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Abstract:  Objective Cadmium (Cd) is a harmful element to the human body and can cause many serious diseases. At present,
many soils are faced with serious Cd contamination. For example, the soil in Yunnan Province highly polluted by Cd, and
necessary steps need to be taken to remedy this situation. The application of biochar to soils is a common way to remedy soil Cd
contamination, therefore, this research is designed to study the properties of biochar from different plant sources and evaluate
their application effect on Cd pollution in the Dongchuan area, Yunnan Province. Method The isothermal adsorption-desorption
and adsorption kinetic characteristics of rice straw biochar (RBC), wheat straw biochar (WBC), corn straw biochar (MBC), hemp
straw biochar (HBC), sesbania biochar (TBC) and peanut shell biochar (PBC) were studied; Through pot experiments, the effects
of the above biochar on Cd fraction in Cd-contaminated soil and Cd uptake by Lactuca sativa L. in Dongchuan were analyzed.

Result Fitting results of adsorption models showed that Langmuir adsorption isotherm and the pseudo-second-order model
could better simulate the adsorption process of Cd by biochar. TBC’s maximum saturated adsorption capacity was the highest,
37.1 mg-g" in the isothermal adsorption model and 27.9 mg-g ™" in the adsorption kinetic model, respectively. The desorption rates
of WBC, RBC and TBC were lower than those of MBC, HBC and PBC, and no more than 10% under each concentration gradient.
Fourier transform infrared spectroscopy (FTIR) analysis showed that TBC contained more oxygen-containing functional groups
(OH-, C=0 etc.). Also, the XRD analysis showed the biochars were mainly composed of C and Si elements, while different
biochars also had some different elements (e.g. Fe, Mn etc.). Compared with the treatment without biochar (CK), WBC, MBC,
HBC, TBC and PBC treatments significantly reduced the content of soil available Cd. Among them, the maximum decrease was
observed for TBC (24.32%). At the same time, the Cd fraction changed from an acid soluble state to a reducible state, oxidizable
state and residual state. Compared with the treatment without biochar, WBC, MBC, HBC and TBC treatments significantly
reduced the Cd content in the aboveground parts of Lactuca sativa L. (P<0.05), and the maximum decrease occurred in HBC
(26.40%). In addition, WBC and HBC treatments significantly reduced the translocation factors of Cd in Lactuca sativa L., which
were 0.662 0 and 0.692 8 respectively. The results of ABT (aggregated promoted tree) analysis showed that soil soluble organic
carbon (DOC) and soil pH were the main influencing factors of soil available Cd, with a significant negative correlation, and the
contribution rates were 33.0% and 21.9% respectively. ~ Conclusion In conclusion, all the biochars from different plant sources
can reduce the availability of Cd in Cd-contaminated soil in Dongchuan, change the Cd fraction in soil, and reduce the absorption
and transport of Cd by plants. There are differences between different biochars. Moreover, TBC can be selected to remedy
Cd-contaminated soil in the Dongchuan area through the results of the isothermal adsorption test, adsorption kinetics test and pot
experiments.

Key words: Biochar; Heavy metal fixation; Adsorption-desorption; Cd absorption and transport
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WA PN B i TR RN R AR W R TR
pHPY, $R 8 3 AT LR S B0, TR A AR R
R ZALE . R B B R A A Y
PHES Tacie ™ FaRPE R e T A= W A i
Wk CAd BB I AEWTRAE T IZ R, W/NE
oK IKFE AR SRR G 7 R R RS AT
AT FHVEA 9 0 ¢ PO D, A [) S A 4 ot e A B 7y 24
FEAEIRATE, REXT Cd B FFRE T3 77 7E 22 S 1231,

YR Cd B CA KiERiE, HEXT
AN G AR P U8 A 0 o e A% 52 38R X EE A AT 58 A X 3¢
Lo mERNHIX K S K R R, (0 4
Cd Fri ™, M 3EIHE Cd AR R K,
WA A Y SRS R S A R R, B Z b X
T Cd Y, BT EIRTE R, FIERAE
YR B, PEHCT REFF R . R . BRI
JBRFF R . BB . AEAETE IR AT 6 TR ULAE P Ak,
R R Cd HLd, FFEad FAR T 6 FhAEY

BimiE S Cd 155 L IERIRCR , FiikFE Cd RUCRELT
BILEYIBORFIZE , BREA A I AR MBIX Cd 55
THER B RS

1 MRS Tk

1.1 kst

S TR EAPE AN R 1 PR .

