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Abstract: This paper is the result of agricultural geological survey engineering.

[Objective] Cadmium pollution in soil has become an important environmental issue concerned both at home and abroad. This paper
focuses on the research status and development direction of cadmium pollution in soil and plants and the remediation technology,
and tries to provide help for the related theoretical research and production practice. [Methods] Based on consulting a large number
of literature related to cadmium pollution in soil and plants and the remediation technology, the harm of cadmium, the current
situation of cadmium pollution in soil, the influence mechanism of cadmium on plants, the mechanism of migration and
transformation of cadmium from soil to the plant system and the remediation technology have been systematically introduced and
objectively reviewed. [Results] Soil cadmium pollution in China shows a trend of diversified development, Cadmium pollution has
been found in cultivated land, woodland, grassland, in both gardens and unused land, especially in cultivated land. Cadmium has a
significant impact on plant growth and development, antioxidant enzyme activity, photosynthesis and respiration. The migration of
cadmium from soil to plant systems is mainly in the form of cadmium ions and clathrate, related to the interface process, in virtue of
the carrier and channel to achieve. The remediation technology can be divided into chemical and biological categories, mainly
includes biochar, mineral materials, organic fertilizers, microorganisms, plants, animals and combined restoration technology.
[Conclusions] Cadmium has great harmfulness and the cadmium pollution is still a serious problem for farmland soil in China. The
effects on plants and migration and transformation of cadmium in soil plant systems involve multiple mechanisms. Kinds of the
remediation technology for cadmium pollution in farmland soil has its own principles and advantages, and the joint remediation
technology has a good development prospect. Continuous efforts in theoretical and practical research must be made on cadmium
pollution in soil and plants and the remediation technology, to build an effective cadmium pollution prevention and control

technology system to ensure the safe production of food.

Key words: soil; plants; cadmium pollution; migration and transformation; remediation technology; agricultural geological survey
engineering

Highlights: (1) The current situation and characteristics of soil cadmium pollution in China was summarized, which contributes to
the prevention and control of cadmium pollution. (2) The effect of cadmium pollution on plants was expounded, the mechanism of
cadmium migration and transformation in soil—plant system was summarized, which has theoretical reference value for studying the
environmental convergence of cadmium in soil-plant system. (3) The remediation technologies for soil Cd pollution were
systematically sorted out, and suggestions for promising remediation technologies were put forward, hoping to improve the treatment
level of soil Cd pollution in the future.
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L hAE Y 45 1 ™ B G E (Clemens et al., 2013) . 4

1 51 5 S 1 6 5 2 A B B 9 A 25 AT
(C) BT AT AR s h g By LIERE . —J5m, Wi R RUE M RORE
4RI, BA R T Rmas . kY S BuE . BRI (B AR, 2023); 55—
%%&HTT@E’J#%M WA, kT, SR R R RS0 IR AL . SR A
IR Z 15 Y RN 3, R0 IR IR AT ThRE, SR ER R, Al o P AR R
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ARKFOCEER, Wil RIED AR, 2Bk ™
i 7 R T AR IR (2 0 0 A 2022; B AR 4
2023) . AHECT 1, HEiE I KR A 4 1 R i B
HEE M FOKE G L 0.1 mg/L, BRI
FHIZK B FEAE R, IE KBS B 354, 2024);
TR Bl — 5 TR BE I (iR K £ 28RN R S 2 i A= 1
[ (E 75.81 pg/L F1 10.98 pg/L, fLFEEES 2011), 7K
TRAE Wy sy A PR TP B RN, AR K BB, 35 Bl
TR, BB E 0T, Kt & S 8ot fh s
AR AR G, HE A PRl 22 e S AR A T el A
(REHEITAE, 2021; BT 45, 2024) . AZKEsh#n
REEASTG K, 230 BUR SRR RS . FA
SRR R TR R ICER, AE YR P ik B
—E A (1.0 mg/kg), FEAE Sl AR AR 2 A4
K K 53 RS 53 WR S 5 1 | e — R 1) A B AR 3
ZEEL, IR R BRI R A B B, G A TR B
T R Rt T P AR A, AR ) AR R € AR | AP
YigAL . WA R AR, IR A S B
R AR ™ (2R 55, 20155 EFRIG5E, 2023), iR &
HIEE] 5~10 mg/g i, H 2 FEGEY T (RERLE
45,2021) o FRTE AR 5 & R, XF AARfE R BA
KT R AR BUBtE S LM E e E
PEo FAIRA NG 32 Bk 48 2% G GE AT LA
TR, 56 52 E R B T AN Bk H 20, 1 A
B WEh REP FE, JEHEINEAE . R . IThREA 42, O
I8 5 9 0B JBT B s 5 2 T RIS, (i ) 45
2024) . EBRIEAE A LA R R S R 1 2R BUEY)
(Joseph, 2009; ZhfFBHAE, 2021)

BTG g O U B A S R G R E A
FAE I 4, ok PN AN i O T 1 PR ) A8
AR SCAE A ) K SCHR GRS b, REEHZRAR T
B N = R4 S e BRSBTS Y X AR ) 5 e AL
WY RGP IR AL, + TS
YRR R RIBFEHE R, I AR I IRl R T
FELEM IR/, J 28 T AR KA TS IR PR R 1 R SR
B, DU 3 AP AR TS G SR EEOR 1 3Ee 0F
FERA P S R LS B

PR e STAEE YN
I 20 4F5k, [ R MRS e B AR

V5 YL B A L 2014 AERRBE AR IR AN
TRSIEG &A1 1Y (4 35875 JUIR B PR A A H)0)

IR, TS Y ) B AR R IR 7.0%, 1 JE 25 R
MUABENIG R Z 1 o A 2SR & A 1 2019—
2021 4F Hp [ A SRR LA 38 42 4w R R
M) P b - SR BT o ) B IS e), IARE E
15 YLy, Wang et al.(2023a) W 2E T [ 2000—
2021 AEARY FH Hb - S50 S i gk, B2 T E A
FH M R 5 YR B (& 1) o A TS e e Rk 2 B
VG BN A RS « AR G B P e 7 1) 2 3 T A
B, F TR e T AT (BERAE, 2015, X Z0H 4,
2018) o - B4 i A v B R 1 - B R T
B, F LA X IRAE VS g | AR X, JUHAE T T
AR N3 EE AL 2 R SRRV = AU BR YT = A
YL BCERT J5 A5 DX 3R (3% 7 B I I, 2018; Wang et
al., 2023a), DA B K VTREIR, e A0V e e 0745 55
TS SR TS e X (X R B AR, 2019; ZE 4K,
2021) . - 3EERTE YL Al TR B R v R TS YRR BE Y
Sl 15.12%. 10.98%, RIS PR EE 1 15.16%
(K1),

