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Fig. 1  Mineral-enhanced electro-remediation device for

Cr-contaminated simulated soil
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Table 1 Voltage, potential gradient, and mineral filling
position in each reaction system

. Potential
Reaction . . . .
Voltage/V gradient/ Mineral filling position
system 0
(Veem™)
SM Both sides near the electrode
SE 4 0.4
ME 4 0.4 Random
HM 4 0.4 Middle of the device
HS 4 0.4 Both sides near the electrode
LM 2 0.2 Middle of the device
LS 2 0.2 Both sides near the electrode

SM is a separate mineral remediation system without electric field. SE is a
separate electro-remediation system without mineral. ME is a
mineral-enhanced electro-remediation under random distribution of mineral.
HM is a mineral-enhanced electro-remediation under a 4 V voltage and
mineral distribution in the middle. HS is a mineral-enhanced
electro-remediation under a 4 V voltage and mineral distribution on both
sides. LM is a mineral-enhanced electro-remediation under a 2 V voltage
and mineral distribution in the middle. LS is a mineral-enhanced
electro-remediation under a 4 V voltage and mineral distribution on both

sides.
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Fig. 2 XRD patterns of magnetite/pyrrhotite composite mineral
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Table 2 Initial removal rate, removal efficiency and relative
removal efficiency of Cr(VI) at monitoring points
under SM, SE, and ME systems

. . Removal
Reaction Initial removal Removal .
o . efficiency
system rate/(mg-L"-h™)  efficiency/% X
relative to SE/%
SM-middle 8.4 67.3 155.8
SM-both sides 13.3 80.7 143.8
SE-anode -0.4 432 100.0
SE-cathode 8.0 56.1 100.0
ME-anode 18.6 99.5 230.3
ME-cathode 19.4 99.5 177.4
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Table 4 Initial removal rate, removal efficiency and relative
removal efficiency of Cr(VI) at monitoring points
in HM, HS, LM and LS systems

- A- ME-cathode
- <v- ME-anode
—— SE-cathode
—v— SE-anode
SM-bothsides
SM-middle

Reaction Initial removal Removal Removal efficiency
system rate/(mg'L™""h ") efficiency/%  relative to SE/%
HM-anode 12.1 99.2 229.6
HM-cathode 14.2 100.0 178.3
HS-anode 20.4 100.0 231.5
HS-cathode 20.8 100.0 178.3
LM-anode 9.1 98.3 227.5
LM-cathode 11.1 99.6 177.5
LS-anode 11.3 100.0 231.5
LS-cathode 12.7 100.0 178.3
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Fig. 3 Comparison of Cr(VI) removal effect under mineral
remediation, electro-remediation and mineral-enhanced
electro-remediation
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Table 3 Residue and overall removal efficiency of Cr(VI)
and TCr in SM, SE and ME systems

. Cr(VI) TCr Cr(VI) overall TCr overall
Reaction
residue/ residue/ removal removal
system . .
mg mg efficiency/% efficiency/%
SM 18.7 229 73.3 67.3
SE 349 47.9 50.1 31.6

ME 0.36 4.67 99.5 93.3

HABEEE AN 0.2 Viem. B9 78 e 6 41
LCM)X Cr(VD) EBRZAE 98% LA . MR A
0.2 Viem. W P RIE 7R S50 4 (LS)H, B FH PR
Cr(VDIRELES 6 d &IET 0, Cr(VD)ZEFRZ 100%.
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HS 2 H IR R 55 TCr 125 BRBUR 47 T FL 3580 &

#zS5 HM. HS. LM K LS{R&ET Cr(VDE TCr 3%k BE5
BIRERE
Table 5 Residue and overall removal efficiency of Cr(VI)
and TCr in HM, HS, LM and LS systems

