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Potassium permanganate oxidation—electrokinetic advanced remediation for soils contaminated with trivalent
chromium

MENG Fan-sheng', NIE Lan-yu? XUE Hao', ZHANG Dao—ping'

(1.Chinese Research Academy of Environmental Sciences, Beijing 100012, China; 2.Rizhao Municipal Environmental Protection Bureau,
Rizhao 276826, China)

Abstract: The proportion of trivalent chromium[Cr( Il )] is higher in soils contaminated with chromium residues. The potassium perman—
ganate(KMnO,) oxidation — electrokinetic advanced remediation method was proposed as a means to overcome the low Cr( Il ) removal effi—
ciency of the conventional electrokinetic method for the remediation of chromium—contaminated soil. A voltage of 1 V -cm™ DC was applied
together with the addition of KMnOy, into the cathode for the advanced remediation of simulated Cr( Il )—contaminated Kaolin as well as
chromium residue —contaminated soils collected from a chemical factory in China. Experiments were run for 96 hours. The total chromium
[Cr(T)] removal efficiency was significantly enhanced by the (KMnO,) oxidation—electrokinetic advanced remediation method, and the
Cr(T) removal rate of the groups with KMnO, oxidation was up to 78.4% and 42.6%, as compared with 32.4% and 20.9% for the control
groups without KMnO, oxidation, for the simulated Cr( Il )—contaminated Kaolin(32.4% ) and chromium residue—contaminated soils, re—
spectively. The Cr(T) removal rate enhancement increased with the increasing KMnO, concentration. Under the direct electric field, the
MnO; added in the cathode moved toward the anode, and the Cr( Il ) positive ions migrated toward the cathode through the soils; some Cr( Il )
ions were adsorbed on the soils by precipitation during migration. The other Cr( Il ) ions were oxidized to hexavalent chromium[Cr( VI )]
ions during KMnO, migration, and the Cr( VI ) negative ion migrated toward to the anode. Because the migration rate of Cr( VI ) ions was
higher than that of Cr( Il ) ions in the soils, the precipitation of Cr( Il ) ions could be controlled effectively, and the chromium removal effi—
ciency could be improved.

Keywords : potassium permanganate( KMnO,); oxidation; electrokinetic remediation; trivalent chromium; soil

Wi HEE.2017-10-21 S HHER.2018-02-28

EFR N FIE1979—), B LRI YT A, T, BIBEE 5t , R A5 el B R P9 . E—mail : mengfs@craes.org.cn
EETR - [HZE A RPA R T AP EEEITH (51308520)

Project supported: The Young Scientists Fund of the National Natural Science Foundation of China(51308520)



1126

RAIMERF 2R R AR

B ARSI i 1 LR T K AT e,
BB EFAE AR AR — AR R 13 Cr {5
Qe b3, FNSNT R T —RIVBREEAR, Hoh i gl
AR TFEGTRA EATER SR T Cr 5
e LR BRI R Bl B i L 22 iR e
B D {0 5 e S A R

HIFE B R Bl 25 B 18 KR o AT S A% sl P 5 114
APERICeC VDL X = AR CrC 1A BRACR B,
B CrC )75 55 9 L MBI , & pH {ELAY
b, Cr( D) — B2 BLUTTE S, A A AL RIR LY
PIRUUEIE, W 2 9 SR (AR e sl P BT E , A
BRI RO LB, 52 Crimde 3 Cr
FERUL GNP aA7-1E , BB R R T
S B Cr(T) IR BRFRAUN 8.7%1, 42 Cr(1lD)
AR R el 4 Cr (I ) B Al WA E 3 48858 1) Cr (VT
ﬂ%ﬁfﬁﬁiﬁﬂii}%% 1) £ %, NaClO \H,0, KMnO, %ﬂj
ATRLRE Cr( D4Ry Cr( VDM R ZR SESFPIFE &
B, AE PSR R L RS oI AR HLO, 515k A3 s
g3 Cr( VD RA JEUR Cr( ), FEAR T 13 o 8% 10 8% 50
P, TR Cr(T) B £ BRF A . Cang ZEM7E BRI
A NaClO, ik 1 Cr(ID) %Ak S 78 Sl P BE 4 1Y
Cr( VD), $215 7 Ay EBRA

