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Electrokinetic remediation of copper contaminated sediment using a
citric acid-ferric chloride mixed electrolyte solution

OUYANG Yong'? ZHENG Liugen'” ™ DING Dan’ SHAN Shifeng’ LUO Chuanhua’

(1. School of Resources and Environmental Engineering, Anhui University, Hefei, 230000, China; 2. Anhui Province Mine
Ecological Restoration Engineering Laboratory, Hefei, 230000, China; 3. Anhui Province General Industrial Solid Waste
Disposal and Resource Utilization Engineering Research Center, Tongling, 244000, China)

Abstract In the process of electrokinetic remediation, the fugitive morphology of heavy metals in
the substrate affects their migration ability. In order to improve the remediation efficiency of
electrokinetic remediation on heavy metal contamination of the sediment, the effect of composite
electrolyte solution (citric acid + ferric chloride) on electrokinetic remediation was carried out by
taking Cu-contaminated substrate of a river channel in Tongling city as the research object, and the
effects of different electrolytes and the concentration of ferric chloride in the composite electrolyte on

2023 4F 12 A 5 H Y&k (Received: December 5, 2023).

* ER ARPEIE SR (42072201) , ZROSAHMAGIHTIIR (GXXT-2021-017) A2 — B Tolk [F A B -5 SR A
AT ORI (KIGG-2022-7) ¥
Supported by the National Natural Science Foundation of China ( 42072201) , Anhui University Collaborative Innovation
Project ( GXXT-2021-017 ) and Science and Technology Research Project of Anhui General Industrial Solid Waste Disposal and
Resource Utilization Engineering Research Center ( KJIGG-2022-7 ) .

* * JB{EEKHR A Corresponding author, E-mail: lgzheng@ustc.edu.cn


https://doi.org/10.7524/j.issn.0254-6108.2023120505
https://doi.org/10.7524/j.issn.0254-6108.2023120505
https://doi.org/10.7524/j.issn.0254-6108.2023120505
https://cstr.cn/32061.14.hjhx.2023120505
mailto:lgzheng@ustc.edu.cn

4 1 DA B 458 AR R - S AL BRI 1 L B W s I8 SR Cu TS iR T 1479

the migration efficiency of Cu migration in electrokinetic remediation were investigated, and the
influencing factors of the Cu-endowed morphology of the remediated substrate were revealed. The
experimental results showed that under the condition of voltage gradient of 1.5 V-cm™ and during a
5-day treatment, Deionized water, citric acid (0.1 mol-L™), citric acid (0.1 mol-L™") + ferric chloride
(0.01 mol-L™", 0.02 mol-L™, 0.05 mol-L™) as the electrolyte solution , the removal efficiency of
copper reached 27.61%, 40.39%, 51.16%, 62.59%, 61.34%, respectively, and the optimal
combination of electrolytes in the experiment was citric acid (0.1 mol-L™) + ferric chloride
(0.02 mol-L™); compared with citric acid alone, the citric acid mixed with ferric chloride can
effectively improve copper migration efficiency; Visual MINGTEQ software simulation results
showed that the positively charged organo-metallic complex formed by citric acid and copper is
favorable for the removal of Cu from the substrate, and the solution of citric acid and ferric chloride
can improve the conversion of Cu in the substrate to the weakly acid extractive state. The results of
the study can provide reference and lesson for electric remediation of heavy metal pollution in river
substrates.