. Cr(VI) overall ~ TCr overall

Reaction Cr(VI) TCr

. . removal removal

system  residue/mg  residue/mg K .
efficiency/% efficiency/%

HM 0.0 32 100.0 95.4
HS 0.0 3.0 100.0 95.7
LM 0.1 11.9 99.8 82.9
LS 0.0 11.1 100.0 84.2
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Table 6 Redissolved amount and redissovled ratio of electrode plates and simulated soil*

Reaction Removal amount before Redissolved amount of Redissolved amount of Total redissolved . .
. . Redissovled ratio/%
system leaching/mg soil/mg electrodes/mg amount/mg
SE 35.10 0.04 19.06 19.10 54.42
HM 70.00 0.01 0.15 0.16 0.23
HS 70.00 0.01 0.00 0.01 0.01
M 69.86 0.01 0.35 0.36 0.52
LS 70.00 0.01 0.31 0.32 0.46

*The redissolved ratio was calculated by the ratio of total redissolved amount to removal amount before leaching.
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Fig. 4 SEM images and element analysis of Cr-containing products

EDS M5 R (MK 5)BE T, 55 K70 A 32 24
FRAEERIBRL . R, B E T L X It

NELE. FIH Python X Fe. Cr & O JuZ& B K
TEEAT K FEACRI —AEAL AL BE, R IR DX S8 B



FS2EH 100 F)IE 5. BB /EEYY B a0 YR R RIAE Cr(VIDTG Rk RE S % 0 B .+ 3127 -

Map data 1

5 ZURFEY) EDS AR A
Fig. 5 EDS mapping of flocculent product

M. SREWH, #5585, SR hEaS
FERCME . fR4E DL B g5, HEMIBRR PR 2k 55
TR EA B S A, AT R AR Ak
SE A IR B B R 8 AR Fe(TID 20,

52 A, R RORL = ) 3 T o A A O A
(BRI (LI 4d), BT (5 HAE 4%~6% 2 1]
(LI de). A1, =9 il — LU AR RS AT IR 45 i (I
K 4f), UHIH YT ST 5 58 T AR IR,

Nt 5 M AT RE IS #6774, I Raman Jt
AR XRD X ZUR A MR A SR HE 4T 08 20 H7 5
SRR, PR IV SRR BV
it R 65 S Tt B o 45 P2 ) (UL 6), Raman 25 R 20,
223, 253, 298 cm ' X RIAREKE; 350, 553 cm ' 4y
N R AR P By Args 687+ 553 em ! (304
A 645 cm™ {8 0N RSP 664, 532 em!
X RGP (B 6a); 221, 434, 1 008 cm ' Fll
1103 em ™' X RANEAL (] 6b)H) Raman HFF U .
WAk, BRI T AE BB OB 6b A1 60)5 =)
DA B R AR I e DR B 22 IO 45 W RE B/ NI R R
PR UGB A VS I A T — RE R

HEE IR Highscore 73 AT ARG (WK 7),
HEE TR 5 R NHT I AR AR
EE, ORI B R IR IR 20=34°, 44° A I,
VLA P kLR RGBT TE Cr(VI) ik Ji i 2
R T T VAR S ER , 45 4 AT FIA ) Raman
OO BESE BRI 1S Cr(VI) SN JE 28 iR Bk IR 4
WE AN, R T B 5T R B R 3 1 A o

MRAE 2.2~2.4 FT45F, HEM B FVEF T,
B Cr(VI) 2% BB A0 35 WAk ™/ 25 4k

450 -
400 [

Intensity

250
200 -
150

350
300 |

« Hematite

* Magnetite
¢ Chromite
v Eskolaite

» Na-jarosite

0 200 400 600 800 100012001400
Raman shift/cm™

(a) Raman spectra of Fe,03, Fe;04, FeCry04, and Cr,04

1 600
1400 1 + Na-jarosite
1200 -

400 [ £y -

e Sulfur

o

00 200 400 600 800 100012001400

400 -
350
300 |
250
200
150
100

Intensity

50

Raman shift/cm™

(b) Raman spectra of S and Na-jarosite

Calcium sulfate

0 200 400 600 800 100012001400
Raman shift/cm™

(¢) Raman spectra of CaSO,

K6 ZUR™4 Raman 437

Fig. 6 Raman analysis of flocculent products



. 3128 - (RERR Sh2230)

