SRS
Bs), Xt BRI Exp-01 A6 L, 28 Fenton &AL
YERIARK,

F HPCD $2HR -3 2315543 11 B 5 Tl A P Reefn
WA R2M 111 X R, Bk HPCD B2
LR 2 RAEYA RS ENA RO,
&l 4(b) Frzs A Ab 38 5 + 3 4% 8 A9 HPCD $2 IS
OB, 5 13 HPCD R EUS MR EAH L, 403
Ji T4 HPCD #REBGSE A AR T, WARL
PRE , Exp-02 H L3RRI 1) HPCD $EIASTE &
B, 24 3 M AR, R AR AR
SRA T HPCD X 1= 38 e i i ™, {HOR R 28
BREARE , A LLEST 5 R T 25148 R F B A
24 TEETRFERIERR

Kl 5(a) B B2 B sh AL BRS +3E h BUR  E A

600 - (a)

w
(=
(=

I
[l
[=

300
200 -

100 -

Total pyrene concentration

TR A B img ke

st w2 s s
e (B PR ZE A )

Soil section (from anode)

400 - (b)

350-r o . . . °
300 F

250 -
150 -

100 |-
50+

13 HPCD 12 BUSH & /mg kg
HPCD extracted pyrene concentration

st s s s
e (B R LR A)

Soil section (from anode)
—— Exp-01 O Exp-02 —& Exp-03 -X- Exp-04 -@- initial

4 FELERRTEPRETE(a)F HPCD REGSTE(LDHEE
Figure 4 The total pyrene concentration(a) and HPCD extracted

pyrene concentration(b ) after different treatments

I3 Ao 4 A AL B P E T FEAR 0 0 4 S 2 W S ek
A REABRAIAE R TR A F G IE F A )AL Y
YER T I AR, Exp-01 4 ApiR T2 AL TS
IR A, 2B R BAAR HR A = A R O B AR i
pH B0, 1 B 7 I% i Cu(OH), ULIE , 81 1Y i BB
F 46.4% . Exp-02 4b¥E R RS S AN B B, e B A
FRAFARIFER B 11, 8 F 2 AR e - b A
SEEAR AT, FETHENERIVGEEEN
100.5% , ¥ A5 Ei A - e h B Exp-03 Fl Exp-04 #
BT BAM ] pH3.5, f AT AR I B, T IEA R
T A S R TFA & &, KT T4
A, i B F= 343 155 B 80.5% 1 66.3% , 5 B B, 5
Ab BRI BAAR 3t pH W] DA SO R /D B 4 B S
B ER T BLULNE , IR &R 5 S e B
X SE AN R —E,
HEPESBROESEEIBENEEFL. +
B 4B MAc SR i R R E e S MR
REBL P R BB 47, B R A B Bl i —FR 430,
900 -
800 -

(a)

~1

=1

=]
T

2 600}
500
400
300 -
200+
100 -

0

B & img kg
Total Cu concentration

st s s34 s
I (B P ZEERIG)

Soil section (from anode)

350 (b)

300
250

200
150
100

R Cu & Bi/mg kg

Exchangeable Cu concentration

501

81 2 s s s
THRET(BRRAERS)

Soil section (from anode)

—- Exp-01 -+ Exp-02 —& Exp-03 —>¢ Exp-04 -@- initial
5 FEAEBELRPHEE()MZHESEDLEE

Figure 5 The total Cu concentration( a) and exchangeable Cu
concentration(b ) after different treatments



F29EH 6

LR S 1103

A 5(b) @R ARRABG PR ASRT. B
AN IEFT AR B R & BT 197 mg-kg ', A0S
Exp-03 1 Exp—04 337540 & BB Wb, Ko
BT H 1K, Exp-02 /1 S4 1 S5 s &
W A, TR & M4, X R 14 pH 19
FHEAETR SIS A R HAA K G B T

3 itig

TG YRR S E R SR R
2 55 v St o %) B (B R 3 G R /N ) 0 B R
AL YIS . I AR HH A& AR, TR
B R L L F B A R/ NI AR + 3 ) pH S5 A
KM, AT R R fLiE E 1R R AR,

