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The fast and effective remediation techniques for cleaning agricultural lands

contaminated by heavy-metals are with high potential to be studied. The investigation of the

in-situ remediation 1n pilot scale 18 especially important. This work applied the

Circulation-Enhanced Electrokinetics (CEEK) in near-real scale to clean the lead

contaminated soils in Nantou City. We hope to find out the critical factors of the CEEK

technique 1n near-real scale. To obtain the appropriate operational parameters makes the

CEEK technique cost-effective.

After 63-day treatment, several conclusions and suggestions can be drawn:

The lead removal efficiency was about 64%; the average lead concentration was
decreased from 7,246 mg/Kg to 2,612 mg/Kg. This result was close to the
previous that in pilot scale and in other contaminated site, which demonstrates the
high potential application of CEEK. The removed lead could be electroplated on
the cathode.

The operational cost of electricity for removing 1% lead was 6.55 NT dollars 1n
the area of 1.0 m”, which was close to that in pilot scale (8.82 NT dollars) ©

The pH and electrical conductivity of soils could maintain neutral and stable
situation, which indicated the little impact on soils under such CEEK process.
The electrical current and voltage could maintain stable situation, which presented
the great stability of the CEEK process. In addition, the temperature of operational

solution was close to atmospheric temperature.
The fertilizerbility of the treated soils was slightly less than that of the untreated

soils. This means the addition of fertilizer is necessary.

The wooden circulation channel was gradually cracking due to the soil pressure,
which resulted in the leakage of working solution containing lead. The circulation
pipes against high pressure are suggested to use in the future.

If the removed lead was electroplated on the cathode with low electricity
efficiency, it 1S necessary to integrate a wastewater treatment plant with EK

system.
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W &S pH H ~ HEENERERFTEEINGE - KRG mHE 21 RIRZH
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R EEE I7ACEEK BIGS TR pR

T 1-1 BEET5A O (B PREERIAY SR R L RRRR > (iRl Al A& BEA 6
TR SRR BRI 2,000 mg Ke' HEMMAHEEREA » ReERE40% 10,246 mg
Kg'» AESTIIIRELY R 7,190 mg Ke-1 - M PREEBEHI SR B HE 1 (s
FENNI AR - #ROFIFRT 1R~ 3R~ 5 R~ TR~ 14 KR 21 REVPHESEAFRR
Iri0Es 17% ~ 14% ~ 21% ~ 42% ~ 38% J 49% = HH e 9 FREEBEHVSLRE TUH 6,783 mg
Kg" [#fE 1,767 mg Kg' (RHEHIEEAE) - HEFRERL Ry 74% - sABR4E R BT » CEEK
BEN AR G TR IR E A MEREAE - HAT > AslERrEE 2 MH - Hid
B PRBEREZE 80%  [EAN - 188 pH &y RT4ERFAE M4 EEH -

& 1-1. |55 9 [EERERRESRE R L RRR

Pb (mgkg™)

Gt | 1 2 3 4 5 6 7 8 9 | ¥ | Ebx
S|

#46 | 7618 | 6100 | 4822 | 7791 | 5938 | 7379 | 10246 | 8030 | 6783 | 7190 -

Day 1 | 7062 | 5661 | 2969 | 7896 | 6471 | 3973 | 8967 | 6670 | 4000 | 5963 | 17%

Day 3 | 7313 | 5927 | 4176 | 8600 | 5765 | 4136 | 7928 | 6781 | 4871 | 6166 | 14%

Day 5 | 6610 | 5131 | 2906 | 8051 | 5589 | 4021 | 9617 | 4996 | 3922 | 5649 | 21%

Day 7 | 6440 | 4554 | 2574 | 6725 | 3639 | 2904 | 5714 | 2629 | 2493 | 4186 | 42%

Dayl14 | 6365 | 2499 | 2650 | 6776 | 5753 | 2542 | 4904 | 5227 | 3349 | 4452 | 38%

Day21 | 4381 | 3685 | 3182 | 5194 | 5046 | 2864 | 3072 | 3953 | 1767 | 3683 | 49%