A SCHE T = 4 R A (KMinO,) 4804k — L sl 5 4k
MBS BAR  TE SRR IR PP 5 T e i R, e . o il R A1
8 Cr( D) 5AE S Cr( VD), kA% st , f2 i 4 b
Cr(T)RH MBS KERACR, BAEM i T Cr(T)AF
TEMTFEL Cr(T) EBRACRRR A

| MRS

1.1 R3S
KA B AT TR S R 5 E (A LB 5
HIAE), 43 R e ial iy 4325 (30 emx20 emx 10 em) FIF

witg A BH L BH HL A 2 (3958 10 emx20 emx10 em) , HLAK
mE 1,
1.2 RE#

ARG A R R R BRER JIK T
FREN R BRI — 0 LB IR AN S RN A
i

I e I B R R T A 0 A PR ST AT:
Iy A B R ARBLE I - o A2 T TS Y IR S
WAL T B e i e, = 50 B SR AT, 8 R e
HL(ZN-08L I /N #E AL ) K3 8, i 0.15 mm G , £F
FHo 435 pH iy 9.3~10.2, it , 32 T4 i 1) %L
B4R Ca Mg Si Al Fe SR PE & L1, B G 5
4 6.1~8.5 mS+em™ JHFNE KK 40%., Cr(T)FICr( VI)
43755 5] 22 290~24 056 mg -kg™ F1 2950~3078 mg-
kg™, Cr FZELL Cr( DJEAAFAE . i) BCR $2HU7
PR AR A RIIEAS Cr Fr o L B R
TR 25.1% . AR JEAR I 5.5% . Al AL A
13.7% J&i#E 2 55.7%,

1.3 REHEMAR

A B+ HERIFRER 15.37 ¢ /KA =50,
BRI A2 2.00 LS. BIARIEFEN, A
A INA 2 L 588 F7K & 6.00 kg s £, 1RE
A7, 395 24 he BRI Cr( D) T5 Gt + i B Uk
7 500 mg-kg™',

BRI TS YL -4 . FREL 5 kg AR KT 1% T 5 e
HHFE AR IR, A R 4igoK, 1 55K
HTE 30% /547 IRA 5], M5 24 h,

BUSHTIS HFE 4 kg THBE 1%, B
FHAR FL AR 25 2900 A 0.1 mol - L™ 1 KC1 VWK . K5 =
A QT RN R V€ NG N 7 R A 1 SN d e w = 1]
VRN 30 VA B R o R AR e, pH 45
FG5 0] B 0 I PR T A i B AR W pH 7E 7.0 A2

% pH P i R 5
A ~ed_| J,
1%,
UE B
AL —

™ |
oo [ AR —
| [tk

pH P R4 LR
é || =i
BHA% g

1 Rl
G (.
R —_ il

- BTN | B

MES Wb %

A

T

B 1 ByEExETEE

Figure 1 Schematic diagram of electrokinetic remediation equipment
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Table 1 Electrokinetic remediation experiments scheme
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Figure 2 Electric current variation during EK remediation



1128

O @ EK-1
- EK-2
5 - EK-3
' TR Y SRR - el
- 4
IQ 4 R S— W T
S )
-— - -
3

0 5 10 15 20 25 30
AR T fem
3 BEiELH pH Y
Figure 3 pH profiles after EK remediation

TEFETRIRZZ W 5, FEL A /K P A 1 HE RIS 1R Hh A3k
A AR S B0dE . pH S BB FHAR AR , o] X
WoEnkas, ST X pH EFEIE B TR shid
b, PR o i P A ) HAIT RS 3] 3 b [ A5 58 0
PHEAR 1) 38 pH REARR . 7 ARG I 12k T 12 5 0 30 ok il
SAMA BB b, R T AR A e A Y
OH~, #B43 W R F A 21 1 458 b (i 45 5 i B B IX 1 18
pH {EFEA .
23 BWIRESHTHSH

Kl 4a [ 4b & 4c 535000 HL BE 523000 58 U
et Ce(VI)  Ce( D) Cr(T)HREE /AT B

M 4a WLLE BB R 5, EK-1 &id L
K] Cr(VI), EK-2 EK-3 I8 4 rhaais Ce(VI),
e R A A4 Ay DA AR 1) PEA 28 534 i o AR 4 5
4387, EK=2 .EK-3 JAEAE R Cr( VD) %% KMnO, %
b Cr( D) A LAY, AT REAEAE SN R : MnO3 +CrO; —
MnO, | +Cr0% ;2Mn0;+2Cr0; +H,0—2MnO, | +Cr,0%+
20H, [ AR Cr( VD) PAS A 1 B XA
FEANIME I B T 1] BHAR A% 3, B 3l 21 FEAR R 12 IX.
AT 43 CrOY A i HCrO; , HCrO: W 78 1338 v
M TTAEAS BHAR X B Cr( VD) e 5 B . i F LA ™,