TEABIGE i, Xof HEAb 38 Exp-01 H e i Je st KR
Yol /N DR AR I T A i - 39 R B R E R
o, W pEA AL FRE R A IE K, v RS S B F R #E,
T B FH PR ()3 B 20 Wl ) , AT RRRAER T - 8 1
HLJE2 2, Exp-02 fr g2, Ml 7 H e
TS, B TEFRERE, FrRR—ERD,
Exp-03 P BAMRFE il etk A5, 3 it , S 3+
YR, KEE TUEA T, N TS RE RSB
53R, T L ™, Exp—-04 H Y HL /N T Exp-
03, AT e H T H,0, &3 Fenton [ 7=t & &,
WE T, BT BMERMES R, NTIEE T AR
AT . FEARIIRIGAC L, B AR HE N i
B —BY B TR TR B3 i 45 2 45 AL FRLAY
TR B AR, Exp-03 HL A5 , i Exp-01 1 Exp—-02
WA Fti B YA AL, +358 pH Al EC tha A4
N AEAL 3% A TE L B A B AR R FAR R A FLAR
BN TEBAM = AR 1Y, IR = AR O, X LB F [n] A L
77 160 F L KR A% Bl e 58 5T AR BT 19 pHL R A, S0
FAM B pH F+E5 o 5 Exp-04 #H L, Exp—03 # pH %
fik, FEREH N Exp-03 Fi i 8 5 T Exp-
04,5 H 7= A i) HELE T Exp-04, % 3R ER L
fEF R T Exp-04, 135845050 S 3 DA BHAR 2 A
WA BHT T MR, X 3 2R R ST PR A 1 28
pH 8%, L IEMBR LS EE B TEREWWIR, Wi F
A B SRR, T BIAR T 3 pH iR, H
IEAE R b 1358 EC B,

FELBAL TR , 4% AR A F A5 2 B A PRI 1 B
W BT R, FERAE T ERGERT mARER
AIZER, X5 4 pH RSk —B., T HEEn
AR XI5, pH FH15 , Exp—01 H 4R & 1-7E S5 # A TE m

Y€ - Exp—02 IEHIBRIERM, WA T &R E 705
W T HIH T 8BS FRERE . Exp-03 il Exp-04
RRAR 5 R 1 52 S BAAR S A M DUV, KRS T
BB RBRECR, X —45 RE A BT Maini % OF0
Maturi 252 [RAFFT 25 R . ZEABATAOBFIE P, TR
BRIAR o v 8 ) pH AT HE ], S BRI L 3
pH B ETHE , ELBUIEAERRMHT , i R A
o A HIEPHATEARE  FERBIEAT, HESE
T RSB ASRRE SR 1 L1k, {HTE Exp-
02 H i F#Rim S4.S5 #9348 pH B B TR, HIEA
A & SRR LL 33 1R 27.2%F0 10.0% , AR TFHE
16+ HEH) 40.4% , X R IITERME SR AT T, S B AS 4
5 M EAA BB LA, AHTRNTER,
X5 Zhou 5P {4 Rt E—EH ., AR HIERE L
B EEE S B FHAR B0 AR T T, X T RE R R
FEA PRI 9 HPCD e R , SB AR b a8
S1 HEMEBHLEHE , Exp-03 FEE K EHEH
8, FEER R+ G AY pH RS + 0B AR
FERR A ZEH, 0T 39 -V - B 2 ) G S P
Exp-04 128 Fenton EALFIEAA K, AIEEERE R
H,0, ARUGER G /MR FBR AR ML, HBATEE
& 1,0, WREEIR, BUE RN A 2,

4 &g

W-E R AR R BIMERENTE S, 1R
JEE P R DR 15 Y R RACR B G B B )
PREAUAFIT LR E SRR AR, A H T
B HLTS G BT RS FURE S, T AR )+ R S 3
HESBEMNVIEAN TESBIER , WAL I
R LB B4 B . 500 ILO; FFERIE
RN LERZR, I Fenton BRI E R EALIE
FEAEHIANBAR, X5 R RAIAE DA X,
TS B0, H B M5 MR EA K. T RIS B3
L0, By E , LI s HAR AL R

S 30k :

(1] Fhor i, SRALbK, FBJE B, 5. KT X ESR SWAEAEE LG
Bty (POPs TSR BHIFMT]. AeASA575, 2006, 25(1):29-33.
SUN Li-bo, GUO Guan-lin, ZHOU Qi-xing, et al. Assessment of heavy
metals and POPs contamination in a sewage irrigation area[J]. Chinese
Journal of Ecology, 2006, 25(1):29-33.

2] K HFR, BEM, a3, 5. Wi LIRS R HTE RN,
R, 2007, 44(5):925-933.
ZHANG Gan-lin, ZHAO Yu-guo, YANG Jin-ling, et al. Urban soil en—

vironment issues and research progress|J]. A cta Pedologica Sinica, 2007,



1104 BINE  BESE-AIE SRR RSB ERIR

201046 A

44(5):925-933.

[3] Khodadoust A P, Reddy K R, Maturi K. Removal of nickel and phenan—
threne from kaolin soil using different extractanis[J]. Environmental En—
gineering Science, 2004, 21 (6):691-704.