A7 Em s e iy E b SR ) Ak, T T
b =3 AHETC A B A 245 A R ik B, Ikl
S AT Yt AR L E . XIARAE(2019) 4
TGS XA [] A M, A b 1] 20 B 4 5 i,
PR Sy S M A FH 256t s, AR IR A Z IARIE | A2l
LGS E TN = R ol 3 AR B = P T T
SRR I R PR > Tt AR Ml >R el > bk b )
P, HARSFE(2022) PAAE T b 7Y R SR SR X
+ 3 4 B TS YR AE, R S A E R T
A BT R, I HA AT 44 (35.31%)
TR E B R, Y% (2022) % 4 [H 8 4
A BB 32 7= X 3 T 4 JE () e Br g S 1, Bl
ERIEAERR IR, - rh iR Y 4 i A RS R
B RBEE A0 FE A T Y
Bl [FEREZE . FE L SE MR (2017) | PR R 4
(2020) A AFF 7 2 W 2% el 38 P 0 A A ek | 78
S E SR, EA S R EER . AT
S5 (2012) %) T 7 R SR 4 R A A B, B
PREKED BTG YR EHN . B,
MR | LR A FE M A AEAS R R B A4 TS
Ye (20555, 2015) o MRARIS YRS, RIR) b A 4
P FRA R PR TS G A, KRB IS > SR el >k
FH > kb > 5 (SR TE 45, 2010) 5
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Fig.1 Distribution of cadmium pollution in the soil in China (modifed from Wang et al., 2023a)

s g A AL I RS B . BE A T A
5T A P & i, Wil R AR RIS KL Tl
JEEIK LA 04 TR R 0 R HE T BT R KA
b FI AR T o b ) P AR RS Y o KRR A, AnER
VLI IR 2 & 2.8 mg/kg(Hh 4, 2011),
) JE W0 I 5 - 38 5 1 3.7 mg/kg (FE AR, 2011),
DL P U T M 5 - 2 % 1 9.97 mg/kg (i IR 4%,
2016) o YRTTER M, AN 1R VT AR AR Bl 4 - 24
H0.323 mg/kg(JE#555, 2014), KA HL 3k X 2%
H1 0.33 mg/kg(F SEH1%E, 2020), BRI X 444+
2 0.725 mg/kg(FTETEAE 2012), 45 E T T AR AR
ZEHb 0.610 mg/kg(BX HL%, 2009), ¥ T Lid 4
Hiu i 3T S AL

3 AP

3.1 HEYFHEERI R

R0 (4 WSR3 At 7 4 J T 45 ) (Wang
et al., 2022a) o HEHXF 4 B WSO ST T - S v e )
WS RN (B A SRR E, 2 ALY &R
pH. EALIE A7 (Eh) | R HAthoo R & E5
Ml L4 X6 9 T ISR 5 32 8 97 T R (Mg, K

Ca, Fe, Mn, Cu, Ni) (524 56
ENELIRZPOR LI T S VIR RS- 35 I N il
WAEF A A TR B2 WA —E 2R
FEARABHEARAR NI 7341, — R > 25> >k
St o AN, FRAE KA A AL Y B R BRI AR
F>ZEi>FEge>piok (FFAESE, 2013); 7R/ N ARk
B 73 A 26 B Ry M >25 > >22 2k >k ki ( Salah and
Barrington, 2006) . 7EZHaYIAN, fE E 24 A
R, U0 Bezel et al.(1998) A& PGB HE Y 7E W SR
Je 28 ISR 0 Ok B TEARTR, FR Al 140 (2 2%)
B KB BRIy, LSS S B AT Y 55 (2 8%) o
JINFE 5 WSO 73 C 32 2 AR AR AR PR E , AT
v o 22 ) AR 8 18 WS 1) g ) 25 AR K (Zhang et
al., 2000) o B MAEH—FBORE MY SR A A7 A= A
15 S RE SRR, PR I i AR R 40 2 f e, TR
MRS MR & AR AT, SRR A R
Pri b b R S AR K T HRER, i i AR S
BUZR B e KA RS TR 40 & B AT R >2E> 41
(BEATF, 2008) o FE DX 5 Y AR SR DR R AN [] 1 22
SARK . WIEDIRNRZ R 20, o LA AEY)
I3 3 2 IR R AL i R AR i AR R AL, HP IR
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BRI MG R, PRBRUIRARE, HAF K
H R A, A R AL AR R A A R
TEY%: (Arthur et al., 2000) o

3.2 ExEW A KM

XA KR B HA — R RN, R —
FE MR PRI P, fIRIR B R e Y A K — 2
SR, 4k BE T, R AR K R B B
Pl FIrBEE(2012) A NI B R & bl AR
I ) A0 TS fin, LA o 435000 (<30 mg/kg) A7
FITF KRR o AT AREIL A (1982) BF9E A BN, 135
B BETE 300 mg/kg B, AKREAESR T I DARTAE K B
SRZ FIRES, B FhurEz =4, e A K e
FEAHIT . I AR RENE B BT R AR, Y
Cd> Tt = B, 00 2 B 4 ik (TR 2105 4%, 2005) o [F]
B, BT LU A B 2, 70 RuBP 22 AL G M,
MR [E 2 A PS 1% 1, 5 S AN A S fe VR
(FEEI5E, 1997) 0 Z4bI5 UK FEF/INE L3S
R BUONRZEA KGR RN Rk gk, il v
THE T R, B R A, K S A2 B E S (L
3L, 2007) .

Pl IR Y i S 5 IR R Ak ) 28
b 2 f LR A TS Y I B B, 2 IR KA
B2 v v B (R 5 0], — R b, PR MR B AN 5 i B
AR HERR T8 &, TR E A T 1 & AR 1
FEURAENaE N1 SR D e SR ) ) [ e
B B P RE 23 LS S0 1 1o IR 40 AR P BB 4 5, AL
TR AR A B R A, ARAE R AZ B, K S5 28 R
KARMIIMG . Mafe A TR (1999) 38 13 7K B
RIR, FRAMIE 230 T A i Ay ) R M B2 1R 1 il
(Acp)iE 771, sEMAFPFEZE, Rk iAF] 0.5 mmol/L,
JKFE P71 2 A2 20406, SRk A #] 5 mmol/L,
IKREFP T 58 R RTE I . FEI 2R, TR [R] Sh Fh E /1N
22 XL R T A AR K 25 57, o VE A T 1 2
il =22 B AR (] 2 31 4%, 2009) B 5L B4 TH 75 i AR 1)
ARG LS, 2008) o BHAE SR E T+, A1 &
AR FR A KRB ERAL, — BRIk E KT
0.5 mmol/L Fif /™ FE Il il /INAZ Flh - &, 4R RNy 2
B B R T AR e, 2 T IR B I S R R, G AR R
T ERRAK (KA LT 45, 2005) . Liu et al.(2007) & ¥,
BN /INE T % 2F I A A BH I 55 F XN AR A K
BRI, AELGSAS [R) St o/ IN A2 P e Rl i A K

IR RATR . [EAERAE(2007) K 3R, TR
T, X E R & K AR B BT SO0,
MAE R e BT, BmT &)y i AR ELAG e Sk 2 4 il 2
N o FAMBA AR, WX SCOHESE(2010) & 38, 24
WPEEART 2.0 mg/L B, %5 P K SRR b1 &
P —EMEIER . 4 EEAE 2.0~20.0 mg/L B,
BT DU 2 A K AR R, $i e R
PR 2R MR EE 5 2.0~20.0 mg/L I, 5k 5 5
FORMRZER B | AR BRI R B AH G

PR A SRR AZ B, IR K A
Yri  IRFRRTAR R G I sz mag i, B B R
B AR Z BRI, 2 KA %5(1997)7K
B & B, vk B T 0.1 mg/L B, /) F1 AR
BHWA, RESEY BRI, RAEKET
ZBH. Wang et al.(2023b) i 56 & R, 76 (K S 47
(<5 mg/LIEHTF, iR B s, /NE R R K
JFE A= R FEURE I b e 5 224 v T A N AR VA B I
Wil 5 A B 3 0, /N ARG | RV R AR AL
AT R T R s, BIMEEpFRR, b5 4
e BE 30 B 3G I, /N2 AR I 4 f 1) AR B i, HL
N DU RO, REURNT /N RIS A I i w1k
YE G5
3.3 wWxiEwin S NEEEN I

HE YT A AL FE A A B AL (SOD) | i
A ALY (POD) Flid S AL S (CAT), EAEYIE N
Z P A nY RS R B e TR —
B R, XA BB R E . A2 B HaTs
Y5, FYI) SOD, POD, CAT — PG & kA4
AR AR, o FE— 7 W RV BE VI B P, 3 eI 4 15
DAAERF ol o SRR B A L ik S Y I, 3 A
TEVET R, WTRER LR PE R U I 5%, 1991) . A
WF5E 2R, M50 & B W = i, 3 FhEG IS M2 5t
PAR =0 RN 7 L (117 SER QAN S =R A Al 2N
) 552 M) = 5 3 LA 0 S5 AT e 3 o T M3, R
>4 2 L P )R 3K A S A4S R R B RRN S, R At
P 2 1% 4 a0 2 38 A [R] %) 3 A% P RN A 20
FIE AR R, A FEUNEE K R HEET
(BTE 4, 2011),