M3 A 2 2 L B T AR X S b ik
Hi (25°57'N~26°32'N, 102°47'E~103°18'E ) #fE
2, ZHER 695 m, HHERAUHBIE AL, Fibh
Wt., & cd & 1.1 mgkg", BTHECAIs+
B, HEERERERT . RS ES 2 mm &, H
BEARBAHR . BHEAHUR 181 gkg!, 2F 11
gkg!, 2.8 gkg !, &M 7.9 gkg !, A RHE 200.1
mg-kg ', HRLA 180.2 mgkg ', pH 7.5,Fe 0.6 g'kg ',
Pb 0.0 gkg', Cu0.2 gkg'.

R1 EMRRERBUMR

Table 1 Basic physical and chemical properties of biochar

Zeta HL Hb iR
AWy I e Bl SOC/ Cd/ Pb/ Cu/
pH Zeta potential/ BET/
Biochar (gkg") (mgkg™") (mgkg™") (mgkg™)
mV (m*g!)
RBC 564.0 0.6 168.6 359 10.5 -30.5 329
WBC 672.0 0.7 268.4 40.9 8.7 -14.6 62.9
MBC 519.7 0.0 4.8 19.5 10.5 -23.8 46.3
HBC 759.9 0.0 0.4 29.3 9.9 -21.2 5.4
TBC 670.5 0.1 0.4 10.8 10.7 -36.3 14.8
PBC 191.2 0.2 35.0 44.3 7.5 -20.2 7.1

, PBC: fE4:5E/. T[F. Note: RBC:

rice straw biochar, WBC: wheat straw biochar, MBC: corn straw biochar, HBC: hemp straw biochar, PBC: peanut shell biochar. The same

as below.

1.2 RIEEit

A 1) 5 e W B A5 TR G - BB 0.050 g A=) Tk
MET 50 mL 2.0, B 25 mL A [R] ik FE
Cd*'¥%# (0. 5. 10, 20, 50, 100, 200 mgL"',
#3245 5l Cd( NO; ),4H,0, L) 0.01 mol-L™! NaNO,
R SEBME ), BTHERGH T 25T,
180 r'min' #%3% 24 h, 8 000 rmin”" B.L», FIHFWE
0.45 pm JE ML U8 5 I A GV Cd VR BB, T30 B 3t
BRI S 3 AN EA

A B RO . A S, RO T
fiA 25 mL 0.01 mol-L™! NaNO; iA¥k , & THHIEIR %
el 259 180 rmin ' #£3% 24 h, 8 000 r'min'
L, FIBWRE 0.45 pm U8 ) U8 5 00 72 U v C VR 2,
TR

A= BT e W B 3 7 2 - FRER 0.050 g AR )
BFERF 50 mL B0 T, A 25 mL100 mgL™
() Cd* ¥ (K28 6o Cd(NO; ) -4H,0, LA 0.01
mol-L™' NaNO; N F St LT ), £ 25 CHH % K
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Y%, 9T 1 min. 5 min. 10 min. 30 min. 60 min
2h. 4h, 8h, 12h, 24h, 48 h kL, 8 000 r'min'
B A FIERZ 045 pm JEREGUE, MR Cd
WRE, ITEWME. BAARE 3 AN ER .

FERRS . AU AP B X R (CKO).
WINAEFE 2 (RBC ). WM& (WBC). #inE
KAFH (MBC). WANMFF 2k (HBC ). ¥ H ¥ 7k
(TBC). W45 (PBC) 7 ANAbH], A kb3
a4k, 28 &, EeMNHES . 55T 2020 4F
11 A 12 H&E 2021 4E 1 H 10 H, 7ehEAL R
B B 3 Ui % A T o A S I 22 3% ( Lactuca sativa
L), mfhhy L8],

W 1.5 kg 2075 09 RS S AR ORIRS) S
B (AEYIRAHES R 10 gkg ' ). T 2020 4F 11
H 14 HEERD, BB FFR 15 Rifhr, frffae
Ja, EEE 3R, AE NS ENE PR3,
R TR HH 2 4 43 5 K i R 7 H ALK Y 60%
Feml ISR SR O REY A KT R, I
it AEL
1.3 HARERIERUE

F 2021 4F 1 H 10 HGR, 0254 d
57 do FEHBRFES AT o . MR ER, BREEY) T A
J5 T 105°C F A7 30 min, 70°CHLEEE, WiEk
o ARE SV ERAT, WUEIRE, —dorff +
T20CFRAE, —# Tt 20 HA 100 H
Je T M i £ FH