Vol N=p it bl 5 37 555 6 i
350 1
50 ’
%250+
o
£ 200
X 1
% 150 F h
£ & h -
& 100 " "
< - g
< 50 e [
0 [ — .‘... ............ .. ............ - I i
R BH AR B 25 /em
900
b
It\D .
%, 600+ -
g |
s o f
< 300} .
RU I W ’
+ . Ve - -
A =
I . .
05 -....‘....:......w:::::::-‘-' ........... a ......... &
R BEAR B 2 /em
900
E C
b
£ 600} -
=) i .
g |
B 'k &
® %,
& 300 - , .
p15] 1 "
2 . “-E [ — 1 T
i —— i .
"........-\.-:: ......... :
O . . . e I Y
0 5. 1o 15 20 25 30
R AR B 2 /em
W FK-1 @ FK-2 & FK-3

B4 XBEREBIRLFERESS
Figure 4 Chromium concentration profiles in Kaolin

after EK remediation
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Figure 5 Chromium concentration profiles in chromium residue soil

after EK remediation
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Table 2 Removal efficiency and mass balance of experiments

30 B 0 B
e o e g e kA% FRRAI%
EK-1 2 494.1 1685.3 430.1 86.0 32.4
EK-2 2 400.5 1102.2 1011.8 50.3 90.2 54.1
EK-3 2 348.1 506.8 1847.2 79.4 103.6 78.4
EK-4 95 420.0 75 455.2 5 408.6 1536.2 86.4 20.9
EK-5 89 160.0 67 179.2 17 558.3 1 786.7 97.0 24.7
EK-6 96 224.0 55 240.0 31 727.0 3 884.4 94 .4 42.6




1130

RAIMERF 2R R AR

20 Cr(T) e B ph BHAR 21 FF A 52 B 7 T R a3,
BUX RIS A LA L 1 R R s DCe (T ) e B %5
F Cr( VDU EE I Cr( I )y 2, Cr( 1) LAFH 7B
KAESMI G VE R 1 I AS 2, BRI 46 Cr(T) ¥
FE TR A s (I )38 31 il B4R 1) BHAR % 5h i1
MnO: F98 B840 A Cr( VD), Ay Ce( VD RLE 5 FH
BTSN T [ IR AL )y, 75 58 0 IR X
Cr(T)WE R A % EK-1 H—FETHE - @KMnO, Ak
Cr(Il) & 12542 i CrOs, CrO; 5 7K S5 i A= B 4% R
B+, DL % R AR 2 7R N AEE W Cr (VD) — i
AN W PR e 0 - rp i1 R 24k Cr (V) 5 480
B FAAE T HIESLBOR IR 10 B . 34, LA
W EK-2 415 EK-3 41n] %0, i sh 8 2 Jn 35k
Cr(T)HEK-3 H<EK-2 4 ,EK-3 4 &3+ KMnO,
WeRE 2 EK -2 41050 (19 B A5 L = Wk EE 19 KMnO, i
A s SR, [ a4 AE CrC D) = A 2
Cr(VI), F {15 EK-3 4 Cr(T) 1 ERSERT
EK-2 41, iK% 78.4%,

EK-4 2 . EK-5 41 \EK-6 21 H1 85 A Cr(T) )5
4391k 95 420,89 160,96 224 mg, Hi 358 .5k B4
Cr(T) & 4351k 75 455 .67 179 .55 240 mg, 1
Cr(T)W A — BB AR, =2 ) 2 BR300l
4120.9% ,24.7% 42.6% . X EHRF KMnO, & k-
oA 2 N T S bRt s e H R AT AT Y, BE
AR R R I 22 BR380C% . IN Cr( D)V EE ARl LLE
Cr(IDH A —m i Lbr, LB Cr( D) —# T
ZEBH BHA A, —EB AR Cr(VD) . AR L sh s &R
ArJE Cr( D) S840 sl x 1 Cr( D) 9 2B
AR AR TR, ST =gl Cr( D)5 54351
i 87.1% .86.8% .87.7% , i &l J5 Cr( I ) & & 4% BIA
— R, UL B DL Ce( VD) 3, Ce (D)
AR Cr( VD) DI R 58 1 BRI T