SR, AT BIF5E R IS ) A K 30 oy il s M 2R
AN, EERE(2007) K& BT K4 H POD H
A VT KON, L B A R 4 N ST RN A T
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SR T A (2012) 48 s K b A AL B Y
Ak, R R AE 4 BE 4R XT SOD. POD 1 CAT i
PR 0 52 ) LU 7R 2 A A AR S e 2 . PR R
(2000)WF5E A3, BE 2 SRR BE 3G, /INZZ 4l i ey
IR & g POD T 14 B . F+ 55, SOD Jf Mt Ay
gt
3.4 FITEYEERFIERIE AR

R Re A5 I A P 19 A 1 H (Anderson et al.,
1997) . Z4mMia 5, Y 2R MM A 1E FH
55, MR ASALBE T B In, kB AR i 25 R R
FLOCH R okgk, AR A8 (1A (RS, 2005) .
Y (I EAK KT B, NS RZERA2RRAE)
MRS R S iR, S B A R TR B NI AT A [ AR
FETR R, DAR SR o U (B2 K A48, 1997, R
45, 2015; XM LA, 2015) . MRS EMSRESE T
R i IR — 5 T AT BRSR AR 1 S =5 BT
FEH) 1 (Assche and Clijster, 1990); &5 —7J5 T 1] fE /&
FE S PUER, TR I6 Mn, Zn, Mg 0 E
P B, BHWTE 37002 ) MR a%, A2
Z )& e 1 (Anderson et al., 1997) ., HAMHTIE U
R, FRIE AR R NI B &Y 4 R, T
PR R 16 T TR, MHak 3 & R, i B
ALY A AR (2 A 22 51, 2002) .

i 308 A, 2 R M 5 PR R DG i 5 M, 3 AR
P AR KA G P A ZE AL, AT 52 e 18 A FH
(BEATF, 2008) o EhHIEAE(2007) (1)1 50 2% W48 1
I8 AT AR I AR OGS T (3% R A
(SDH) . 41 fits 1. % S AL fif (COD) | = 5 iR Jii & il
(MDH) . 5112 i 2Lt (IDH) 7] T- 45 ) f i M
ol [F] T-H§ERIN . FERRME T B T, /NA2 40
B AR ZE I R R 52 5 TS TR R
3.5 WXt ERAI L H

TR 1 R Bk AT E, KR
BARPEE A TS, SRR AR
W SCRN e iz . X AE R L B G A B PR il T
FIAE A5 (BE 3245, 1991; 47 )5 26 Fl#E 2% 1994;
Seregin et al., 2004) . RHFENAAHYIR R G F L EH
TEAR R AYSMERALLL(CUn {2 J2 40 ), i F I 2B
Gl A BH Y, 43 1R XE Y 12 4 21 oA L 445 2
(Seregin et al., 2004) . 473 12 PR il 48 14 W i,
REA RUBFARAR N & i (BF =55, 2006) o #7845

(1995) & B, SATE TR AR R SR A /NAE | K S Fh R Y
R, MEMMEEZN S Fh BRERZ
AR ARG, 1 SO A0 B ) 40 i B K B Ak Ak A
AT S A RN A= e B AL Y L) e
il 7 — A~ [ X3, AN BB s I b H iR
X3 AR A FH A A B ) R HE B 4R 7S e b 2= 0 R
B, AP AN M SRR N SN T (AN
HAK(GSH) . HR ., AR . Frigmth . #iiss), nf
DL HAIE B A W s UT e, BE G4 5 AN B AR 4 i,
AT REAR 8 it B 0 1) B (1 B SR TR, 1994)
FEXTAN[R) AR AR 052, FERE IR EAF R R
5 Ui & AR, 1999; F1MEREEE, 2007) . 40
IKFE . /INFE AR R R B A 234, H TR BB RS T 52
— B AR ERT A A BRIk, IE E AT DLERR
TGP 5 E A, EORAY BRI A2 P B,
WIS G A FE S P B (2285, 2021)

4 e E-HY R GOh TR R AL
PLEE

41 BELTEPHMERENERS

FRTE - b R L IEEARLE A, sk
PR TR B - RV W, B Ry T A RS
I%e TELIEEW D, 54 nT LIA ZF B B+ (Cd(HS),” .
Cd(OH),". Cd(OH),*., CdCl,", CdC1,>) 11 FH & T Fh
2% (CdHS", CdOH', CdHCO,", CdCI") . £ +I1EH
W rh 55%~99% Hy5E A R E g J35h, Ui
BN Cd* b £ 5 R 1) )68 58 5 LA b A HLBR 25 43
F a5 G B B T A 4K (Ren et al., 2015) . CdS.
CACO, S e AW Bt A5 5 A5 AR 2 AR K s P4 . 7E
SERTAR Y, SR AT DLE A RIS 5 IR an g 1
T ALY SRR E A A TR A R 45 A
¥ (Gu and Evans, 2008), Jf H X Fp 4k & & 7l 00 i)
AR IY B R Eh s PR EL DTVE . AW D
iF 25K G B F A MR B 50 % i R 2% 5 ) R
RifE - 3E AR R smAL TRk 2 (5] 2, Sterckeman
and Thomine, 2020) .

TR YA S I TR LR
AR FN 34, A T T A K AR AN
B . KA R W R R,
AR R s B A AR o HLAE R, TR A
a1, RTEP R GE e E (BRiz, 2007) . T3
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e B[ freannnns ¥ 5z
ca<BBcg | EE g iLs i y g | a -
. . Cd* "~ fh B A ) = i
Lprcd” LB cg.p Cd:.'-J = | ;?_ ! TaHMA2
: LR v 3 4 | €& +—cd
Cda% cd’ &_> cd* 8 g ) 1% 4
1
1 0 4 A WA - [E 0 cd” g
I S 3 - = |z A
W R = o
P IS
= Wi R
R B | cd-psg gy CdT
B 7]
R E +H =
= |TaNRAMPSD G
B R ‘ = TaNRAMPSA .

2 #7E  E—HW R G Pt %% Ak s 2 K] (Sterckeman and Thomine, 2020; Li et al., 2023b)

Fig.2 Schematic map of cadmium migration and transformation in a soil—plant system (after Sterckeman and Thomine, 2020; Li et
al., 2023b)

RS HAb S B S T3 . dag s
e AW RS DA SAE WA RN [ AH i e AR KRR
JE A+ pH, SR A RS S i S T pH 21
FHSG . WFSER BT 24 3 pH 4 T 4.0~4.5 I}, pH [
fIX 0.2 4B, A RESIN & sy n 3~5 1%, 53
A, 24 pH AT 57 F) At A Rt 2 8 S 1, T AT
Bt pH 1) I SRR 0 LR WA 50 . AEAIR
WO E AR S LUK i kA, SRR AE
[ AH AR A 22 (B L 43 1 45 5 (Loganathan et al.,
2012) . TIEPER AL IE X ORIRC o F 22 0T
it VR FF /Ao R BRI C e AR 28 5 A S I 45 i
SRS FOSUN BB 2N AR 4[58 S el F AN = s aE /&3
i, B pH, HEEH . A RUED A &R
A0 AL/ TCHLECAAR | a5 1 P LS 1) 52
(Khan et al., 2021; Yuan et al., 2021),
4.2 NTEEENRGHITH

i DA - 358 1) AL ) R G A R T A A L AR R
B B ES ORI o AR gAY
R W B 0 i 2 R DL A T 2, R B9 2% 6 W
A YRR W Wt A 5TER (40 C-EDTA. CdCL,™ ™,
CdSO, %5 ) ( Liu et al, 2017; Dong et al., 2020;
Sterckeman and Thomine, 2020) . FEH AR P21 T M
HEh I Cd™, AR LA X YR B2 I Cd™
TRERIYFRAL . Cd* -3 AABIRR KRB 3 Fhy

