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Abstract:[Purposes] Biochar and its modified materials have shown certain application potential
in the remediation of heavy metal-contaminated soils. However, the electrochemical response charac-
teristics during the remediation of lead—contaminated soil by using red mud-modified biochar (RMBC)
require further clarification. [Methods] Electrochemical impedance spectroscopy (EIS) was used to
measure the impedance of soil specimens with different RMBC dosages and curing ages. The evolu-
tion of impedance spectra was analyzed by using equivalent circuit model, low—field nuclear magnetic
resonance, and machine learning. [Results] The results show that RMBC increases the radius of the
capacitive arc in the Nyquist plots, which first increases and then tends to stabilize with increasing RM -
BC dosage. With prolonged curing age, the diffusion feature in the low-frequency region gradually
weakens, and the charge—transfer process becomes dominant. The equivalent circuit parameters indi-
cate that RMBC affects the conductivity of the pore solution, interfacial charge transfer, and diffusion
impedance. Low—field nuclear magnetic resonance results show that RMBC reduces the proportion of
micropores and increases the proportions of small and mesopores. A data—driven model is developed
by dividing the training and testing sets at the level of complete Nyquist curves. The model captures
the overall trend of impedance spectra, although deviations remain in the high—-impedance and low—fre-
quency region. [ Conclusions] These results indicate that EIS can characterize the impedance response

of RMBC-remediated lead-contaminated soil, and machine learning can serve as an auxiliary tool for

rapid estimation of Nyquist curves.

Keywords: biochar; heavy metal contamination; electrochemical impedance spectroscopy;

machine learning
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Table 1 Basic physical parameters of tested soil
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Table 2 Main chemical components and contents of red mud

¥R ALO, CaO  SiO, Fe,0, K,O0 MgO Na,O SO,
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Fig. 2 Basic characteristics of red mud—-modified biochar: (a) original appearance; (b) SEM; (¢c) XRD; (d) FTIR
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Table 3 Experimental design

Hi s IRIBBUE A B AB B U 1 /d
1d-0%RMBC 0 1
1d-1%RMBC 1 1
1d-3%RMBC 3 1
1d-5%RMBC 5 1
1d-7%RMBC 7 1
7d-0% RMBC 0 7
7d-1%RMBC 1 7
7d-3%RMBC 3 7
7d-5%RMBC 5 7
7d-7 % RMBC 7 7
14d-0%RMBC 0 14
14d-1%RMBC 1 14
14d-3%RMBC 3 14
14d-5%RMBC 5 14
14d-7%RMBC 7 14
28d-0% RMBC 0 28
28d-1%RMBC 1 28
28d-3%RMBC 3 28
28d-5%RMBC 5 28
28d-7%RMBC 7 28

(Warburg BT ) 32 ¥ ik 55 , 75 28 d W5 A 2| B i (1)
Warburg FHPTAFTE . Z BG4 0] AE S £ Hh s Pk & 7 il
FHBERA R, ERPN, L h A ERZ &
i IE I R A SR I R S8, FL UK i E AR
B 9k 5 UKL A RMBC W BfE DL e B9 1 S A7
e, S B TR, SRR b BRI
FH AT % B8 R B 1 ORI 5 1 98 1 5 A Sk B —
HA, fr 7 B s il T L AR 0 b Rk R Bl 5 R R KL
SR R PHAR, 2 R AR AR, GRS R IE A AT
HOS R R AR E o BB b, CKZE H IR A0 X 1) & 1% )
RGN, T 28 d i H B LOF B,
FUWHTPIHFENESEE FIESA L, ME R
5 3 A 2, FL R OK R Y B A B bk ORI
Bi¥ DL BT RS E 0 M S A AR L YT HERE 0 B AR, it 2t T
V-1 . Bode [ 45 R W], Bl 005 0 3G, AN [R) 2
St R 0 | Z) 28 a0 P A5 el AR T, 1Bl £k
Z R 2 AR BRI [ ZIM e R S
A KR A S R T AR SO R K RO R AR
KA IR AR b A R R AR R R T DL
FES KRB AR, R & R AL, b, 7
Bode [ H & W] LA & I AE AR M B (/<2100 Hz) , A {7