[4] Probstein R F, Hicks R E. Removal of contaminants from soils by elec—
tric fields[J]. Science, 1993, 260.498-503.

[5] Acar Y B, Alshawabkeh A N. Principles of electrokinetic remediation[]].
Environmental Science & Technology, 1993, 27.2638-2647.

[6] Maini G, Sharman A K, Knowles C ], et al. Electrokinetic remediation of
metals and organics from historically contaminated soil[J]. Journal of
Chemical Technology and Biotechnology, 2000, 75(8) :657-664.

[7] Chung H I, Kamon M. Ultrasonically enhanced electrokinetic remedia—
tion for removal of Pb and phenanthrene in contaminated soils[J]. Engi—
neering Geology, 2005, 77:233-242.

[8] Zhou D M, Deng C F, Cang L, et al. Electrokinetic remediation of a Cu
contaminated red soil by conditioning catholyte pH with different en—
hancing chemical reagents[J]. Chemosphere, 2004, 56.265-273.

[9] Reddy K R, Ala P R. Electrokinetic remediation of contaminated
dredged sediment[J]. Journal of ASTM International, 2006, 3(6):1-14,

[10] Walling C. Fenton's reagent revisited[J]. Accounts Chemical Research,
1975,8(4):125-131.

[11] Tyre B W, Watts B J, Miller G C. Treatment of four biorefractory con—
taminants in soils using catalyzed hydrogen peroxide[]]. Journal of En—
vironmental Quality, 1991, 20.:832-838.

[12] Ko S, Schlautman M A, Carraway E R. Cyclodextrin—enhanced elec—
trokinetic removal of phenanthrene from a model clay soil[]]. Environ—
mental Science & Technology, 2000, 34.1535-1541.

[13] Kranti M, Reddy K R. Simultaneous removal of organic compounds and
heavy metals from soils by electrokinetic remediation with a modified
cyclodextrin[]]. Chemosphere, 2006, 63:1022-1031.

[14] S2msh. T3efll b2z a4 BEM]. 6T S E AR BB i AL,
2000.

LU Ru—kun. Methods of soil agricultural chemical analysis[M]. Beijing:
China Agricultural Science and Technology Press, 2000.
[15] Paton G I, Reid B J, Semple K T. Application of a luminescene—based

biosensor for assessing naphthalene biodegradation in soils from a man—
ufactures gas plant[J]. Environmental Pollution, 2009, 157.1643-1648

[16] Saichek R E. Elecirokinetically enhanced in-situ flushing for HOC
contaminated soils[D]. Ph. D Dissertation, Dept. of Civil and Materials
Engineering, University of Illinois at Chicago:Chicago, [llinois, USA.
2001.

[17] Stokes J D, Wilkinson A, Reid B ], et al. Prediction of PAH biodegra—
dation in contaminated soils using anaqueous hydroxypropyl-beta—cy—
clodextrin extractiotechnique[J]. Environmental Toxicology and Chem~—
istry, 2005, 24(6) : 1325-1330.

[18] Kieron J D, Paula J C, Karina U, et al. Further validation of the HPCD—-
technique for the evaluation of PAH microbial availability in soil [J].
Environmental Pollution, 2006, 144 :345-354.

[19] BRI, 45, FRog 32 M. JUnt Bl i i, 2005.

CHEN Huai—man, et al. Environmental soil science[M]. Beijing: Sci—
entific Press, 2005.

[20] Hamed J T, Acar Y B, Gale R J. Ph( I ) removal from kaolinite using
electrokinetics[J]. Journal of Geotechnical Engineering ASCE, 1991,
117(2).:241-271.

[21] Acar Y B, Alshawabkeh A N. Electrokinetic remediation. I Pilot—scale
tests with lead spiked kaolinite[]]. Journal of Geotechnical Engineer—
ing, 1996, 122(3):173-185.

[22] Maturi K, Reddy K R. Simultaneous removal of organic compounds and
heavy metals from soils by electrokinetic remediation with a modified
cyclodextrin[J]. Chemosphere, 2006, 63:1022-1031.

[23] Zhou D M, Deng C F, Cang L, et al. Electrokinetic remediation of a
Cu—Zn contaminated red soil by controlling the voltage and condition—
ing catholyte pH[J]. Chemosphere, 2005, 61:519-527.

[24] Maturi K, Reddy K R, Cameselle C. Surfactant—enhanced electrokinet—
ic remediation of mixed contamination in low permeability soil[J]. Sep—
aration Science and Technology, 2009, 44 .2385-2409.

[25] Reddy K R, Karri M R. Effect of oxidant dosage on integrated electro—
chemical remediation of contaminant mixtures in soil [J]. Journal of
Environmental Science and Health Part A, 2008, 43.481-893.