AT RGBT B S0V ARR(ESR - RS R IR
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2.1 BHEDSHRMIGIE Y ER

RIS P R r 1 T 2P A S - 18] 2.2 R0 5450 I R BR
& o AETEERA I EHIISE B YRR 25-14 > REITP NEHE 14 BRVEE - &
THERR ARSI SR B R ASTE - tHREIRTNBSGERE Ll XRE #es
AR o BoA EDISIREEITIRES - SEPREERERIRS 2 AR BRERRELY S &
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R 2-1 R ES B SHIRE

5 ﬁf . ﬁf e ﬁf sk ﬁf sk ﬁf st ﬁf sk ﬁf
1-1 | 6017 | 2-1 | 6004 | 3-1 | 6551 | 4-1 6616 | 5-1 6754 | o-1 | 7015 | 7-1 | 7289
1-2 1 5822 | 2-2 | 6118 | 3-2 | 6579 | 4-2 | 6420 | 52 | 7197 | 6-2 | 7009 | 7-2 | 7213
1-3 16045 | 2-3 | 5966 | 3-3 | 6222 | 4-3 | 6645 | 5-3 | 6607 | 6-3 | 7107 | 7-3 | 7604
1-4 | 5376 | 2-4 | 5985 | 3-4 | 6013 | 44 | 6309 | 54 | 6875 | 6-4 | 7007 | 7-4 | 7238
1-5 | 5753 | 2-5 | 5678 | 3-5 | 6024 | 4-5 | 6466 | 5-5 | 6811 | 6-5 | 6990 | 7-5 | 7539
1-6 | 5604 | 2-6 | 5512 | 3-6 | 6071 | 4-6 | 6766 | 5-6 | 7106 | 6-6 | 7379 | 7-6 | 7687
1-7 | 5525 | 2-7 | 5664 | 3-7 | 6001 | 4-7 | 6969 | 5-7 | 7206 | 6-7 | 7492 | 7-7 | 8351

2-8 | 5609 | 3-8 | 5931 | 4-8 | 6912 | 5-8 | 7465 | 6-8 | 7616 | 7-8 | 77156
2-9 15636 | 3-9 | 5903 | 49 | 6792 | 5-9 7654 | 69 | 7939 | 7-9 | 8373

2-10 1 5920 | 3-10 | 6173 | 4-10 | 6783 | 5-10 | 7032 | 6-10 | 8215

2-11 | 6146 | 3-11 | 6310 | 4-11 | 7500 | 5-11 | 6818

2-121 6310 | 3-12 | 6148

2-13 | 6154 | 3-13 | 6320

2.2 FESHBHIACEEK B G ESBIRMERT 7L

2.3 IyEENJIACEEK) B G 5 A IR 5 2 R R ] - HAaL & ] R (A
TR - B PR S ARMEE 5 MERGEEE (F—HE R 1 AR x 1 ARZIETS
1) R S A YRS Ry 20 2353 AP - N IEE - SRIM R B8 R A 25 2353 Ry IR R4
ARRERTR) - @B NEFZ I —IRGEEIRAYRE T & 20 A7) > BAE R IRIREE
FEREESHZ&EIFREAGGE - IEBEARER 0.0IM bkl 0.01M
EDTA- 2 $88) - DAH A B8 0 Al R Pt 228) BAR2 AR (A S48 e 5 540, > R
ff B (o A R B R L e > G DAZR TR o i 182 (IR 25 2 P2 ke -~ TR
— pH FRIZER 24T - FEATRIRKM R S A2 MR ERRER A 20N
R ixig o BRI P R TR LU R E R 25 B R - slBaiihLlE %
REGAES EREIR TR Z R ERES BRI EREdGTA - BEMER 1.0
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B=E - FTEBREG R