Keywords sediment, heavy metal contamination, electrokinetic remediation, mixed electrolyte

solution.
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Table 1 Physical and chemical properties of sediment

TR VAL /Y%
HL %/ (uS-em™) AP/ (gkg™) Sediment mechanical composition Hd/(mg-kg™")
pH Electric conductivity Organic matter FhRL ik kL Copper concentration
Clay particle Silt Grain of sand
7.1+0.06 687+6.24 31.8+1.87 42.98 55.62 1.39 239.91£7.68

SCERAE ANE 1 R, SEOAE AR A LB, e g s B A 3 AR o A A S Al A
R 33 emx 15 ecmx 10 em, FE] 0 32 20 ecmx15 cm* 10 cm, P N ZE 5 cmx15 cmx10 ecm. 13
% 5 U 22 (8] 0 S R P SR B AR B O, B B X A0 0 A EAR 5 mm /ML, PRBEAR T 5 mm A 1] B
FEVEDRAR, B OR SL IR i BN S A E . A SRR 05 mmx90 mm. B J5 8 - R4 5 A4
DXk 5 8 S1—S5.

=R/ RS
DC power supply

1 B AR a HEk
Graphite electrode Graphite electrode
< | Hif Al |
o § Anode _ . . _ Cathode 3 *g
s E N SI | S2 | S3 | s4 | S5 ° feac
B: [aon| B2 g2 | <| B3
= Peristaltic %— § E%E% i E § 2 B
pump i Contaminated sediment o [Peristaltic

pump

B AR s et n K
Fig.1 A schematic diagram of the experimental reactor for electrokinetic remediation
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14 1000 g SLE PRI L3 = rp, FRSEIFIIAGE B A /K 12 he Ff 0K B AR S il %
A A, F A VO T WIS T S 9 R A, R Zh 2 LA 5 romin™ T AR S R K A VI b 7% Pl A VLT B A
W FTIFIE R B LR, SC56 B R 1.5 Veem . IR HEIT LAGIK | KPR . AP AR (0.1 mol' L)
1 FeCl3(0.01, 0.02, 0.05 mol-L™) & 5 Ht fif Jo 7 WA 2 A U] 5 d ko vl 2l i 52 G Ve o < Jis 5 B Y S
HL S SER BTNk 2 .
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Table 2 Experimental design of electrokinetic remediation

S5 LRI R FL VR VA BE/ (mol - L) BB/ (Veem™) R B2 M /d
Experiment Electrolyte Concentrations of electrolyte Voltage gradient Electrodes Time
EK-0 K 0 L5 A1 5
EK-1 FrmR 0.1 1.5 AR 5
EK-2 PR+ A Ak 0.1+0.01 L5 AR 5
EK-3 PR+ AR 0.1+0.02 L5 18 5
EK-4 IR+ ALk 0.1+0.05 L5 £ 5

RG2S 0T, BFUekE 43R 5 10 (S1—S5) HUREME /5 0 B8 4o 0 i I /2 1B 2 fa MR Y pHL, T4 Jm
BB DKL E SRR RAEIE S, F visual MINGTEQ R 516 52 HLFE.
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1.3 4rbririk

JEEJR pH ARSI E: B 10 g 1 10 HIF IR EERLA 50 mL B0 b, # 1:2.5 He A 25 mL K, J&7%
30 min Ji5 5 & 30 min J5 ] pH 31l & pH {A.

JIG e TE 43 & I : G 100 H i T4 5 AR JE O T A BE D, BRI IA 5 mL HNO; 5 5 mL
HF J K 715 firk 08 T A R0 30 e 8 s A R 1. 90 A0 % AR08 0 0 7 04 ik I e o e A3 XU e A
3 mL SRR, H RS R R A2 TP E A H] 50 mL, [ 0.45 um JEME ST, 5 1] ICP-MS Hi 8l 4 45
BB I L R

&R TE NS e T AR 25 ) BCR 3 2248 k™ 2 i, HL R BB 53 0 4 Bl S5 EHUE | ATk i
AL RS DL IRES. SRR LIS K 20 mL BEER (0.11 mol- L) AR 0.5 g £, 78 iR 5%
FHR3% 16 h, FEAE 3000 r-min™" &0 10 min 5B _FIE R, W58 INAZ) 10 mL B 4K TTE 5, dksE
BLOE R, 3 HNO; (2% V) E 23 50 mL, JH 0.45 pm 38R 38 5 75700, n] b A 5E : 78—
BRI A 20 mL NH,OH-HCI #2375 16 h. &5.0, ¥4 58 1 #iBe Lig . vl S AL A2 : 76 - —25 5% o
A 5 mL H,0,(30%) , i & 30 min, /R F3h#&5). B 5 55 76K T (85+£2) °C fin#k 1 h, fil 5 mL