A (DCE*SLH—UTICE, W Fe’*, Ca® | Zn™',
Cu*', Mg” %5, MARBR £ HEIT A% 25 42 40 it R A9 25
FAc il IE, AT HE AR YA (Qin et al., 2020) .
FRBR A MR B Cd> SRR RAMENIE il — A~ Hafb 2
BERE, (e CA* i B Pl 5, SRMEALS S
AR AR R L Z; (2)Cd™ 5 H A
A 25 e, SR e I R AMAR AR AR R L ZE . 1
R Hg 200 0 74) 200 B o B o R e R, ok T T 2
S B HOF HCO; -, 40 ff 11 H55 W oA AR 25 Bz 4
MY CA™ RZE 5 5c 4, MIiAE Cd* REfE I o it
SMATRFEHE AR YR B2 (3) CA™ REEE L 5 /Ny
TAHIE VI REE AW, HAE AR E
WA BRI R R Z . AP REF 20wk
HANTACEY, W H SRR AT, v LLGEN 5 cd™
AR, BIPRS00 R A Rk . Cd
TEE AN TS, 385 Cd 4 SR E S A
HEENEAY . Mgk EiE st 12
A MRS B R P A& 4% (Li et al., 2023a), B4
R T A R ) A4 L ) 4 LR A 4 2 (] £ 2 B
TG0, i I ) 22 SR B A (18 2) .
i D 38 1 A AR AT L R I S A R A R P )
A T Z A Bh AR S B, X SRR 4
ZIP 5 (B3R . NRAMP Ji% ( H ARPTPEM A B
WA 1) . YSL % G 458U 1, —FhSEAREA)
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% (Lux etal, 2011). 24 M1k, HR L@ E AN A
BRI . AR AR R ) R AE R AT, — Ak
SEM AT A - Sl Y ES . W
YLD EA | AR RE R A5 B ZEAR 4B P (Qi et al.,
2020); AT — LR PN A HE L, PR F 41 22 18] )
(K 2),

[i] A ¥ A B8 1) i 2 i0E A B R B T
FEAR TR AR LA B BB ek DLE L (SH) |
N 5t O B G WILIELE, Wl LS & A Hikk
R F45E, A BEH K A B AR AL
W2 GRS . XSG YLLK B AS Y CA7 TEZE
I AE A 9K Bl BEA SR Tl — AL i o, i A S A
YIH E385y . fE2 KBRS, b e
e AL AE AR R BT S48 v V2, JE R 43 A 3
Ml )R R TR R i — 2D L 4 R S
FFPF. B R EBITTHID, A R AR B A IR
A BEH K, T 54378 459, R /E iR K
FE BT RS 194044 (Chen et al., 2023) . BF9E £ BI5E1E
PEA BRI FFD 5 0T 6 32 DURL AR 2R LA )
FERAFAE, 1 Gu et al.(2020) F1 FH 7] 25 hn s g8 4 R
R FERL AR L)L CA-RiBRER AL A W I A7 AE
(66%~92%), HAr N Cd-RIAL AWM Cd-4H AR -

FatE LAY RGP RS AL — N R A
MO A 72, IR AT B F48 7 26 & O HLER AN
S &, 15 ST USRI AR B & 25 g+
s TAE, Ik ALV AR B B A A
VEYSRP (P —22 55, 2023) 45 K1, HRTSET4R7E
T AR RGP IR R AR L, 10

AR PR K B 45 b SO T (A K b St

R e ST A ) S B A T ST A 8 TR (FE i 12 55
2023), FEAETE AL Bl LB AR LU, 4
JEAERA T IR S AL AT A AL 25

5 HRiGR L EHABMB TR

FUR, B T9 g e (R 2R M) B0iR BB 2 4%
AR A B2 | A6 AR &1

EHEARE3) . WHEBE aEE Lk, etk

GBI 105, BOR SR A 1] B2, 48 52 AR A X 4R
i, (B AR AR, T VSRR R feer2E A
A R AR 2%, T AT %, (G I >
APUS B B ZACR, JUHGE TR AR IR

15 YRR AR A B A (R R LA, 2017; B85,
2019) . B G HOAR @ B A MLE T LA
el sl H At A AR 31 3 e, il 3 b
YA RS R S R AR, A S H IR M E R
CREEMEITIE, 2018; E2208, 2020) . fb2#3E
BEAROIEEY iR FHEEMERE | 5Pk
BEFRA . EYIEE RO RE R A B R
BRI\ 3 PG, B8 R sk sh P
it 9 rhife B A 4 & A LA (e k), AT A 2]
ZBRimek R B, AR R R
YESE . B E s S HR . fh2-25H
=M 5 AR AT LI —F o, L mT AP R a2
FhECA, F AR5 g LI E .
51 E£WmfEERHAR

A5 (Biochar ) S KR FBRAR I 54 |
e HoAt g 3 R Bz L 578 L 53k ) SR 7E B AR sUR 4
ZAF T IVIEIE B R H s 5 AL B . 241
A=, TS 3 AR E REFT (W-COO(-COOH)
F1-O—(-OH) %), [l B ELATF AR L 3R 11 FHURTPH 25
FacHim . AW e HAT ARG 1 I B B At 4
JEIRE ST, A T S A2 R AR g e CR /N
T, 2020; BLESF-45, 2020) . WA 4 FER, 485+
EE S I VER . DB B acH . A
TUIEAE FIXT R e 7 S ot fb (181 5, BREOF 55,
2020; A=HEIESE 2022; Zhang et al., 2023), HH s+
AN 11 245 2 W P 4 SR A 1 ML

T2 00 2 WA A e ot A R At 4 i A K
T B A ROR (36 1), In4ARAE: £ 45 (2023 ) 18 1 52 56
ARSI A I, BRI 2% A=W e AT AT A 8
PR R (1) FRAK 31.6%, 4525 175 5 4308 it
T 1.23~4.92 t FORFEFFAEY e, HAERSE TS5 300

7 Pt BREUER
BEEA B A E
_,{ s Pt Kbk, BigfE
BEHAR Bl G, RIS 3

_,{ 44 Pori: BAMR. Pul, 224
BEHAR B IR, A

_,{ B A P HRFE AN
BEHA Bt BRRUE RN

Bl 3 @5 ek H TR B R HOR
Fig.3 The remediation technology of Cadmium contaminated
farmland soil
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—EFHET 0~20 cm B LIEBHZ, ATRIOMTRIERSE ARSI & (90 RIFEMK 15.5%), B AL
HR BB EA T A AR T o ARZINIE(2020)38  FIBRIE SR & i BT, EHIELAE(2015) 3@ i Al
HESIAEY R (1%) B L85 R, AV mAYr el BUESE, AEWIR AN 735004 5 thm?, 10 t/hm? i
VUSRI +HE pH, CEC R HURR &, ARG T LR B PR e b i A SR 5 1, (S S

m‘& B Bl AL

0\\ »
X\» waL 1 onfI
(e

S N R P

o O
\@ ”/
U SRR o~ G )

AHBEL

Fofh (AnEREE . SEHME )

PEER
B
PEER

@ K'.Ca" Mg Na' CO. PO SiO, -+ e

Bl 4 WA R BRSNS e85 (38 Zhang et al., 2023)

Fig.4 Mechanism of cadmium removal by biochar and its modification and enhancement methods (after Zhang et al., 2023)

Spectrum 1

Full Scale 1841 cts Cursor: 6753 (24 cts)