+ 3 DOC R Ak 51 1 KRG &
O, BT 0.45 pm LS, FH TOC 431X Multi
N/C2100, & ) M5 ; +3E pH R 5 1 /KL,
FOL A V00 5 5 A BILA R o % TR 0 0 I A0 2
43 A AR YL IGE AR s T LA R M
2mol'L™" G LHIR R —E L 8 A HT L (AA3,
SEAL, ) W, + 8508wk HMASI LA
TR RE 5 A B AR R JE e R e T A g
AR Cd S8R 0.11 mol' L' BERRIZIK . ICP-MS
HLHE A 55 8 RO 42 ( Optima 8300, Perkin
Elmer, 3¢ )&, &4 BCR ( Community Bureau
of Reference ) ¥ 4EHEHGEE M 3 iy cd BB,
HiFE Cd & 1% F HCI0,-HNO; 14 # , ICP-MS Il 5E ;
He Wy 5 I 3% Cd \Pb ., Cu & & % ] HC10,-HNO;-
HCI1 j§# , ICP- OES( PE Optima 5300DV ICP-OES,
B ) WE . RAGOKKLE K Zeta HL A 53 BT

( Malvern Zetasizer Nano ZS90, F[E ) il 4 ¥ i
W Zeta BN 5 >R Fl 4 B 8 Lo 3R 1E K ALBR 5 BT BET
( ASAP 2460 1 2425, S ) I 5E A=Wy i s LR Tl
s ORI A L AR e 2T AR 3E (Y ( VERTEX 70, 72
) KBriR & R s E Y Bk, 430 R W) ik
FH AR, FAHGERER 4500~400 cm ™. R X
BHEATHHY ( XRD, Empyrea, fif %) #E474:4 )k
BT 3T o

14 HEAK

Langmuir W B 45 I 7 2 « (1)
Qe:Qm KLCe/ ( 1+1<lcwe)
Freundlich W B 25 i 75 2 « (2)

Qe:KF Ce tn

KL, Q. FRFMHRLIfHE, mge'; Co FnFain
VST B R B R B, mgL s O #/n Langmuir
WEBFF AR LR T e e KRB A, megrg's Ko N
Langmuir % 4%; K1 n 4354 Freundlich 4%,

R R=Cv/Q, (3)

Kb, CERMBIBERD CAWEE, mg L™ VHER
fREMAE AR, L.

ME—2 8 Sy 24 #e

(4)
0.~0, (1-exp (-Kjt))

B Sz i i

t/Qt= (KZQez) —l+t/Q ( 5 )

Kb, 00 Nt BZIAFEATHRIE, mg L' ¢ W
A, min; K, R fE—ZO B R, min ', K, B
YE G R, gemg min ',

MAs 280 (TF) =Fakk 38 Cd & (mgkg') /
MitkH FH Cd & (mgkg!')

1.5 HIBELERSEITSHF

K SPSS26.0 HRAFHEAT Iy 22 43T F 2 T L8R
(F/hNBEZERE), MH R 2.5.1 Piy“gbmplus”fd
TR AWM (ABT) 081, SR Excel 2019 Al
Origin2019b X AF #1780 b B AN 2 &
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1]
2 4 R
2.1 FEEMRERFITER B CA™ R MR

sEA

A=W G Cd” MR B AR 2R AP 1a TR . B
R R R, 6 R EY TR XT Cd R WL R =
BRI, — R W E A B AT, 6 FhbT R
WP CdT R BFERE I HEF . TBC>WBC>HBC>
PBC>RBC>MBC, TBC Wt Jifsk, MBC Wfff
AE 155 o W SF R AU S B s 2 (& 2) ]
PIEH, Bk MBC. HBC #b, Langmuir W [ 45 A58
RUXE A 4 Fiobp A 52 5020 40045 2 5 T Freundlich

W B SRS AR, SR A W SR Cd™ A W B A
MR R 3. MR R O, (K 2) FEATIRFTE
F1 K/ A . TBC>WBC>HBC>PBC>RBC>MBC,
TBC f KWt B, 8 37.1 mgrg ', MBC e K
MRk, 9.8 mgg’.

AN TRIH) 3 V5 A B TR AR W T e ™ I i
FTWE 16 i, BEEVI T &, &£V K
b B AR R I TR, PILRHRE R 200 mg-L AR
We Z8 3k B e K, Mo B 43 90 2 MBC>HBC>
PBC>TBC>RBC>WBC, H#' RBC. WBC, TBC
W R AN 10%, UK = Fhok X Cd> A [ +5
fig J1 3R .