H,0, Zb 3, Fi il A 25 mL CH;COONH, (1 mol-L™), &% 16 h. B5.0>, #PBE | #i e 3. sl 45 i b
— BRI AR A BT IS R b T YA A T A A
1.4 IEIE
4 R I ZBR AR A T AR
Q:(CO_C)XIOO% (D

0
X, O WEEENELER, M CanllEReThEE BB EaMEE G & &, mgke .
H g2 BB A AR,
E= Ufldz (2)

A, UNHEIEE (V) ; T BRI (A); ¢ HIEERE (h).
2 25 59718 (Results and discussion)
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AN ) B A SOV TG B2 A A P L AR AR BN 18] 2(a) B, M 2(a) T LA H, EK-0 i L 3 ATES
DL VAR (RS VR LA SIE B0 20, 2 PR kg i 7K A Sy oL AR T 5 0 7 A A R T35t /0. EK-1 AR B R 1
Shy L PR JO T VR 1 S 9 2 PR T IAVTE OK, 7E 50 h 2 AT IR B IE{E Dl 0.074 A, TN FeCly 56 LA B4 K
41 HL U 30 h 22 A7 ik B W, HLBE % 52 & FeCly Y v 8 38 i e it Bl 75 185, EK-4 e s RS 3] T
0.104 A, = T I AT B4, Ao i B P A TRV WP i B B 7. IR R S B L AR E LA AR
HF1 OH 2 ¥ i %5 B A UL [l AP e A i IR 5 A AR AR Sy P ik o 5 AR Pl A 1 vl U I 2538 &2
FEREGIA T A B T (CI, Fe') K f# =4 H (Fe** + 3H,0 — Fe (OH) 5 +3H"1%. By il BAR A28 1k
Py, LTI B A 1 A2 ()3 g RS N, e T T RS Bl 4 B B AR RS B M, IR T B S
TRE.

H S & & BEFE S 21T AR B YA 56, B EJF REFE X R UL 2(b) . BB 120 h J5 2K AE 0 i
O VA WP RERE B /0, 46 52 3t R fL R (B FH X A8/, EK-4(0.1 mol-L™'CA + 0.05 mol-L™'FeCly ) 14 #E fig & f%
%, 4 0.26 kWh. LLUFy 8 2 o0 H £ I V5 001G BK-1 5 7457 R A0 G A 2k TR 5 V5 TR0AE by ri 9 O T TR
EK-2— EK-4 REFE22 I I AN JRAR K, (ERAE B AR A Fi A 0V T LU AR A8 1R 12 w3 B I8 . 7 LA %o R
S, SRAREAEHRRE # B (R R 0, H SR FRRFE 5 H I 2 IE A G0
22 HIMEEJEIRIEH pH A8 fk

Bl 3 M BMEE G S1—S5 4V & pHAE 5. & 3 ] LI, EK-0 JiIE ¢ pH 53 FHAR (7 &
STV Fe Al N R 1 (pH3.41) , B 2 I 55 4% A7 1 5 30 pH 28 i 4% in 21 S5 RS U8y it (pHB.83). KT
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pH A2 S R O A = rp A A F A S i, BRI 2 = A OH -, BRI 2 A= il H W s 1 £ 1 37 (19
s IR BT KA E TR R AR SR ARG AR Y. BR-1 AR AR BRI WA A
5, JIEYE pH 204 LR &), Fr i BB IR e 1) H PP 1 A R i B 7 A2 9 O, AT AR A 6 3L UF
(4 pH 42 il B4R, EK-2—EK-4 F78RR TR  SAL BRAE O AR R0 iy 7 B BE ) E A7 9 0 17 7K R ik g 5
JBE, T SAL R pH &5 T EK-1. BR 1 4lik 0 B 20 HAth 4 418 318 52 )5 10 IS8 pH AR IR 718 52 iy
(1 pH(7.1). BRPEASME T A F T U o 5 2 1 i I 8 v 1 e ) i A 28R 1), B pH i i i Cu 2y
5 OH W T HE S 8 3 L K il 38 S8 52 % 2 AT B9 LT, AT S M 16 52 205,