5 AW Y SEM-EDS IR (2R 5, 2022)
Fig.5 The images of SEM—EDS of biochar adsorbing cadmium (after Li Xiaohui et al., 2022)
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Table 1 Cases of biochar remediation technique

YN NN LI RS A PR fEVIR A Al AR B BRI SCHERSRUR

AR 2% 31.6% / / ARFEERSE, 2023
5% 1% 15.5% / / /AT, 2020
+3% 0.2%~0.6% 7.5%~13.1% / / FRIREREE, 2023
FH 1] 0.2%~0.9% 10.4%~38.8% S 31.0%~42.9% FHPLEE, 2015
W F 0.2~0.6% 13.3%~20.7% IKFE 64.6%~71.1% E R, 2023
EF 0.05% 19.8% NEZE 46.5% ZRIGENE SR, 2022
j:i%* 1% 42.5% / / %/J\HJI_, 2020
B 0.2%~0.6% 16.3%~34.4% / / FOIFERSE, 2023
o= 0.2%~0.6% 38.7%~52.0% IKFE 50.0%~78.6% E A%, 2023
W F 0.05% 51.2% NEE 73.8% AEIGRNESE, 2022

e S A O AR A R

HOm#E] 20 thm® B, HIEARCSR ST ESXBAT WM REEIERAE TR K AR, I HHA

W EME2E 5, JIAh, 3 PR INOK T Ik & S
BB AR S R R TR AW A — R
Gt AU B AR, © B TS Yk
B G M E R 2 — ., HET, A K58
P | R | R etk R SR AR ot kA e,
HyjgewnZ oo, k2l slifh H I EHE S m
SR ANAR/INEE (2020 ) 38 2 s i A e AV 4R Ak
CPE AR ) e 6 G e B, FEAR RS I 25 14
(1%), BRAR F AL A= P i T LA+ 3 RS e
1% 42.5%, REARBTEA Py 2.7 £%.

SR, A B9 K LAE Wy ok ik A I8, BE A I
] A 9 RS 25 i Ak, BB R BN TR 4R A FLER
SEFRYAS AL . FRTEE BE A B L R I B T B BRI
FAEACJRWIE I, B it O AL 2 M o 25 kA=
AR ARk, DT X 4 AL IR 7= A R AT A B 5%
M (X545, 2020; 22445, 2022; KA, 2023)
5.2 R EHEE AR

W BHME & B AR £ 2R A O YA R R )
PR AR 2, R 2 i 4 v AR A BCS
EAL S XE LA AE R TS (B 6), anii iy -4
pH {H. SR, 251280 fh2=UT0E FE Be A1 4%
A EW, 2019), BT, HFRIEREIEES W
TR B EEA R W RIRERSE . &R Ak
WIS, SRS, SRR (3R 2, BRIE 4R, 2020; 1EIR
=245, 2020; TREFITAE, 2024) .

FET Y EARKA LRI, FLIRAR, &
5ER (1) W2 B0 Fi8 T R FH 25 - 22 4 i ), BE A% 3E 2k W BT
[ e N S (T o N L Tk ) W O TG
MAE, 2010; Xu et al., 2017; FUFHE, 2019) . 50"

B )& T L34 8w 2 —, it JE 5t 3 8h
N NGy PR s e, BHE W HNE T E
BALE S A (i ) L e MR R
A REBE R A S (RG22 5F, 2009; X1 IE S 4,
2010; fF%4, 2017; F2M8, 2020)

TRIRER IS BHE Z BR 32 2238 i 42 & 3
() pH B, 340 -3 rb 0 67 H i, 02 S A AL
A D5 EL AT T PH 8 g 4 i, (i 38R i Ca* AR
b BEY . fEY S UTRT, ik s
TR H A (B 024, 2020) . BRERER G B 4
BT K BRIRES 5

SIEAMYRBEEME EZEEMHA SRK
14 b 2 T RRURI O 22 f W B 6 6 5 R IR R B 4
¥, AT LA A e e . R pH T, ALk
T3 T B AT 5 A B e i, TR 38
S BRI S , A ) R B R e 1 4 BH B
BRAEAL P 0T Ca* i W B RE T HE ST R R > 2k
W >0 >7R 8 (Komarek et al., 2018) . 4 )@ %
22 MR EEA SR AL . AR .
A, BREYEABRKRBEARMSE, 5H M
V4 R A AR L, SR IR A SR
(PR ST P i L I 2 B0 R) NS KB,
A DR H (B, 2022) .

WA E MR R S A JE R RN
Az BEMERS (B RER UTTE, 1845 18 1 i AR k. L 2 i o
B, SRR AR B S 15 TS TRl B W R, kA il
AR TR (I 7), Dk 21EGAk H A CT IG5 %,
2012) . AnFEESERE A EiAL R AL — SRR
FR LB KA B AR S T R B K A 2 R e it
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LS €O, +Cd'— CdCO,

) 20H +Cd” — Cd(OH),
:@g 2P0 +3Cd" — Cdy(PO,),

SO, +Cd* — CdSO,
°0° S*+Cd*— CdS

Si0,”+Cd**— CdSiO,

D e et SR TR

PH..<pHyz.

BREA%E
&cooca"‘@ ocd™
Ma(H #)+Cd*—Cd(F #)+Ma"

@ TMEEME Ma #%JEET (Na. K\ Mg, Ca"%)

Kl 6 & kMBS R

Fig.6 Principles of the remediation technology based on the mineral materials

R 2 RIS SR AR LA

Table 2 Cases of mineral material restoration techniques

Ttk R R N TR R EWRE TR R SCHRSRIR
piaive) o5 3%~9% 0%~38.2% VIR 1.8%~27.9% TMEE, 2010
aaupe) FH i) 0.5%~1% 12.5%~24.2% IKFE 18.9%~39.7% IRATIEEE, 2009

WA HH [7] 1%~2% 20.7%~27.0% IKFE 9.1%~47.3% 1T, 2017
fiziiE + F 0.5%~5% 11.1%~42.5% IKFE 9.3%~13.0% Sun et al., 2015
el o5 0.5%~2% 10.8%~16.9%% R 30.2%~41.4% FEYE, 2022
S A THk 0.5%~2% 23.9%~36.1 3 57.0%~89.6% REE, 2022
Mt A W 0.5% 55.3% IKFE 43.6% WRPEIESE, 2019
A T 0.5%~2.5% 4.8%~25.0% VIR 11.5%~56.8% ZEBI B FNR I, 2022
SRR B 0.1%~0.5% 21.9%~32.6% Pk 10.7%~41.1% Huang et al., 2023
WA HH 8] 0.3%~0.7% 11%~32% IKFE 23.0%~43.5% Liang et al., 2014a
K FH ] 0.025%~0.075% 9.9%~14.8% KRG 16.8%~22.3% KEFEE, 2009
K HH ) 0.03% 9.51% IKFE 16.9% ¥, 2019
TRIRATS TR 0.5% 10.61% Y= 26.79% I JE 45, 2020
FERR S T 0.5% 8.49% N 18.75% R J5 4, 2020
BRIRAS Tk 0.2%~0.6% 18.7%~24.0% IKFE ~77.3% FEEHSE, 2023
KR +5r 0.1% 45% / / 575 A1 E A, 2009
WERA + X 0.1% 57% / / 575 R 34, 2009
TR — S W FK 0.5% 9.76% N 32.14% FRJE 45, 2020
KA HH [ 1~2% 19.5%~26.5% JKFE 43.4%~77.5% 1L, 2017
A4 ZH 0.5% 8.91% N / IR J5 4, 2020
T IR 5 THR 0.017%~0.136% 6.7%~10% IK G 26.7%~31.0% Ji B 455, 2020
BRI A As R, A R AR KA . & M EMEE HR FE R E N 5 E T
B E bR EEEEE TRERREL  BE R IR . BRI DITE B AR . BEARALEIPE KA TR
WA BB fy pH 44 F 7 A H,S 5 OH, 1T 5 7 2 8 4
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[Ca,',(PQ)(,(OH ), +14H'=10Ca”+6H,PO, +2H:O(‘iﬁﬁﬁ‘f-)]