Rl BHRES - IUEETTEFETERE o HART RSB0 T TR S & i
EEFEFEE TR - BHAT > Rt ESeR X R R gsiasR iy
3.1 RS S - By R RS R

A CEEK SRERTELRTE 7-8 ~ 69 ~ 5-10 ~ 4-11 ~ 3-12 SABGRIEBHIZ R BB T 14
B o BWEN ARG TR (L B IR BRI RS S AR BT
3-1 - FHERATAD > 888 pH (EBAT R MO IR 6.9-7.1 Z /) ~ HIEAWELE 6-7%
TS5 AL IS S 1 By 6,488-8,378 mg Ko™ o BoifEF-ACHARE 14914 3.0-3.08 cmol
Kg' - %G EEE A% > R ERIE R AT T e ER R DU T 4B LS -

R 3-1. TWHESSREUE RV RS HIRE

AT B7KE FHE pH EC Pb CEC
(%) (%) (uS cm_l) (mg kg-l) (cmol kg_1 )
7-8 36 7 7 146 8378 301
6-9 34 6 7 155 7312 3.0
5-10 34 7 69 257 7508 3.0
411 31 6 69 149 6438 3.08
3-12 30 7 7.1 269 6543 2.97
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3.2 BB JIVACEEK) B G st E & IS HER 63 KR

3.1 Ryigsct3E pH MEEEEERFRHE(CE - AolialE i RErT 63
Ko STHIPYERRAERAL 5 (HESA 5 R HRET MR ESTALE | EHEERE 1
AHVERARE T-8388) - Il o] A 48 FHEE ) /704 CEEK W (RFFREHEE 118 pH 7 & El(pH
6-7) » WA HIBFALRITENR - HARERFER A BRI ERE TS pH 4R1ERE T &
TEER A4 - P IREREE Ry 0.01M BREESATEREL - NIt/ D8 ryREiE A Y pH
B K = IL5h > BRIl o N AR K E A R EAVEE(H) - 2Rl
AR KEA R EREROH-) » AR %48 CEEK #HH#UEE5 M i i - I0ERH
TEHR A IR EL g RO - NBE > BB AR E R = IO EIEIGME - A &
Seiy pH Ty A] R e i M el -

TRV EER A —biaA _ETREES o BEE SRR S DO 4R AR &U1E
300-600 uS cm-1 - JHE45 R EZE B = AR K KR s BRaE AT - [FIlF e f pH
W EERREEE - IRER pH IVERENEESE -

12 2000
Variation of pH and EC

1 (0.01M EDTA, 0.01M Sodium carbonate, 1800

10 4 Anode:Graphite, Cathode:Stainless Steel ) 1600

1400

1200

pH

1000

EC (us omL )

800

600

400

200

T T T T T T T T T 1
(o] 7 14 21 28 35 42 49 56 63
Time ( Day )

—&— No. 1 Soil pH
—@— No. 2 Soil pH
w— No. 3 Soil pH
A No. 4 Soil pH
—m— No. 5 Soil pH
—&— No. 1 Soil EC
—w— No. 2 Soil EC
@— No. 3 Soil EC
< No. 4 Soil EC
—A— No. 5 Soil EC

3.1 755188 pH K BB ERE BRI FR R b E
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[l 3.2 RyERE AR AT T RS LE - hE AR HIEP RS EE
I R T RS > 4538 63 REREE - 5 (EEAY IR P LR Ay 2
64% (H1 7246mg Ke-1 [ 247 2612mg Kg-1) - TIEHPHSHNY) SRR MEAvss -
H RS CRETE HIEE4E 2000mg Ke-1 -

10000

Variation of Pb in the soil
(0.01M EDTA, 0.01M Sodium carbonate,
Anode:Graphite, Cathode:Stainless Steel )

9000

8000

—&— Sampling point No. 1
—@— Sampling point No. 2
v— Sampling point No. 3
A Sampling point No. 4
—&— Sampling point No. 5

7000

6000 -+

5000 -+

Pb (mgkg™t)