(@ EK-0 0301 () EK-0
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/'\_ 4 EK-2 0251 4 EK-22 ’
’ v— EK-3 =~ v EK-3 =
0.08 / s \, EK-4 2 020k EK-4 x”
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* — — " = v e
§ 0.06- o/ el 015F p
5 / AN z )l
g v e g N .
Sy 15} K
O 0.04 S cooaor o
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0.0l = 005 s
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B2 BREAE N (a) MIEEFE (D) AL

Fig.2 Changes of electric current (a) and energy consumption (b) during the EK remediation
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3 HEMEE EIEIE pH 224k
Fig.3 Changes of soil pH after electrokinetic remediation
23 BEEIREFNESE S 8N SE
HL s & 5 IR I A #E Cu & &40 AR i 4 FR. IR Cu AR E M 239.91 mg-kg !, EK-0 41
K28 T OKVE i i B )5, S1. S2. S3. S4. S5 ) 5 AN IX I L BRR N 41%. 16%. 25%. 26%.
27%, R LBRBCREBARA 27.61%. W] HE3Z HL BB S K fif S i 52 e, 530 B AR AL pH % i, BlME S5 10 A
FITFIEIR T Cu (TR, IR TR 5 I U8 pH AHE, IN AR B IR 5 A 302 A T TR pH Ay 2878, IR
PR S5 A T A R T 5 ) A O Y, AR R A A e e O BRSO ] B AR R, P R BR R 40.39%.
PG IR I S AL R TR & WAy v it B M AT W s B I, S A 2109 | i B 1 (i Fe*, C1),
B TR A S, B R R S R R T R R, IR T IR AR B R R, R T
EK 1852 T4 (1) 22 BR AR EK-2—EK-4 433K 8] T 51.16%. 62.59%. 61.34%. 24 EK-4 E ALk ik & 1 T+
% 0.05 mol'L™" i, &K ZCFARXT T EK-3 E ALK BE 0.02 mol- L' WG T T . F4JE Fe 5] A5G|
T — R HVEACE SRR, 8 R G = A ORI AN Y He 9 & AR AR A, TS B LB 1 SRk
I T HASE AR ARk, A T ) TS B W) L VB Y ) SR B R O ], B T Y K BR AR Y. Fe it
B} [B] 4 7K i SR (Fe® + 3H,0 = Fe (OH) 5 + 3H"), 25 5 Y Bl 22 Bk i 1) 0 S AR R e 1k, 5 U 7 i Ui
T 1),
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Fig.4 Content of residual Cu in sediment after electrokinetic remediation
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S8 o B AL 25 S e s HAT RS ARAE, Fl S8 B 45 RS IR IR & X I8 Cu JEZS 7 FE I IET 5. KRB
49 JES 6 HH ] T2 B DI HE TR e I AR A (73.05%) TE AE7E, B9 IR IR IS | v A A . Tl IR o Lty 1)
H 12.94%. 5.54%. 8.46%. HLENME R 5, KU h AL BRI N, 58 5 ] A A A FEARIMT 55 52 AT 42
B B, PR RS A ARSI AN B, BB RCE AN TR, o R AR — e R
W3R TR V8 h RS0 W 1 fib A% AL A, 80 00 B 4 R RS g 2,

B Residue  [TT1] Oxidizable A Reducible I Acid exchangeable
100
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30