J Chin Ceram Soc, 2024, 52(10): 3122-3130

2024 4F

® Magnetite
‘ Sodium iron sulfate

: T

L]
.
MMI ‘MJ w\ A, }MMM'

Intensity

JCPDS 01-086-1341

" R

JCPDS 00-029-1218

10 20 30 40 50 60 70 80
20/(°)

K7 HLYE ) XRD 3
Fig. 7 XRD patterns of magnetic product

W E2ET BT Ce(VDFE R Cr(II) 1)
DUVE B FARAR B B 45, IR TR T SRER T A
BRI SRR 5. HAEN WS Cr(VD IR
JifEa:

6Fe* +Cr,0,> +14H'—2Cr +6Fe’ +7H,0 (1)

38 +Cr,07 +14H"—>3S8+2Cr*"+7H,0 )

Cr,0,* +S—Cr,05+S0,* 3)

Cr(IIN) AT 5 Fe(I)ILYTIE K Fey «Cr(OH)s, [7]
It P B A B R 1 AR

XCr’ +(1-x)Fe* " +30H —Fe,_,Cr,(OH); 4)

2Cr +Fe* +80H —FeCr,0,+4H,0 (%)

FERA R R I PR B , 458 )55 ) Cr(TI) A] Tk
LR

2Cr " +60H —Cr,05+3H,0 (6)

UEAh Cr(VI) T BARK A3 2 H T, B R
Fe(IT)th 1] 7EIEAE RIS ¥ Cr(VI)iL 5o [FH, SO,%
o Fe IIAEAE, (kT Ve n i 6 ik

3Fe*" 250, +60H +Na'—

NaFe3(SO4)2(OH)s (7

Cr(IINAN Cr(VI)A] £ Fe® 5 SO, ik [ 1 48

WPy DL AR T AP AE

3 £

MR T MEE. WBEE Ryt mes
3 MITERT Cr(VI)iG LI ALFEACR, 15310
Tk

1) Fp5aib B 5 Cr(VIVIBE R Rl 5
YIRIMIETE . AERE 0.4 Viem (35 EIE1T 7 d,
Cr(V) A B3 100%, TCr BAAZEBEE 95.7%.

2) FEBEE R Cr(VIAE N FER K. 1
VERALEAARR, BEBHELM 02 Viem =
0.4 V/em, TCr R EBRFIRTF 10%LL L.

3) BEREMESLIR R, Ui B E S

AR FAR AR SR R Cr(VI)IRIE EFE T,
VLZAE B T 0T Cr(VIiREL R A K

4) Cr(INAN Cr(VI) B e Fe’ ™5 SO, ik 1 [ 1 #8
W, R ARFE Cr(VI)TE BERUR K R 1 2 2R A

S 30k

[1] AYANGBENRO A S, BABALOLA O O. A new strategy for heavy
metal polluted environments: A review of microbial biosorbents[J]. Int
J Environ Res Public Health, 2017, 14(1): 94.

[2] XU S A, YU C, WANG Q, et al. Chromium contamination and health
risk assessment of soil and agricultural products in a rural area in
southern China[J]. Toxics, 2022, 11(1): 27.

[3] JIN W, DU H, ZHENG S, et al. Electrochemical processes for the
environmental remediation of toxic Cr(VI): A review [J]. Electrochim
Acta, 2016, 191: 1044-55.

[4] STERN C M, JEGEDE T O, HULSE V A, et al. Electrochemical
reduction of Cr(VI) in water: Lessons learned from fundamental
studies and applications[J]. Chem Soc Rev, 2021, 50(3): 1642-1667.

[5] YAO Z, L1J H, XIE H, et al. Review on remediation technologies of
soil contaminated by heavy metals[J]. Procedia Environ Sci, 2012, 16:
722-729.