iy Wi 2 A B 1 i 3G 0 7 v A B (100 Hz<<f

<10 000 Hz) , #HA5 ff1 Fifi 2 4 25 i 38 Jin 17 AL, 1 78

fn A BE (=10 000 Hz) , A A5 A S 451 R 1) 38 Jin i
BEAIG, FL CK R i Ak AH AT A I 8 399 58 i B A1
W A1 P A7 0 I % 3000 348 o i o B A RS X RT RE R B
7 T %) 3 o0 L B K R e S e B AL, 1S n T )
T R 25 1) L fRL R D 2 4 e W B2 Y AR AE S e T
AR B4 B 180 8 B . 45 A 30 MO0 S 08 B 5, T LA
N RMBC X Pb iy [ A A 3 24 46 DL LA 7
T s — 2 AR W R 3R Y B R RE AT LA K R T Y
Fe/Al/Si %0 #1414y 7T S Pb $2 4L 0 B | 2% & e
JEANL AL 3 0% RMBC 19 2 L 45 44 R3¢ i L 2% 11 FR
FI T Pb 78 J50RL 2 181 K AL B 099 B =R B SR
I 1A 10, Pb 78 L BRI W 1 SR RS RE D BR A, £ IR
P8 B i 27 % R S -4 G R b 2 R A AR Ak
2.2 EHHEBESHSH

BN N R VRS R (s R
FAVE A, LR LR K o m R
Wit D BB =R A R A A, L L R AR AT L 43 3
JS AU B S 0K S L AR O - L B T AR R
B LB AR . X 3RS 5 Bk A LA
e, AT DL RO O GRS . — MOk U i Lk
TURL S HL B A2 AT LR AR — AN S — H B TR R —
A HEL 2 - H BE T H %, URE LR S B AR 0] LR
VE—A~ 25 5 H B I B0 R B, 7T 3% 52 L B H RS A2
A Bl R Ol F BEER Y EMEAS AR, £
BLGE A A RF HLAR |, SE B R 28R 22 i 2 £
LT LR X ECM AR R s BH 2 e o SR T, 2B
BB AN B TR AT 5 r B AR B AL, £ 4R A A
B =2 SR A, ME 4R . BT AR S e
R 2 1 H B A AN [R] G SN BT A R AR B
i 2 0 TCF S HOR AL 2 B8 I & X B2 5 45 R 1A
e M R AT RE S R AL HA T TR, T ke AR R
14k, BT A B A5 280 IS TR 7 RCQURW))
(QRO, AL an &l 5 7 o

B & RMBC 128 2 FL % 4% A ] fA7 16 3 280
PR ALY o H B T S Bl 2 AR AR A B S 5
BAHEEN R4, WNE AR IE R0 FLBRIA T
P BH R B 58 AU b ri BEL, FL i 5 4 o 300 ) 388 n
R BELE AR A AN R, LR R AT REAE T : D RMBC 5
PN E AR B TSP E Ok E LR
VWD FERAR A AN I B R AE T W
T B JE e A L BV VAR BEL DR R ZE AR AR Y
IR 2) RoAR 2 V8 WA (A Fi BHL, ph 5 T R 5 1 0
AR R A L WL R S8 A B B 3R 23 AR
BRI B 2% . RE R AT SN Bz IS



Al

RN, 45 < R YR A A ) e A8 S AT 2 e A F Al 2 BT R R KRG 2k EE A

713

6l o CK
2.0%10 © 1% RMBC
2 3% RMBC
Lsx10°k 7 5% RMBC
-
e 6
& 1.0x10°F
N
5.0x10° |
0k
1 1 | |
0 1x10° 2%10° 3x10°
Z'/(Q-cm®)
(a)1 d-Nyquist
2.0x10°L  © CK
© 1% RMBC
A 3% RMBC
_15x10°L VY 5% RMBC o)
g < 7% RMBC
o
€ 1ox10°f
N
5.0x10°
0+
1 1 1 |
0 1x10°  2x10° 3%10°
Z' [(Q-cm®)
(c)7 d-Nyquist
o CK
sL © 1% RMBC
1.0x10 4 3% RMBC
v 5% RMBC
— < 7% RMBC
=
o
& 5.0x10°F
N
0 -
Il 1 | .
0 5.0x10°  1.0x10° 1.5x10°
Z'/(Q-em®)
(e)14 d—Nyquist
1.0x10°F
-
e 5
& 5.0x10°F
N - CK
5 1% RMBC
A 3% RMBC
or < 5% RMBC
& 7% RMBC
1 1 1 |
0 1x10°  2x10° 3x10°
Z'/(Q-cm?)