Speciation distribution of Cu/%

20

Olnitial S1 S2 83 S4 S5(S1 S2S3 S4 S5{S1 S2 S3 S4 S5|SI S2 S3 S4 S5|S1 S2 S3 S4 S5
Initial EK-0 EK-1 EK-2 EK-3 EK-4

B 5 HalEE ARG IRIEAS X Cu B T
Fig.5 The proportion of fractions of Cu in different regions of sediment after electrokinetic remediation

FEXF BRZH EK-0 5 AETR & H A BT I AT AR R A8 52 4 EK-1 o, 55 82 ] 4 BB 43413 DA BH AR 2 B 1 3%
Wb, S S B A R AR AR ) H L OH XL A% {6 i U R Ak A 22 5 0%, Rk 2% A A5 0 e T v 4
¥tk 9 55 TR B S ™. 2 EK-2—EK-4 SCBG 20 Ui 1 Sl AL BT, 555 PR i B 70 A1 2 i 1 B2 W i, EK-3.
EK-4 7 S2 [X 4555 FR 2 US4 3 A K B T 30.34%. 21.13%, F 22l T Fer 7K fift ™ A i) U8 A0 x4
BT A A S H Bl g 2R AT DAk B A SR A | IR AR AIURE 1 4 B 5 R, T2 ) 6 i Y
T RS 5 o 8 i 8 5 T A ),
25 EEBETHBILES

O3 AT R MRS O R B L SR R S S R A SR, KB E R IR R E 3 B 7 2
], B LA pH 8 L Dy 1—7 LA il ik B2 S 28, ] Visual MINTQE 3.1 844 X 4 25 1547 41
B K 6a—d 730 B E B S 2 EK-1—EK-4, & 6 AT LA i, 76 pH BARES, B 5H761R 5 CIAY4S
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E I LA 7 B E HL I B 7 32 (Cu?'. CuH,Citrate”, CuH-Citrate(aq) ), B % iS¢ pH #8440, 47 1E &4
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6 Visual MINTEQ HC/FREADUA ] v B8 -5 40 A9 285 5 1 2
Fig.6 Visual MINTEQ software simulates the binding forms of different electrolyte with Cu
DL T 2 B AL A B 1, TR A e ) B < i AR T S T s , < Jim A I L A S
T, A IE R TR AL I AR TR 1) A B R A T 1) (BAAR) B8 3l AN S1—S5 JEE Y8 pH & 55Tt i Ja A
Xof B (R #, 7E 3K B[Rl HL Cu-Citrate, Cu,-( Citrate) > S8 FH 51 J BEAIK, A fE X 2 5 805 4 )8 bR AE
SAS XA P Eh AR N . AR SRR A CU4L R B B S I A AE A A e R R TR Y
TR

3 %518 (Conclusion)

(1) ALK IR B Fr B B ARy H At BV WA S84 v 1 i) ) S 8 38, S B ROCRAK Y - 0.1 mol- L™
CA+0.02 mol-L™ FeCl;>0.1 mol-L™" CA+0.05 mol-L™" FeCl;>0.1 mol-L™' CA+0.01 mol-L™" FeCl;>0.1 mol-L™
CA>Deionized water. i 2% R 2 % IF 4 bl & 1R & F8 % 5t FeCly MW BE TR — E JH &, MY
FeCly ¢ B2 i iy I 2 1T 23 52 0 1 42 Jag 11 25 BR AR

()R B T IR 5 A R TR 5 T VAR PR AR RIS, RE A% 002 A by X8 O A I 25 18] B 1
P 1 55 MR e UGS FE AL

(3) Visual MINTEQ #2554 W - pH B AR AR, Ay I M 88— A0 S 115 i JE2 s 1 L ) 2 s P
EUTEIN R Sh, i T i EBRRCE, IRIRE 15 & B4 & L AREHE pH 2R,

(D FriEm . FACBRIR S BRI A TR 1, AR & 1 i, I psg e 72
R, BEAEWBER 1.
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