[10Cd3'+6H3P04 +2H,0 = CdH,(PO,)AOH)#MH‘(‘IE‘JZEH

(i) —>(  =pontcd” =PoCcd+H |

(Br%#]) —»( PocatCd” = =POCd+Ca” |

“(#50H ) — ( =s-HPO, +M" ==s-HPO,; M" |

K7 BERRERAPRME R BRI (S Sy 13, M o 2 BB e 1)

Fig.7 Principles of the remediation technology based on the
phosphate material (S: soil, M: 2—valent metal ions)

FIERLUTTE, M FEIRE & @ aad P a st . ik
T4 B W K b s nT ff + 8 b = A= H,S, H,S 5+
gerpy cd =k CdS UIUE, BRI T a4
A RE (X EESE, 2010) o BARJE 55 (2020) A B AL
TG AR T i S AR T, A Ak R 5
T 4 JE B A BB LA, B RS T KRS AR
) OH BE 5 E & B4 A E A S YiiE. &
JE BRI TCVE 1 7 ik A 1 E A P T v A1
JUA B g, I AR R YE M T A5 % i (95 F,
2009) . FERAAEE MR F B IERALES . BRib
Fo TRAEMEMEE BRBA G R pH i G
[l ROARAIG | P80 7 M, (H A7 78 5 AL 9 U e ks
N, Gy T BN, 4 125 PRI E SR [
5.3 BHERHEE KR

A HLIEREAAL AT L A AE P A K A = 5 1
A HLE, 1 H AT LATE A 4R (3540 ) A s &
WO A EEAEH . AR EAAIIEEA +
AL G, AU X 4 pH A . Eh [H% /=4
S, AT A48 I AT 2 (5K 562, 2020) o AL

METEiE A L3S, & A YAk FE i, 7=
5 4esm g g A, (1A 1A —80H 18] 5587 4
fil, AT OS5 A WA TE S (R B, 2016) o A AL
HREA AR IL | BEFR L | IR L DL RO R S A 1)
P IEAER AT, T LGE R B S A L b, B
T2 HRFINEE LS 55 2R E 7 =X, s s b
AL (BRLL, 2009; ELIEAE, 2019) . W5 3R
A AL RE AT R KA 38 b i A 80 & i FPE )
AL ASR A (36 3), i35 (2014) & PRAD
Jite A ATLAE A Al 4 398 52 40 A B R AR 28.84%~36.33%,
ML A SN 44.91%~68.31%, 5K i fiif 45
(2001 ) 38 52 i3 AF 9 TIE 52, it FH A HLAERLBE 8 25
AR Y A 3 PG WS AR I 7 i, A S8 950 25 [
BHLEGE . P E T b, SR, A HLAE Ry
SUEAYIA VU, Yk, Kb e & A —
SEMNESE, PR, ML REEAT
WA DLIE ) (NY884—2012) bR, ¥ TLEWA
MUAE BB AR A8 AR S 5855 5 Fh i 4@ Y BR 20K, Ry
AHUEEHEZ F AR A S HPE T HE S %
5.4 MEMEERHA

A E RIS EE HIRE T, AIHE S+
e P AE AR W B R 37 (0 T 6 S 2B 0, 3 A e A W
B MAMITYE | SUE D EE AL . SR RV NHELE
FHAERAL b am i ie b (] 8, 1 RS, 20115 4
TEAAE, 2018) o TZEWINA — J7 o B AR L L
—, AT A AR R A, I FRAR i rh 4 R
PFEE; FL, AT DL AR R GOAERE, DI il /42 ik
A T 4 S AR A, R B AR G B Y CHE SR
45, 2020) 5 H =, WA, X A ARG P S
FIRIVE /N2, 2009) .

=3 AR EERALG

Table 3 Cases of organic fertilizer repair technology

AHLAE R0 R N TR RASR ARG 1EW) AR AR R PR SCHERSRUR
JEHEIR HH 1] 0.45% 23.87% 0K 27.95% T35, 2020
EERIRR i 0.03% —2.4% IKFE 32.4% JEIRI5RAE, 2013
XD EH 0.03% -12.1% IKFE 75.1% JARIBRAE, 2013
e H 0.03% —-5.6% IKFE 11.0% JAFRI5RAE, 2013
43 W 1~6 g C/kgt 20.2%~22.2% IKFE 0~39.3% jkivess, 2020
Ve WH 2.5g C/kgt 21.7% IKFE 81.0% LEHI, 2016
REN Few s 2.5g C/kgt 19.6% IKFE 55.6% HEAM, 2016
LS s 2%~5% / N 46.7%~49.1% Bl41, 2009
L= + 3% 36% 28.84%~36.33% / / LS, 2014
Ve s 1%~2% 10.4%~19.5% IKFE 52.8%~62.5% KN AE, 2001
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o / | ! 140EH
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pH Eh L3k
AT IR YRR i S B 2
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Rhizosphere soil microorganism
S. kg
Siderophore

| R
Phosphate

@ ==

Root exudate

P IR

Microflora

s um
e ua

B o I
@m ik

@S s RS

Extracellular polymeric substance

B8R =&)mi TR R

Heavy metal migration gene

Q | s
[ J
° e
® HERGHE T
Cadmium and other heavy metal ions
® AL/ R ISR
Oxidized/reduced material
&Q MR

Cell metabolites

K 8 SR WM AR U (R A, 2018)
Fig.8 Principle of microbial remediation technology (after Chang Haiwei et al., 2018)

HTESRE )R EEE MY T 2a
YT . RIS (GR 4, 3R 5, TRIRAE, 2023) . FHY)
R I P (%) 1 0 o 4 i ELA LU R i A2 1, 3
FARIGE , PraiPEis | SRS N A8 J1 s, MOfEE 4
Ja 15 g e A Sl )i A AN (2SR AT,
2022) o T AT 22 10 IS TR AR L, it A
MR R & w15 e — A AR
PR 245 (2019 ) 3 3 e Hh RS R AR EC TR B 838
b TR 22 ORI BT R R AR S T A B T B e 1.6%~

13.3% F5, [ A3 i 1 A AR 408 2 43 8 95 e ki
AT o DA AR L T R 2L DA =75 T T - A
2% PR 5 . T 2200 W) (AN LR | 3R il R
S5 IR BEAL AR | TR 22 15 FR T UL A 45 H [ R 4
MRANE 22 BA BRI LR A, 7T LIRS . 1T
4w (i) 155 IR A AR R 45 A AL AR BT
B BRLRER I B ERT | A BB R | VAT R B B
ECEPL M TR 25 o T A 2 ] b e L ) TR A S T
MR o < TR -, AR I 7 7 TR TR I B

% 4 BEREREENHREY
Table 4 Microorganisms with cadmium—fixation capacity
HA s AR USENEN TR i 52 458 VAR E SCHRR U
gl B2 AT C2-Z S BN 500 mg/L kI, 2021
4t (ES: N PM2 ik / 1000 mg/L Prapagdee et al., 2012
S AR R T KKU2500-3 AR CdS BERIX 281 mg/L Siripornadulsil and Siripornadulsil, 2013
S P SEIRAT A B237 W B B AR BETIX 16.9 mg/g Limcharoensuk et al., 2015
4t AT GDOS W Bt 25 G115 83.3 mg/g Khadivinia et al., 2014
S B U 2 R R RC-1 W Bt LEMEE S 31.9 mg/g Huang et al., 2013
4B il B2 AT 1 KC6 W Bt BN IX % 40 mg/L Xie et al., 2021
4t AT R R Z-90 YR 157 450 mg/g Yang et al., 2016
FH iiif=AE B77 R Bt RAL Ik 11 mg/g Tsekova et al., 2010
[EES ey R B P9 8 T 7.8 mg/g Cardoso et al., 2017
=5 WEMEERALAE
Table S Examples of microbial repair techniques
AR SN RN T AR B R 1E) A AR PR SCHRR I