4000 -+

3000 +

2000 -+

0 7 14 21 28 3 22 49 56 63
Time (Day)
[ 3.2 BB ARaH T IR B L
T 3-2 HIERTTHL 5 (ERRERRE A SRS R AR EEI%EPﬂ%H » AR SR
TS B B HIREAE 2,000 mg Ke' HESMEIEIEA » S =497y 8,378 mg
Kg'» A& FIIRAELT Ry 7,246 mg Kg' ﬁﬁ—%ﬂﬂrﬁé’ﬂf e BRI
AT 2R - FRAEIFRE 63 RAVEIISHZFRF AT 2 64% -

R 32, BEERSH 5 EERESHRRE RHERRR

Pb(mgkg™)

Ut 1 2 3 4 5 A LR (%)
Bl)E 8378 7312 7508 6488 6543 7246 --
Day7/ 6955 7032 6228 6202 6170 6517 10.06 %
Dayl4 6863 6590 7183 6218 6380 6647 8.27 %
Day 21 6590 6487 4922 5537 53717 5782 20.20 %
Day 28 5457 4937 3963 4877 4567 4760 3431 %
Day 35 7323 3668 4778 4303 3930 43801 33.75 %
Day 42 4005 4103 3953 3247 2975 3657 49.54 %
Day 49 3840 3843 3007 3010 2823 3305 54.39 %
Day 56 3907 3568 2308 2458 1930 2834 60.88 %
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| Day63 | 3187 | 2795 | 2517 | 2505 | 2058 | 2612 | = 63.95%

3.3 By CEEK EEJ7A#R( BRI pH BLEE I blE - miE 3.3 715 - #(E
& pH OREFEEE PR REATRRE (A 7.7-8.5 Z ) - HHIL AT RIEEE) ) & R
SRR BAT > BelE 8 T mlR A ot K mig e I iu e A1 &) - EEEIRERRE -

14

Variation of pH and Conductivity L7
15 (0.01M EDTA, 0.01M Sodium carbonate,

Anode:Graphite, Cathode:Stainless Steel ) L6
10 H"\
s §
) (2]
8 S
I ¢ - 4 N—
S ) >
y =
6 M OpooqoQ CJ%_ s =
\® S
o \ ie]
4 000 00000000 § L, S
@)

—@— The pH near the anode operation 0
2 +H —@— The pH near the cathode operation 1
—@— The Conductivity near the anode operation
©— The Conductivity near the cathode operation
0 T T T T T T T T 0
0 7 14 21 28 35 42 49 56 63

Time (Day)

[ 3.3 AR H R L

3.4 R 3.5 53Rl RS ERRE ROR S g LE - tiE 3.4 TR AERE
B R&EDIEEER 10A RIERESE > BEERRIEREY I E A 2
B & 60V /o - EE FF BN EERHRE 2 0 - E O RE RN R E R R AR (%
PRISZAL) ~ BRI A R - e R R A R AT Se R - 5455 63
RIHERMSELNT

SR RL Ry 59.49 V o SR 10A - B 59.49%10=594.9 W

63 RIEHHE 594.9%63%24%10-3=899.49KW-Hr({T FL/]Ni)

| EEE By 1.0 KW-Hr » 1 BEEELL 3.5 713

63 RERTEEE By 899.49%3.5=2008.22 T

DApREE 1328 5.0m2 515 - FEr AR IEEE fy 5098.22/5=419.64 7T

419.64/64=6.55 T
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KZ& CEEK 0 1.0 “FITA RIS HIBG AR 1% RN FEERL R
6.55 7T » MLER B AR 8.82 TUME A REN - HAEERASET -

HE 3.5 AR AGFHRERIVCRE T 30 - 40C 2 BeEERNINEL

— o BWEFNRGHORRER - HORE R RENERBCRMELESHIRE > E2iE

ARk - (B ST 63 KR FRCRE LRI & - HEURA CEEK Z4tHViR et

Voltage (V)