(g)28 d-Nyquist

9.0 1.7
L x =CK
5 <+ 1% RMBC || o
8.0 oy’ % =3%RMBC |
= 75 w < =5% RMBC
< " "« 27%RMBC] .5
o 7.0 & X ) g
€ 65 14 &
N a8
E 6.0 @
55 1.3
5.0 12
4.5
4.0 1 1 1 1 ; 1.1
- 1 2 3 4 5
lg[f/Hz]
(b)1 d-Bode
9.0 1.8
8.5 * " CK
---- w, " 1% RMBCA 1.7
8.0r "X 304 RMBC _
=15 * 5% RMBC||¢ 8
g 70 RMBC gﬂ
S6s % L5 5
N
§6~0 14
5.5 g
5.0 11.3
4.5 12
4.0
—1 1 2 3 4 5
1g[//Hz]
(d)7 d-Bode
9.0
8.5k * = CK —1.8
* " 1% RMBC
L e * 3% RMBC1.7
] D 5% RMBC
T 70k 7%RMBCH1.6 3
o | e F _ppAcoooonog, \ ‘5‘0
% LY )
g/ : 1.5 =}
N &
= 114
= 1.3
1.2
1.1
lg[//Hz]
(f)14 d-Bode
9.5 1.8
9.0 ocgingg X ° CK
8.5F x = 1% RMBC (1.7
_ 8.0fF _ % = 3% RMBCH
ke “x = 5% RMBC
g 75 < - 7%RMBC® %
- 7.0 2
] &n
= 6.5p 8
N <
E‘) 6.0 S
5.5
5.0
4.5
4.0
35 1 1 1 1 1 12
—1 0 1 2 3 4 5
lg[//Hz]

(h)28 d-Bode

B3 ARERPEFELEEMRIBETHFTELIMEL
Fig. 3 EIS plots of lead—contaminated soil with varying RMBC dosages at different curing ages



714 KRB TR 2 R 857 %
—> [ | —l%l— i
HESEALIR : |
SWwReE 00T
Q
B e —I ‘—
TN R
SRER oo
| Q |
L s::::érj:: ) —?—lj:tl— :
¥ e R ! :
SHEKR Y R !
+ . UKL AL B Pb* > JFARHERE ---> HHSHER
B4 SHEEEREE
Fig.4 Schematic diagram of conductive pathways
cre, crE, o LG T 5 B, o L B K
— Sk 0 6 90 0, — 5 38 5 1T B 4 7548 A RM -
%? - BC Ay A 4 5T L B AR R
o - L 1 FFR 76 EIS D90 L BE2 il 1Y 78 K

B> SHABEMTEEREIEIBBRNEE, R ZE

BRAELHBEFEBEN R, 2RE/BREREALHE FER

FFE,CPE,. CPE,(CPE=QRBULZTHEMN WELEHILKER
HIH B BEHT)

Fig.5 Schematic diagram of the ECM (Rg: resistance of the pore
solution; Rp,: lon transfer resistance at the solid-liquid interface;
R, ion transport resistance at the electrode/electrode plate
interface; CPE,, CPE, (CPE=Q): constant phase elements;

W diffusion impedance of the pore solution)

By A& a8, 2338 s i S TAE AR (S s
Xof R B 1 27 i 5P T A TN 2 e B S o AR B
ME LR A B R BT | fie ¢ ik i i e BEL 7
FE B /DN

M4 PR T LLUE B B A RMBC (1 5 1 H Bl
{H Rery RATE 1 d B8 T CK 4L, A # m T
CKZH . 333 Al el BHL (B 3G K A9 1 50 T g 5 AR 1Y
LB 5 R S K A O . BT AW ST UE B
RMBC # A BARTE — & B B3 7+ ki %
S RE (H AR T A B A AL B L ) B B LR Al
3 H AL LB AE R LU ARV L 32, A 3
AR B 43 AT K 22 R AN 3 2 1) A 33 A0k — L B B 3% 22
FLBA T B AR . DL, B SR R O 2 s PR 5 4
UL A N I (E P s Rl S e o3 B W e e e
FEAM S ER S5 b, 03 Y ORI R[] 4 48 i el g
FOK Ay H A W e B b 2R T R A R A
S IR R K23 R, 38 A RMBC fY 5 1 H
BELF R, B B 58 A% 188 o ] g A7 6 W o D P O
— ,RMBC & A fli 13 + B FLBR R T+, 25 0T fig
SAEFLBR b A T 22 0 AR 2 T 4G n A e BEL e, i

M RMBC #5722 4k, - Pb BT B MERE AT, 2F 1
235 W £L BV VR i) AT R Bl g R RE L IR T A
A B A B BURRAE L 2 B Nyquist il e 25 41
IR A2 A8 AL\ Warburg 3 B 8055 LA e 55 30 L it 2
By A2 .
2.3 RBZRELIRS T