RIS T TS e TR R BRACRE A =
WA e 4 v« — 2 T TS Y - B R TR O o T
ISRy RH TR R pH IR, B
W5 Y 3 pH RIENE, FRVEIREER] T TR
SR TR Y I B R AR Z G 0
JT R FE RS2 S R R B I A AT BB & 5 [ 1R
T, AEE— 2RI BEIR AT AR B TR
B

3 it

(1) B PR A 4 AL - F Bl s AL 1B B BOR AT LIAT 2%

PE R G e R ) RBRRCE N 1 Veem™ B
HLE 217 96 h IRIR 45 0F T, S0 e 4 8% &
BRASCR NS BB 1) 32.4% 4% =5 5] 78.4% , 4% {5 e +
1 2H DK REZH 4 20.9%48 B3 5] 42.6%

EHERHEBER T, =8 LUHE I X m
PR RS ol , fm b B2 B B 1] PR RS o, — B ERE B
I FRHAR I, =M AL AN I RIS
BT U = T 0% HAR G A L DTE , AT i
HET 510 KB

G)MFEREE AT B TE g e TR &
Ze HARWRBE RS &, BARMLIRE S, (RS LBRAE
WHEE LR, fdbhBEn, HEE
B

S

(1A R, F4. s T PR AL 5 7 M )] %4 5
B2, 2004, 4(2):34-37.

DU Liang, WANG Jin-sheng. Environmental impact of chromic slag and
analysis of chromic slag’s output[J]. Journal of Safety and Environment,
2004,4(2).34-37.

[2] Pantsar —Kaillio M, Reinikainen S P, Oksanen M. Interactions of soil
components and their effects on speciation of chromium in soils[J]. Ana—
Iytica Chimica A cta, 2001, 439(1) :9-17.

(3] JUZE . o [ % i ¥ Y 3 3t L S8 75 e AR [T]. PREE TS5 4 5 B iA,
2016, 38(6):50-53.

MENG Fan—-sheng. Pollution characteristics of soils polluted by chromi—
um slag in China[J]. Environmental Pollution & Control, 2016, 38(6) .
50-53.

[4] Cappai G, Gioannis G D, Muntoni A, et al. Combined use of a trans—
formed red mud reactive barrier and electrokinetics for remediation of
C1/As contaminated soil[J]. Chemosphere, 2012, 86:400-408.

[5] Suzuki T, Kawai K, Moribe M, et al. Recovery of Cr as Cr( Il ) from Cr
(VI )-contaminated kaolinite clay by electrokinetics coupled with a per—
meable reactive barrier[J]. Journal of Hazardous Materials, 2014, 278 .
297-303.

[6] HBACTC, A 1. LIE s A S S B e DR R (). PR TR
1), 2016, 10(10) : 6028-6034.

SHAO You—yuan, XIONG Bei. Process and influence factors of electro—
kinetic remediation of chromium contaminated soil[J]. Chinese Journal
of Environmental Engineering, 2016, 10(10):6028-6034.

(7] A mk, X0 07, B, S ABE SN A HUAR I X (VD) 75 4
TIER R BNE [T B R, 2012, 33(1):280-285.

FU Rong-bing, LIU Fang, MA Jin, et al. Remediation of chromium( VI )
contaminated soils using permeable reactive composite electrodes tech—
nology[J]. Environmental Science, 2012, 33(1).280-285.

(818 i, da )L, Folbil, 4. i fb - s ie i i is 4 -
He()). AEERI2EBFIT, 2015, 28(8):1317-1323.

XUE Hao, MENG Fan -sheng, WANG Ye —yao, et al. Remediation of



i U, 26 o BRI B - sl A8 5L Cr(I )35 2 - 1131

chromium residue —contaminated soil by preacidification electrokinetic
remediation[]J]. Research of Environmental Sciences, 2015, 28(8):
1317-1323.

[9] Gil-Cardeza M L, Ferri A, Cornejo P, et al. Distribution of chromium
species in a Cr—polluted soil : Presence of Cr( Il ) in glomalin related
protein fraction[J]. Science of the Total Environment, 2014, 493 .828-
833.

[10] Kaur K, Crimi M. Release of chromium from soils with persulfate
chemical oxidation[J]. Ground Water, 2014, 52(5).748-755.

(1] R #, s PUAE, T, 4. S 75 ez st -+ 33l S B S BF 5]

L 52, 2013, 13(5) : 56-60.
WU Tong, MENG Fan-sheng, WANG Ye-yao, et al. Electrokinetic re—
mediation to the chromium—contaminated soils[J]. Journal of Safety and
Environment, 2013, 13(5) : 56-60.