Temperature

o

15
Variation of Voltage and Current
3207 (0.01M EDTA, 0.01M Sodium carbonate,
280 - Anode:Graphite, Cathode:Stainless Steel )
—e— Voltage
—@— Current
240 ¢ L 10
200 v 5
€
160 L
5
O
120 L 5
80
40 r q
0 T T T T T T T T O
0 7 14 21 28 35 42 49 56 63
Time (Day)
[E 3.4 BEIJIARGHVERKERBLE
100
Variation of Temperature
(0.01M EDTA, 0.01M Sodium carbonate,
80 4 Anode:Graphite, Cathode:Stainless Steel )
60
40 -
]
[
20
—@— Temperature
O T T T T T T T T
0 7 14 21 28 35 42 49 56 63
Time ( Day )

& 3.5 BE ARG EREREEE(LE
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LUTES

3.3 HRAE I Bt

F A - I i R -

R B BB Tl R G S S R Z BT 5T

PR LIRAC TR R A BR EE R 2 — - BEZRANFEE)

JEC FHE RS T A - (2 T RS A R MR E R A s IR
ShA B ST R 1% IR T A ek o i - REDIMR IR A S ¥ 1 1 2 2
2 o HAHTHYTE HESE | MRS EET-(K, Ca, Mg, Na) ~ f&E T2 (Fe, Mn, Zn, Cu)
R - BB LS P RERER 34) ) TIEEE AN 4R - #E (Ca~ Mg
K~ Fe~OM) > #%& (Mn) &= (P~ CEC) - £ 63 ROy : 8 Mg K-
Fe ~Mn~ OM) > &= (Ca~P~CEC)- HHPL EEUEA R - REFHEIE T EmE
&I - IRAE RSP > FREIR I E Ak T REOHE A AT -
xR 33 TEREEAIGNENTESE
Ca Mg K Na Fe Mn
mg kg™ mg kg™ mg kg™ mg kg™ mg kg™ mg kg™
Pk 1795.25 3177 146.25 88.88 1058 138.49
Day63 250.21 312.65 228.81 1767.75 | 3111.00 | 173.86
mgc Eg'l ng Eg'l mngg'1 cng?ig'l OM %
kG 6.16 10.03 13.09 3.01 78
Day63 8.76 8.825 0.122 30.1 4.4
* 34 TBESSEE
N ‘ N A58k
Al R ERER L0 mRe #RE
OM % FrEt#E <1 1-3 >3
CEC cmolkg'  FTATIE <6 6-12 >12
AR mg kg' KEE#E <20 20 >20
AHMESS  mgke e <800 800-1600  >1600
ACHAMESE megkg FrEL# <30 30-60 > 60
25 i me kg’ FrE+i#E <67 67-125 >125
£ mg kg FrELi# <50 50-300 >300
i mg kg’ Fia+iE <20 20-140 > 140
BRI © B - MIES) - SBERT - T RN T Y SRR | (TRIRERY - 245
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3.4 T3ReTE B PHT AR REJE <~ 28

TR E B
Fo T HEE IR AR T RS PRAV R M R S AN (R &2 - [EE S I
SHEEFEIETEET 2 - STRAER - HIERRIEEE - 2T e
EE MR EERTHSE R - StEEVFEETS NI &EtEaT -
TEEM PR HVE B= AT R BRI s E B R AR T2 E

LIRS &

BAT TEEIEERRE 7246%64%=4,637.44 mg/kg
BoaTHEAE E 100%100%25% 1. S(HEAS A1) *5/1,000=1,875 kg
TIEMBERIHIAEE & 4,037.44 mg/ke *1,875 kg /1000=8,695.2g

2. ZEEPI s E R E 8
AER L S R I T B S ek Y BE 9 e[S > FURFE BT S oK (um)
BEHFERA TERTR - EHGEREINFE 3.5 - ERT AR Sty i
JEAAIT A - AL 0.5~25.1 pm » HEUREFERCRA S - HE2MiR Er:
PERERARON - EESTEESTEATT -

El 3.6 ﬂ%ﬁﬁ%‘fiﬂhﬁﬁﬁ%ﬁ%mﬁﬁ/
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2= 3-5. FafmtieiiR 2 JE R (um)