[6] LIUL W, LI W, SONG W P, et al. Remediation techniques for heavy
metal-contaminated soils: Principles and applicability[J]. Sci Total
Environ, 2018, 633: 206-219.

[7] DHAL B, THATOI H N, DAS N N, et al. Chemical and microbial
remediation of hexavalent chromium from contaminated soil and
mining/metallurgical solid waste: A review[J]. J Hazard Mater, 2013,
250-251:272-291.

[8] PRASAD S, YADAV K K, KUMAR S, et al. Chromium
contamination and effect on environmental health and its remediation:
A sustainable approaches[J]. J Environ Manage, 2021, 285: 112174.

[9] DURAN U, CORONADO-APODACA K G, MEZA-ESCALANTE E
R, et al. Two combined mechanisms responsible to hexavalent
chromium removal on active anaerobic granular consortium[J].
Chemosphere, 2018, 198: 191-197.

[10] LI C F, ZHOU K H, QIN W Q, et al. A review on heavy metals

contamination in soil: Effects, sources, and remediation techniques[J].

Soil Sediment Contam, 2019, 28(4): 380-394.

MG, xR LR R BORBT U RE R[], AL TRERE, 2004, 23(1):

28-32.

SHE Peng, LIU Zheng. Chem Ind Eng Prog, 2004, 23(1): 28-32.

[12] &AM, MR, BB HR L SR Yt St R[], b
R 5 EREE, 2022, 50(5): 776-786.

ZHAO Peng, XIAO Baohua. Earth Environ, 2022, 50(5): 776-786.

[13] BARRERA-DIAZ C E, LUGO-LUGO V, BILYEU B. A review of
chemical, electrochemical and biological methods for aqueous Cr(VI)
reduction[J]. ] Hazard Mater, 2012, 223-224: 1-12.

[14] WEN D D, FU R B, LI Q. Removal of inorganic contaminants in soil
by electrokinetic remediation technologies: A review[J]. J Hazard
Mater, 2021, 401: 123345.

[15] &20H. 0 BRE LT SR R (IF)I]. e a0k aE,
2015, 34(6): 795-802.

LU Anhuai. Acta Petrol Mineral, 2015, 34(6): 795-802.

[16] MIAO C, LIANG L X, ZHANG F, et al. Review of the fabrication and
application of porous materials from silicon-rich industrial solid
waste[J]. Int J Miner Metall Mater, 2022, 29(3): 424-438.

[11



FS2EH 100 F)IE 5. BB /EEYY B a0 YR R RIAE Cr(VIDTG Rk RE S % 0 B < 3129 -

[17] LU A H, ZHONG S J, CHEN 1J, et al. Removal of Cr(VI) and Cr(III) [24] SRR T B [ A R 0 g i BORBIE ST, HI 557—2010
from aqueous solutions and industrial wastewaters by natural &4 P i R B EIR T AKCPIRGIAS). dba: Hh ER SR
clino-pyrrhotite[J]. Environ Sci Technol, 2006, 40(9): 3064-3069. HRAL, 2010.

[18] JI X, ZHOU C Y, CHEN L X, et al. Reduction, mineralization, and [25] ZHU S S, LUO W D, MO Y J, et al. New insights into the role of
magnetic removal of chromium from soil by using a natural mineral natural organic matter in Fe-Cr coprecipitation: Importance of
composite[J]. Environ Sci Ecotechnol, 2022, 11: 100181. molecular selectivity[J]. Environ Sci Technol, 2023, 57(37):

[19] 2= 53, I, k. REROR OR8N ik BT i 13991-14001.
1T R00). BERRER2A9R, 2011, 39(7): 1211-1217. [26] CHARLET L, MANCEAU A. X-ray absorption spectroscopic study of
LI Yongchao, JIN Zhaohui, LI Tielong. J Chin Ceram Soc, 2011, 39(7): the sorption of Cr(IlI) at the oxide-water Interface 1. Molecular
1211-1217. mechamism of Cr(III) oxidation on Mn oxides[J]. J Colloid Interface