[12] JAE, & T, EZY. i S b 2 SR BAR s b L Sd s
M[J]. - HE4R, 2005, 42(1):59-63.

ZHOU Dong-mei, CANG Long, DENG Chang—fen. Electro kinetic pro—
cesses of chromium in yellow brown soil as affected by hydrogen perox—
ide[J]. Acta Pedologica Sinica, 2005, 42(1):59-63.

[13] Isabelle Le Hécho, Tellier S, Astruc M. Industrial site soils contami—
nated with arsenic or chromium:Evaluation of the electrokinetic
method[J]. Environmental Technology, 1998, 19(11):1095-1102.

[14] Cang L, Zhou D M, Alshawabkeh A N, et al. Effects of sodium
hypochlorite and high pH buffer solution in electrokinetic soil treat—
ment on soil chromium removal and the functional diversity of soil mi—
crobial community[J]. Journal of Hazardous Materials, 2007, 142(1/2):
111-117.

[15] V¥, ZE G52, B H 5, 45 Sl AL BROR 52560 F BRI 52
[J]. B35 Rl2 55 R, 2013, 36(6L) : 480-483.

JIANG Ling—long, LI Rui-wen, MAO Yue-qiang, et al. Present pro—
cessing technology and comprehensive utilization of chromium slag|J].
Environmental Science & Technology, 2013, 36(61.) : 480-483.

[16] Larner B L, Seen A J, Townsend A T. Comparative study of optimised
BCR sequential extraction scheme and acid leaching of elements in the
certified reference material NIST 2711[J]. A nalytica Chimica A cta, 2006,
556 444-449

UTVF 5, FAR0 7 AR b 8 0T A 4.
IR, 2002, 21(5) :430-435.

WANG Hai, WANG Chun-xia, WANG Zi —jian. Speciations of heavy
metals in surface sediment of Taihu lake[]]. Environmental Chemistry,
2002, 21(5):430-435.

(18] AL, & e, XBE 5. 285 7 FIR BE4 il %ok b 39 5% i Sl i R 14
A H EEREERAE, 2005, 25(1):10-14.

ZHOU Dong-mei, CANG Long, DENG Chang—fen. Influence of com—
plexes and acidity control on electrokinetic processes of soil chromium
[J]. China Environmental Science, 2005, 25(1):10-14.

[19] Al-Hamdan A Z, Reddy K R. Transient behavior of heavy metals in
soils during electrokinetic remediation[J]. Chemosphere, 2008, 71 :860—
871.

[20] Peng C S, Almeira J O, Gu Q B. Effect of electrode configuration on pH
distribution and heavy metal ions migration during soil electrokinetic
remediation[J]. Environmental Earth Sciences, 2013, 69:257-265.

[21] Acar Y B, Alshawabkeh A N. Principles of electrokinetic remediation
[J]. Environmental Science & Technology, 1993, 27(13):2638-2650.

[22] Yolcubal I, Akyol N H. Retention and transport of hexavalent chromi—
um in Calcareous Karst soils[J]. Turkish Journal of Earth Sciences, 2007,
16(3):363-379.

[23] Ola S A, Fadugba O G, Ojuri O O. Comparison of effectiveness of two
remediating agents on hydrocarbon contaminated soil/groundwater in
the laboratory[J]. Environment and Natural Resources Research, 2015,
5(1):1-10.

[24] Virkutyte J, Sillanpaa M, Latostenmaa P. Electrokinetic soil remedia—
tion—critical overview[]]. Science of the Total Environment, 2002, 289
97-121.

2516 &, BB, AR il JCE A BRI G R A T E B
TREEAF A, 2004, 23(10) :5-8.

SHI Lei, ZHAO You—cai, NIU Dong—-jie. Toxicity removal and compre—
hensice utilization of chromium residue[J]. China Resources Compre—
hensive Utilization, 2004, 23(10):5-8.

[26] Reddy K R, Chinthamreddy S. Effects of initial form of chromium on
electrokinetic remediation in clays[J]. Advances in Environmental Re—
search,2003,7(2):353-365.

[27] Reddy K R, Parupudi U S, Devulapalli Srinivas N, et al. Effects of soil
composition on the removal of chromium by electrokinetics[J]. Journal

of Hazardous Materials, 1997, 55(1-3):135-158.