50r

£ "7|a =8 RBC o WBCaMBC — L 25 —=—RBC —=— WBC —— MBC

2 v HBC © TBC < PBC —— F —— TBC —— HBC —v— PBC

§ 40 § 20+

2 )

- =

& 307 £ 15t

= g

2 20 2

s 20f 2 101

g "

W [ g [

=

=

B of ok
0 50 100 150 200 250 0 50 100 150 200
A4 ¥ Equilibrium concentration/(mg-L™") WA Initial concentration/(mg-L™")

1 : L: Langmuir W45 IR4% , F: Freundlich Wt % i 2k . Note: L: Langmuir adsorption isotherms, F: Freundlich adsorption isotherms.

&l 1
Fig. 1

e )

AFAD R WAL (a) KAFHR (b)

Adsorption isotherms (a) and desorption rate (b ) of different biochar

W% R &R ESH

Table 2  Fitting parameters of adsorption isotherms

BlAL AL L Langmuir W i 45 i £ A5 5 Freundlich W B 45 15 £ A% %Y
Immobilization Langmuir adsorption isotherm model Freundlich adsorption isotherm model

material O/ (mg-g) K/ (L-mg™) R? K/ (mg-g!) n/ (gL™") R’
RBC 20.3 3.0 0.97 1.0 6.4 0.79
WBC 27.8 1.1 0.98 11.8 5.2 0.87
MBC 9.8 33 0.79 4.7 5.6 0.94
HBC 27.8 0.0 0.89 5.1 3.2 0.92
TBC 37.1 0.1 0.93 10.1 3.8 0.91
PBC 22.7 0.3 0.93 8.2 4.7 0.92

o Om: BRW 7R, K : Langmuir % %%, K& 1 n: Freundlich %%, R*: 14 &%, Note: Q,: maximum adsorption capacity,

K. Langmuir constant, Krand n: Freundlich constant, R2: fitting coefficient.
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22 AEEWRRMBR S CA R BN 245
op-A!|

AN [ A ) T R ™ B W o B e ] g
AARE 2 R, MXESEOLE 3, mE 2 5, L
Pl gy I ek ™ W Bk i e v S Pk 2 s RS T
FRUE, 7E 12 h 3 24 h J5 iAW P-4, TBC fuFmk
Bt R 29.9 merg ' HIER 3 AL, ANFRA TR
MIHE s 1 08 R8s THE— s 12 Ua &
B, UEIIME 908l 1 2% 07 PR R T A b A8 A ) o e %
TR CATRM RS AR, AEE s CdP R B i
TR LA R oy 3 M R B B HE) P A TBC>
WBC>HBC>PBC>RBC>MBC, TBC MffifE 15 .
23 AREYRXMEER ST EEMREFIE

AW R Y FTIR F¢AEan1E 3a Fios. 7R N
3200~3 650 cm ' fYFEEHE (~OH) fZEIRBIIX P,
WBC. MBC. TBC 17 %%y lié; WBC, TBC,
HBC 7£ 1 589 cm™' Bt ir 43 5 51 A IR ISc e, 26 ph 55

W C=C. C=0 WgadRshr=4 .

% il Adsorption capacity/(mg-g™")

45
o RBC oWBC —F
40F o MBC vHBC S
¢ TBC < PBC
35+
30k o o
25t . o
20+ n P
15+
10+ A a
5 L
O 1 1 1 1
20 30 40 50
B[] Time/h

VE: Feo WE—SBh 2B, S, v gish JisA R Note:

F: The pseudo-first-order model, S: The pseudo-second-order

model.

Bl 2 ANTR] A9 5 14 0 B 30 g 2 4

Fig. 2 Adsorption kinetic curves of different biochar

x3 WHEshFUESH

Table 3  Fitting parameters of adsorption kinetics

LA L E—Z g Jy 2 e Gzl Jy A
Immobilization The pseudo-first-order model The pseudo-second-order model
material 0/ (mgg') K/ min’! R 0/ (mgg") Ko/min’! R
RBC 16.3 1.6 0.74 17.5 0.3 0.89
WBC 21.6 1.6 0.81 229 0.3 0.82
MBC 7.4 1.2 0.56 10.3 0.1 0.90
HBC 18.3 1.3 0.64 225 0.1 0.89
TBC 28.1 1.5 0.81 29.9 0.2 0.81
PBC 17.1 2.5 0.82 17.6 0.7 0.87

T Qe FERME, Ko SRR R, Ko TR R AL Note: Q.:

pseudo-first-order adsorption rate constant, K,: pseudo-second-order adsorption rate constant.

a)