AR FE 28 d B AR 3 4% A AR T, 23 A ith 2 4
6 s . 45 R R, B R e etk AR W 48 & 1Y)
K, T, M 253 A B 22 W6 43 A % W i 7 Ry BRI )
AT, 0 Vg D (i 522 IR 2 38 s AR A R A, i L AR T
HUVE 2R W) ¢ B S TN T At 4 [ 5 Bow) i
WA . BT T,508 r ZH B XFR, /] LI H
AN 6] RS LB L ). A W 99 8 LA 4 K/
930 4 A XA AL (=<<0. 01 pm) . /NFL (0. 01 pm
<r<<0.10 pm) . H £L (0. 10 pm<r<{1.00 pm) F
KALG=>1.00 pm) , AR 4 %l 7 1 £L 42 53 500 3 55 5 Fh
TR LA A A RN T RIR S s . AT LLE
th ,RMBC # AJ5 , T AERAL He B A, /AL AL
ARSI 3G . ZIE T ReIH N T — 5 m,
VUMY RBA 5 WO RS BRI T
UKL 22 1) B BE 45 300 5 o — 5 T, B T A i g —
il 32 B i Bk 45 0 Oy 20 2 AL R R, S5 R P B RS E
SR 58 A 5] 43 A T A OB 22 [a) AT R 2 & AR TR
MG, R TE A W) Jie 5 A 0 o b T 1 25 A7 A B R
H R, T AR LB . B RMBC Y
BAR LR A B S



RIS < IR e O AR W A SR IS R e ) R A 2 BELATC R O R G it £ TR A 715

R4 FRARPEFRELEENRBETHSRELIHUEECMSHEE

Table 4 Fitted ECM parameter values for lead—contaminated soil with varying RMBC dosages at different curing ages
i/ - R/ 2 Rery Rer, C,PE‘1 CPE, w |
d (Q-em®D (kKQrem®)  (kKQrem® y /(MQ eem 5™ no Y/ (MQ teem s o Y /(MQ eem D)
CK 0.010 17 167.00 3.889.00 0.000 21 0.83 0.27 0.58 0.83
1%RMBC  0.006 00 17.47 166.80 0.004 2 0.63 0.20 0.59 1.61
1 3%RMBC  0.014 00 24.68 70.79 0.3100 0.34 0.30 0.74 5.72
5%RMBC  0.010 00 32.09 89.69 0.5200 0.32 0.42 0.71 0.43
7%RMBC  0.010 00 23.08 1668.00 0.003 5 0.50 0.76 0.45 3.77
CK 0.000 40 21.85 2971 0.009 1 0.73 0.088 0.65 0.92
1%RMBC  0.110 00 19.98 2879 0.0018 0.80 0.16 0.80 0.80
7 3%RMBC  0.010 00 21.46 2012 0.0010 0.72 0.31 0.53 0.86
5%RMBC  0.030 00 21.28 2041 0.002 2 0.68 0.28 0.51 3.16
7%RMBC  0.010 00 41.20 2 440 0.0340 0.49 0.27 0.54 1.45
CK 0.010 00 33.59 3212.0 0.009 8 0.80 0.15 0.63 0.06
1%RMBC  0.010 00 83.47 1113.0 0.006 4 0.67 2.81 0.59 2.81
14 3%RMBC  0.010 00 341.80 819.0 0.090 0 0.48 0.000 47 0.85 0.10
5%RMBC  0.010 00 116.10 902.7 0.2200 0.80 0.13 0.80 0.51
7%RMBC  0.090 00 87.09 1874.0 0.000 71 0.80 1.46 0.80 5.03
CK 0.020 00 11.33 2765 0.008 7 0.63 0.085 0.65 1.22
1% RMBC  0.030 00 21.10 1553 0.1100 0.32 0.26 0.64 0.27
28 3%RMBC  0.010 00 16.34 1143 0.002 7 0.40 0.32 0.76 0.81
5%RMBC  0.030 00 22.85 1410 0.3200 0.39 0.53 0.58 0.95
7%RMBC  0.060 00 11.36 1495 0.2800 0.57 0.71 0.48 3.58
CK—@—1% RMBC—@-3% RMBC—®—5% RMBC 7% RMBC
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Table 5 Pore proportions of contaminated soil specimens with
different modified biochar dosages

s AL/ % ML/ oL/ RAL/ A

CK 48.24 42.43 6.40 2.93
1%RMBC 43.34 42.44 10.45 3.77
3%RMBC 32.37 51.53 11.26 4.84
5%RMBC 33.35 48.35 12.90 5.40
7%RMBC 34.42 45.63 13.64 6.31
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Table 7 Parameter settings of different models
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