[20] BISHOP M E, GLASSER P, DONG H L, et al. Reduction and Sci, 1992, 148(February): 425-442.
immobilization of hexavalent chromium by microbially reduced [27] GOMES A, YAGHINI N, MARTINELLI A, et al. A micro-Raman
Fe-bearing clay minerals[J]. Geochim. Cosmochim. Acta, 2014, 133: spectroscopic study of Cr(OH); and Cr,O; nanoparticles obtained by
186-203. the hydrothermal method[J]. J Raman Spectrosc, 2017, 48(10): 1256-1263.

[21] JOE-WONG C, BROWN G E Jr, MAHER K. Kinetics and products of [28] KALIWODA M, GIORDANO D, KRIIGER M E, et al. Raman
chromium(VI) reduction by iron(II/IIl)-bearing clay minerals[J]. spectroscopy as a tool for the quantitative estimation of chromium
Environ Sci Technol, 2017, 51(17): 9817-9825. aluminum oxide content in chromite[J]. Spectroscopy, 2021, 36(2):

[22] AL TR ISR F L. GB 7467—1987 /KB AHEsIMIE 2855 17-18.

T — Bk G BEVELS]. dbat: AR AE HH RAL, 1987. [29] SOUMYA D, JIM H M. Application of Raman spectroscopy to

[23] VLFRE IR WM b0y, HY 776—2015 K 32 Bl R MMIE  HLRHE identify iron minerals commonly found in mine wastes[J]. Chem Geol,
BEETARRIHEIELS]. dbat: T EHERE HARAL, 2016. 2011, 290(3/4): 101-108.
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Mineral and Analysis of Cr-Containing Products
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(School of Earth and Space Sciences, Peking University, Beijing 100871, China)

Extended Abstract

Introduction Electrokinetic remediation is a promising method for Cr(VI) treatment. Electrokinetic remediation operates based on a
low-intensity electric field across the soil, which mobilizes contaminants towards the electrodes. Some previous studies tried to
improve the mobility and availability of contaminants for extraction. However, the technology faces some challenges such as
interference from non-target contaminants. It is thus necessary to develop the electrokinetic remediation with other technologies like
chemical agents and permeable reactive barriers. Some minerals can be used to remediate Cr(VI) due to their properties like surface
effect and redox effect. The existing researches on minerals for Cr(VI) remediation mainly focus on zero-valent iron (ZVI) materials.
ZVI1 usually requires loading materials to minimize agglomeration. In this paper, a magnetite/pyrrhotite composite material (i.e.,
pyrrhotite naturally dispersed in magnetite) was introduced to the electrokinetic remediation systems, mitigating shortage of electron
donors in Cr(VI) contaminants and stabilizing Cr in the form of Cr-containing minerals. The impacts of mineral filling position and
potential gradient on the Cr(VI) remediation performance were investigated, and the Cr-containing products were analyzed.