SHPET | 1SRkt | 2 sRietEii | 3 RiatEii | 4 SRR | S SRR

1 11.0 3.5 10.7 11.0 3.2

2 7.0 4.8 18.9 0.6 0.5

3 4.7 1.6 25.1 5.1 4.2

4 4.5 11.3 0.3 8.3 3.7

5 8.4 0.2 12.6 12.3 4.3
il 7.1 5.5 14.7 8.7 3.2
GRS 7.832

24 R et B E L EAVAREERE  100%20%5%7.832/10000=7.832cm’
FLERE 10.66g/cm’
IEtrti EEfEsVE &  7.832%10.66=83.5g

JEMEERTIEE

HERRAS R 1,500 A7
HER IR P a2 e 30.0me/L

AR EREE 1,500 L *30.0mg/L/1000=45¢

bt R P S E B HRAFAIR RIS S B = 83.5+45=128.5¢

Gra bl FEMEAER - TEERSERINIVARE & 8,695.2¢ KA FE MR EE RN E E+
HERRTP RS E R 128.5g 0 T2 > EERIVENAAER ZE R 2 0 R A&
FE—BPH £ S (closed system) « ELJFRE ¢ & T38HE EK BEREERIEART - Hi
PERE A RARE 2 T B T - (S SR E AR NS RE GRS
HASE LR © S ERRIR RN SRR H 2% -

RO R 8
101 £ 8 H&rfieR\(REE S - IS AGUEREISEK > Ha/KIEaE 3.7

F o LB EREa 2 AV bh - Al /KE SR 1.0 AR > B4 EK &
e g 0 1 B EIFILESSEE R IRERIE - A EE -
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(& 3.7 101 4F 8 H&xhIRgEiE B it KevisE

e

[ 3.8 ¥FEIESER FK AMEHEE
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3.9 ERALEE R AR EEARAY B » R AT iR EA R R e LB
FESIMBER > (E15 &SV EREERIZ N2 MRS - NIE - Bk E R R E AR
MY AR - FR PR -

FrREREENE - SSRGS 4L T 181 e JEU# /K i 18 KiEHE
Tt TERETRE RO AHER 63 K1ZAVLY 2,000mg/ke » HHIE] 6,000 me/kg 7i o H
AIBESE S IR 2 R MITSTT A » RV KHARE] S AR o R I 7 £ 3 e -
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3.5 SomEd R

A BRalis 63 KT IR K MEEUE/K - §55R A AR Ll EF4dEm

VAR 55 TP SRR PR ALY 64% » T TIESERIE AT 7,246 mg/Ke 2
£92,612 mg/Kg > SR EE AL M HM S 5 AU IR ERGCRIE T #EHT > 7T
Tyt AR flr CEEK (SRt B GHIERVE S - (e HIE R BRy S nl S H e g (7
H > R R PR AR L -

2. RE& CEEK $17° 1.0 P A KRBV 57 HIBERRR 1% R FEEL R
6.55 7€ > BLEUREL A LA E R 8.82 JURA R AT -

3AEEN I HME CEEK (R B MIEIRIE T - 1580y pH (B R BB EHERFE T R
TREHVIRRE - B3RS T R fa e (K -

4 KEEN 40 CEEK FEITEIGHURERE T 2SR R R ERR ERIRAE
[FRF » RSURE RN SRR » EIRALSIRRENE -

SANEEN G T AR AR A T RAE is E » FRESIIE E RO T RE AT -

AR BT PRI R R A T

1. BERIVIEERE 2 R B8 © H IZAAT CEEK IVERIEIR - (B RARA
L - ERERERAYAE - ARSI ERIRE - BIEITE2EZN

2 AR 2 - EFEAAEGT 2 EHANERKESE Z -
QIERREHAER  wEGHEETE T - DO/ KREUFrEERRE - 2+
B R B T R - B P 138 AR IR EIRAYIZ TR » BEaoR AR P DUBRRY T

BUKEBRELZ

3. [ A PR A AR A R SR PR ¢ FRIR $HER EDTA AYSEA LW R 48 H = HY BRI S I
[EIEESE > A Rei i P RIS SR P PR AR AR A - R ROR A - FENE iR
TR R R -
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