[pAEibeaT| ik 1.38*109CFU/g+ -11.2% NE —14.4% KN, 2019

Delftial# W 5% 7] ~6.0% U= ~7.0% FBHBH, 2020

ZFEAIFT B FH 7] 3.0 t/hm’ B 571 8.59% KFE 15.7% T =%, 2021

AU H 1] 0.07~0.4 t/hm*F 7 <8.64% N 12.5%~33.2% MisC R, 2022

il B 2 AR 1T W 50~200 ml/#; 12.7%~38.2% U= 31.8%~44.6% XI5, 2020

VB LA B H 50~200 ml/%; 20.2%~34.2% /NESE 32.2%~40.9% X 4%, 2020
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WH 4 JE T, K 4 R A A AR T N R %
LA 22 B R DR R, A fol AR R R CdP R IR IR ol }
A F] 94%(JHBESE, 2016); KGR a A W A

—FEEA CAT I Z IR, R HBIE I Cd™ 41 p it Y
i) SR (Bae et al., 2001) o A b A AT LKy £ 315
o Cd™ 5 4 i B 2R 11 256 T8 L 2 W IR 2k DT UE sl uf:
AW, AR 006 1 G AR, 2018) .

B e W A8 AR B T Y A A A S R L
BTy R 1 R R, 4530 Y 3 M fE b At
Y e i S RS TR R . than 2oL
Fb 2 AR AR 7% (Xu et al., 2016), fAEYIA
{SURT LA B 25 7E A 90 5 e B9 FL B Y ( Wang et al.,
2015), [R) Asf A1) FH A= 490 Joit e P98 7 ol o o 2R AL L B
B WFSE &I, A LU B A, AR o B 2K
B HAA B TR R R AT
IRBE I 32 MR R AL ¥ (Haider, 2021)

5.5 WEHEEHEA

T8 2 AR 2 2R AR € | Y
UE L MY R K R AL SR N 13
o LB (L 9), B3z N T 4 e T Y
16 53 U (RE WY 45, 2022; el B 55, 2023) , H
I, 2 AR B 5 & AR AR ) 1 i b v — B AT
Yy b4 SR IT 100 mg/kg, &% RECREE 12
FEKT 1, HRgreE e E G Y b I A K (5K
fHAE, 2022) o B0 ZWF5 AR B R 2B
BRI BPRER | R A AR JpgE
W I A RR, FINES . =K, o
. MYIEEBA AL, G AL
J AAAFTERERTE | (HE) Jo 30 0 3 fb Ak e e 55
F] 8 (REUR A, 2022) o 8 B R T S AAED (R AR
ol A AE, IFECMEAEEALT . WEAERIAE, R EME ERCR T
[ S BA 7™ il e A A

FERZ AT AR R, B EHAR B
N TR E SR (K 6) . M55 (2005) 36T
FE P AE VR, I B #fE ST X 4 | B it fT s
£ U, X F A AL R A A 75 e i) 1 3 rp
PR 4 Jm, IF 5 AR AR (R HE me v i M B, SE A
ElZAEY E SRR 1 BEAUESF (2004) 38 i
I HE AR RS R K b 340 B s 4R 5677 mg/kg 11
o TLEETE (2017) AIRE AR AL AR R RIEE R
TG4 AR R T LIS Z B E . A

4 YA
GED - sy /i
O I
- . ', V2

Y Ve » )/
o' i N Lo, B
& =5 7 A ;
A fé&ﬁ# NN
P ‘ x,\_' )z I)
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Fig.9 Principle of phytoremediation

WF5E & B, FhEIE FBL S BOR R A R RS
AT S P FRVE P 0T HE 4 SR A I & R S s, TR e A
(2022) KILE S EMERSE, AIAERER H IR & i
[, BEAR £/ kPR iR & i, SR PR i 5
Ho ABIASF(2022) 73 MRS S R AR A e i ia
U SEHLH I LB, MR BUR B2 AR
oo A it ™ 5 AL B R A S AT TR R T B
BO AT AR, 2 R T 5K ]
A6 52 HE 7 g I I ) ) R Bk 5, 1t A SR AF 9 17
P IRR D SRR BRI SR o
5.6 ShEEHAK

G S HAR — R 18 Bl Wy K H g 1 L
A= IAE TS G IR B ik AR o R AR B T R 1 4
4R (kB %, 2019; 8 T4, 2022) . HAT, iF5
FU 5 22 1) J2 ) F e ) ) 1= S 1 & 4R R 1 R 1B R
EEvE e+ HE(1E 10, 32 7), 41 Wang et al.(2018) Xf 1€
A AAGHT 1 X G e ) 4 B 15 U ) - A7 A Y e
| J T T 4R AR T RO I, R B M| X R )
W EEN AT 10.6~18.8. Mostafaii et al.(2016)
I e | o) 15 G R TB 52, TE AR B T W Rk
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JE R 40 pg/g WL AT LUK 34 36.5%~38.0%
B 22 42 1 IRUFA 45 (2006) BFST i, Wi 51 AN g

PR BN SRR BRI, 8 AT B 5 R AR A 4=
F, LEGYIER LR RS REEEN 5, T
DL HANE Z BRI A8, iR 230 L Braany H
B, [RIES e s g, SR, LIRS B E BOR

FHXHAE 16 2 B AR TN A W6 B R A B gy
AR ARG A S, A RS E
57 BREBERERK

A B G AR R R E AR A Y2k
BEF AR AL Z RS M, T LS AR
g, IR B AL AR . BB B E HARTE

x 6 EMEERARLE]

Table 6 Example of phytoremediation techniques

B ERUEY R RE LRI E (mg/ke) BRMER SCRRSRUE
Hh B M bR R 3R R A I
B OTEFFE T 0~40 T RIS 2 W BRRE BN T3, W s AL, 2002
Cd 88% LA I 70 Ari 76 H b #5 B A7 38 (1) R4 75 g
_— i EAR LM, MR BRI T, L
HIERE ah 0235 o, EUERIREEEA, ARw s e, 2021
MR AR & B R BRI 18 RETE1.20~1.50, A
M v TR 0~3 R R PRE, Hh bR KRR B 9.832 ng/tk, TRIESE, 2022
TS E PRI RS e 11
SR EEREIK T, WIE. BFEM/NAEZRES
LI AN S SNy %3 F 0~10 BEH FEYEEENT mg/kg. 5 mg/kgHl MRRN TR 4, 2022
10 mg/kg 475 Yef K M+ 3
WP . EACE . TERR A 2 At B 1 0 3R AR )
REFH AR 60 AN EERS, AT FNT LIRS P ARt R Bl REFH H %%, 2022
14.39%. 24.27%. 141.55%
LW AR T R SRR R, BRI RS
AN ARG B AR EMANE, 50 Hz. 300 HzZZ i
o s A3 N A At B 0 R R AR B skt R 4 S 3 " .
BR—ARm R wH 1.68 24.04% 21.24%. MXFHFED FFE, 50 HzZZ % PR, 2023
WAL RN AR IS E AR, 300 HZAZ T L IR m e 2%
R RRBEAE
FE | R/ GE
Tl RS wE /B
hEBAN. BE LR
wem | O wR AR N BE s, s, AW
5 et 45 T 1 i Jr 1 ) B TR
JE A W o
TSN | pAs - 4EpH . CECZ,
IR DL

P10 M| ke T3 o 4 5 ) TR A5 L] (Bl ok 24 2 55, 2022)
Fig.10 Mechanisms of earthworm changing the morphology of heavy metal (Cd) in soil (after Zhang Weilan et al., 2022)