Methods The mineral enhanced electro-remediation devices consisted of acrylic reactors (length 100 mm, diameter 50 mm), and
plate-shaped electrodes (length 80 mm, width 50 mm). The minerals were filled on the both sides or in the middle. The applied
potential gradient was 0.2 V/cm or 0.4 V/cm, provided by a model CHI 1000C Electrochemical workstation. In the remediation
process, the samples were taken at 12, 24, 36, 48, 72, 96, 120, 144 h, and 168 h, respectively. The concentrations of Cr(VI) were
determined by a model Thermo Fisher EVOLUTION 220 UV visible spectrophotometer based on the national standard GB7467-87.
The total Cr (TCr) concentrations were determined by a model SPECTROBLUE SOP inductively coupled plasma optical emission
spectrometer, in accordance with HJ 776-2015 method. The mineral phase was tested by a model PANalytical X-pert3 powder X-ray
diffractometer (XRD), and the element analysis was performed on a model Thermo ARL ADVENT XP+X-ray fluorescence
spectrometer (XRF). The scanning electron microscopy images and energy dispersive X-ray spectroscopy mapping of Cr-containing
products were performed by a model FEI Quattro S environmental scanning electron microscope (ESEM) at 15 kV. The Raman
spectra were determined on a model Renishaw inVia Reflex Laser micro-Raman spectrometer with a 532 nm laser. After remediation,
the reaction devices were maintained at room temperature for six months. Subsequently, the contaminated simulated soil underwent a
second washing with ultrapure water to mimic leaching of harmful components into the environment under specific conditions. The
concentrations of Cr(VI) and TCr were measured to evaluate the stability of the remediation. The electrodes were removed from the
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devices, weighed, and placed in 250 mL beakers. The volume of leaching agent and water was determined at a liquid-to-solid ratio of
10:1 (L/kg). After adding the leaching agent, the beakers were sealed with a film and mounted vertically in a horizontal oscillation
device (THZ-D). The oscillation settings were adjusted to 120 cycles per minute with an amplitude of 40 mm. The leachates were
then filtered through a 0.45 um microporous membrane, collected and analyzed for Cr(VI) and TCr concentrations. This process
assessed the contribution of electrodes adsorption to Cr(VI) removal, following the guidelines of HJ 557-2010.

Results and discussion The XRF and XRD analysis demonstrate that the minerals in magnetite/pyrrhotite composite are mainly
composed of 70% magnetite and 26% pyrrhotite. Moreover, the mineral material does not contain other heavy metals. The mineral
and electrokinetic remediation both are effective in the treatment of Cr(VI)-contaminated simulated soil. However, reducing the Cr(VI)
concentration below 200 mg/L proves a challenge. In contrast, the mineral-enhanced electro-remediation system reduces the Cr(VI)
concentration to 200 mg/L within 24 h and progressively approaches zero at seventh day. Also, the removal efficiency of Cr(VI) at
both the anode and cathode doubles, compared to electrokinetic remediation. The effects of potential gradient and mineral filling
position on the remediation of Cr(VI) were investigated. The results reveal that the experimental systems with a higher potential
gradient exhibit the superior removal efficiency for TCr, compared to those with a lower potential gradient. The removal efficiency of
TCr in a high potential group exceeds that in a low potential group by more than 10% under identical mineral filling conditions.
Moreover, within the same potential gradient, the mineral filling position exerts a minimal influence on the remediation outcome. The
stability analysis of Cr-containing products demonstrates a reduction in the Cr(VI) re-dissolution ratio by over 54% in the
mineral-enhanced electro-remediation group, compared to the electrokinetic remediation group, indicating that the generated
Cr-containing products are relatively stable and resistant to re-dissolution. Based on the analysis by Raman spectroscopy, XRD, and
ESEM, Cr in stable mineral phases is correlated to Fe distribution.

Conclusions Mineral-enhanced electro-remediation was the most effective approach for Cr(VI) removal. After 7 d operation of the
device filled with minerals on both the sides and with a potential gradient of 0.4 V/cm, the overall removal efficiency of Cr(VI) and
TCr was 100.0% and 95.7%, respectively. A potential gradient is the main factor affecting Cr(VI) treatment. The overall efficiency of
total Cr was increased by more than 10% when the potential gradient was increased from 0.2 V/cm to 0.4 V/em. The results of
stability experiment showed that the amount of Cr(VI) re-dissolved from the electrodes, and the simulated soil in the
mineral-enhanced remediation was close to zero, indicating that the remediation method had a long-term effect on the Cr(VI)
treatment. The replacement of Fe** and SO,* by Cr(III) and Cr(VI) in minerals was the main reason for maintaining the long-term
effect of Cr(VI) treatment. This study could demonstrate the enhanced effect of magnetite/pyrrhotite composite mineral on the Cr(VI)
removal, providing an effective approach for the long-term and stable remediation of Cr(VI)-contaminated sites.
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