R 7 HhEERRELH

Table 7 Examples of animal restoration techniques

Y RBE R BIEES E/(mg/ke) BERHR SCHRRIR
Py WIUAR%R 43 57 90.04 mg/kg. 0.08 mg/kght, +3E4E 2% % .
> 22 ~
I Wk 30%%/% 0.04~0.08 M 36.5%-38.0%. 22.3%-28.3%. Mostafaii et al., 2016
\ WE AR S B 13.31~36.64 mg/kg, BHERHE
53 o 1A
- wR TR 243 5.64-15.52, I FA AR I e PRBLIE. 2023
W85 T R 5 TR, ] R AR N AR R R B R
LIRS A 1 kg/m? 2.6 20.1 mg/kg, BHJSIFUE TR, 125 45 sl ik 88 & & A #14%, 2013

23 mgkg, EHEFZK4.2~59.
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T BB 0% i 81 [] B e I i AR, e ks e, AR AR
B/, PRRE A B AT (25 5 56 4, 2002; S 24 R4,
2008; FIHIRAE, 2014) . RIERZMRABE A
BLZFH YA EECE (R 8) . YA BB Bl
BHEA . 0P E-E YIRS 0 A R
Y (B | AR e~ ) (SO = A ) I B
B AR BB A (R 9) 4%

AT A SR 1Y 1 B4 5T 0T 9 RN S BB R B 7 bR
WREMBEE R, B A RIEH: . sk, S35t
FERRE M | I8 M RN R A 85 Tt LA — i A 3
( Cuadros, 2017; Alexander et al., 2019; & {5 2 4§,
2019) . Z=Hi 36 5 (2002) >R FH TCHLEEfb B k) 2t
Z R IEHLEAL AR, TCAL+A PLEE L BHE i
1652 f 5 e A H, 45 S 3R WA o HL+A HLIR Tt (85
NE A6 2E ) X400 ) % 75 G AR i AR ) 7 1 AOR 12
Fo TIR%(2014) LY RHE B LB R
Hais gedqe M 38, 455/ 5 — g Y L, B0
W, e FERE A A B it A+ 48 p o U A b
ik 44.47%~86.53%, FifbEEHOR W3 . w] H/ i
S5 (2021) R AL I 5T AR W i 5 A

BRI I ROR, 45 R R i m LL R 1%
BF, BE S 25 Pt v R AR X R 1) I i (5 PR A
Y AH L, WA T 26.74%) o il e
(2022) W52 & % filk R 515 1) 28 7 A= ) e R r B ER T
W b [m] [ 457 SR AR AL, B2 S AR W B AT LK
ARSI A AF RS, B UsiAkAR . E LA
(2015) 2R FHAE Wy i FIXG 2SR -G8 52 T e + 0, 3d
ok I ERR IS IE S A 7% (5 t/hm?, 10 t/hm?., 20 t/hm?)+
R EEXSZE (10 vhm?) 3 0] o 25 PR AR L A RS R
7, WA SR AT AL Cd RRUEFRTIEE L 46.7%~
54.8%,
58 REEEFRALERE

S E BRI AR B A AR S S AR R I R —
16 52 H ARARME I8 I FRALRCR, A ) 2 0 KT AR
RS YRR B AR I, RSB HORTEA T 1
SRS A 2 5 T AT B R R T R . BRAHE
BHEAR SR ZIHEE S A 0] IR RIS 2 RCR
Y EER b REARAE A, A B RO AR A H - 4
BMEE. MAEMBEERERRNRRERZ
— AR FEARWAFAE DR o LA R, K557 i 1

R 8 THHMREKASEERARLA]

Table 8 Examples of combined restoration techniques based on mineral materials

BEME R RE N TR EERIC B nTEIAR ST R SCHRSRIR
A RAIEA FH i1 0.025%~0.075%+0.5%~1% 19.3%~24.7% IKFE 32.4%~50.3% AT 7S, 2009
N =+ KA FH i) 1%+1% 36.0% IKHE 63.9% R, 2017
AR 1A 1%+1% 38.3% IKFE 83.0% fEfh, 2017
JE R FH &) 0.29%+0.22% 28.11% e 35.7% T, 2020
R MEY-EYERKEEER AL
Table 9 Examples of microbe—plant combined remediation techniques
3R - N TN
WA L7 /(mi;kz) BEERPLE TR A R TR SCRRSR VR
- BN W Z R (TAA) M6, FRAR L MIAR AR = B /17845, LR
PTG BN o / KR WSERNEE. FHERE, % W FEKREMRRE S NS Wau et al., 2020
- SR 1745 2.63(5F11.335R11.874%
HREORE R FEF A / TR O ) A A B AL 1 R HR/S)HH0.84 = &3 Krupa and Kozdroj, 2007

W S RILT
EPNC S0 NI 100

PP PR HGS R A

R RS R IR F2.29M0 M
ARRAHRE 8 Liang et al., 2014b

2.86f%
. . . FEZEFIRR39%4E, LB H
. I TR LR, R A X B (YR S
EUR AT i 80 NPVAN g MR68%Cd: JF 3 AW & i Jeong et al., 2012
EE e, ARSI B e 0.087 IR E0.448 g
wmm o s ik SR RO mrcanm it Gao etal., 2010
B N |
_ P E CdHh T —Hh L 33 BRI
THREATI T, ELE b
WHEIKHE FIHE 22 MEAHTHIE, HRHAIREE TR 10%~50%, 1904 &R 5 EI Aafi et al., 2012

I )R

10%~40%
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1Y EL 5 T R WA AR SE P G &R, T EL 1A P RE
ZRTE S R IR (22 5%, 2009) . PRI, dnfef
TEEA S 1 2 A B N, SR AR AR SE B — A EE A
Tl RTEYHRABEHAR, BHiHZ XAV K
B IRE SR TAE . AEWRAE S HOR 75 %
FAEY R EANE XM E 4 R fis e HEN K
RO E M . AT DL i A W iR At B 3
JIe, DTS I A 0 3, SR AR 2 TS
HAE S, Bir LAAE 9 o 5 T2 ) A K5 AT RE R AR SR 1Y
—ANRRETT W o W MRS O AR,
NHRETE) R . HETAEE 2 8 7EE T8 Yk
P K R R | AR RIOR, X ek MRS 0 A R
AT RS, S HALA P . TS .
T W 55 A AR T BLI B = AF 58 . R SR B BF5E
AT DASCHE ) (Bl 0 ) ARG B DS TRTAR L TR
&2 B AL + R R FAH AL (Riaz et al.,
2021; Wang et al., 2022b) , FIRHESIECEBEH A
Wb A5 0, S S B2 Bl AR A A IR
B ) 224 R EAR B AR S i A

6 4t it

(DFRAX 1 Y AR RS R
G BRISE T , T G IR 2T LA Tl - S i
e A Ef PR ), A vl 2240

Q)FAXHEY A R PUAACRET I | PO
A AR AR A E 2520, ARt 20 1 25l
B 5 A R

(3) 4 D\ - S 1) AR ) R GE YIRS B8 SR A N 25
FIRNZEHE AL | A (AR K/ 4 S FIAR/ 4 i) i
i HIE (e | AR F A, IR G
(A, TRABIFTEA B T8 75 2 35 BOBL LA 2 0 [
R, I8 BT YR BEOR BT A A0 32 15 e e B
TR,

(4) 25 M Al 272 F0 AR U230 BB AR A HAS A Y
JEBLAPE S, G E HORFEAR B L 4 15 Jein B
J7 AT B W A SR 5t o BT X 3R R T A7 AERY
T 15 G A TH 4 38, SR TR R ER 2R bR (2 41
B+ ZVEFETEIT TBAF HBOR s SR, B %
e [ A6 77 P A T A 5 e 3 2 A JCA B A
BB i lh Rk =, i T 7E BB AT S BRI & L
INRBEA, AR ORI AR B Y2 42
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