%)% Transmittance/%

3650 3200 1640 b)
) *-C & -Na,C.0,
v v -Si0, & -K,CO;
e -Fe,0; ¥ -MnO,
_ m -Mg(OH),
=
s an ¥ v RBC
z ¢
£ NITY Y e w WBC
= °
P Aol . MBC
= HBC
. TBC
' o N PBC
4000 3500 3000 2500 2000 1500 1000 10 20 30 40 50 60 70 80 90
I Wavelength/cm™ 20/°

B3 RFEEY s p il AR B ADERE (FTIR ) (a) A1 X SHZEATH (XRD) (b)
Fig. 3 Fourier transform infrared spectroscopy ( FTIR ) (a) and X-ray diffraction ( XRD ) (b ) of different biochar
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AW R I XRD A7 RS K 3b s, &4
YIFURTE C. Si firhfude i B0 (l, 1 IA AR 9 i ok &
B C. Sitb YA BN, HAY R 28.3°
1 32.3°BfHE 1 B Nap,CoOg Al K,CO, 7115, RBC.
WBC. MBC. TBC. PBC 7£ 36.0°H ¥l MnO, fiT 5}
I, MBC 7£ 24.2°H Bl Fe,05 fi7 4104 .

24 AREYFRITTE Cd BRERSHEW

IR Cd BRI Cd AR EEIERZ
—, AW FORAEFN T IEA R CA R EZ I AN & 4a BT
Ne SAUINAEY T A (CK) M, A
JE R FA 1A 3% Cd i, L TBC Ab PR IR K,
i AR 24.3%. 4N, WBC, MBC. HBC. PBC

039

0.2 1

HHS
Ho
=2
&

0.1H

1754 Cd Soil available Cd/(mg-kg™)

i3

+k

0.0

AP Treatment

CK RBC WBC MBC HBC TBC PBC

WA Cd F il EFEAR 17.6% . 13.7%.
18.2%. 23.7%.
AW Bk il PN A HIEA L Cd &8,

[F s - 48 Cd IRAETE A . WKl 4b Fis, A&
W5 h 38 Cd WAFE S T2 AR A A n] A Ak 3
JE, HUORRESARES. 5 CK M, i
FAEY R GRS Cd A LT, BEIER 4.7%~
24.3%. [Af, RBC, TBC AbBEA A JHEAS Cd &
THHE2Z R A%, WBC. MBC., HBC., PBC 4bHi%%
WA Cd &8 EERT 13.0%~23.0%, mItikii,
it A o e R IR Cd kR AL,
fifi 38 Cd BYIERE R RFAR

b)
100

80
60

40

20H

CAFEAFT (& H A5 Proportion of Cd forms/%

1 1 i 1 i§ 1 1 1 | 1 1 1 1. 1
CK RBC WBC MBC HBC TBC PBC
4bFR Treatment

TE: CK: XH; Aci-Cd: FRIEZ Cd, Red-Cd: A[#£JFZA Cd, Org-Cd: AI4{kA Cd, Res-Cd: SRIEDN Cdo AR/NEFHFR
Qb PRE) 22 5 53 (P<0.05), T[E. Note: CK: control, Aci-Cd: acid soluble Cd, Red-Cd: reducible Cd, Org-Cd: oxidizable Cd,

Res-Cd: residual Cd. The different lowercase letters indicate significant differences among treatments ( P<0.05 ) . The same as below.

K4 AFEAEVBHAET AR Cd (a) K CdIESRZELL (b)

Fig. 4 Changes in soil Cd availability (a) and Cd fraction (b ) under different biochar treatments

2.5 AREYRRITHER Cd EENF

A=W T e AL BRI 22 5% Cd 5 BRI 40 & S i
R 5 CK MIH, B PBC ACBEAN, i A= ¥ i )i
AL A SR M 1 Cd S R AIR(BSa), WBC.,
MBC. HBC. TBC 4 i F[#£10.7%~27.6%, H
W HBC AbPEREME IR, 1527.6%; HUFH Cd &
TG A (&5 ),

iz FBOTRORH RN Cd L RS 2 |
TR R . ANFIAEY AR AT Cd 7RIl 3¢
RN H) 5512 ZECINER 4 iR, A0 B2 R B0/
T 1, Uil Cd FEEPTHTH. 5 CK ML,
it FH A= ) Jo 0 i i s R BRAR, BRIR A 0.4% ~

28.6%, i WBC. HBC Ab¥# i (% 28.6%.
25.3%, %k ZB01 00 0.662 0 F10.692 8, i
A=W TR B RE S A AN [ R 1 0di > Cd DA i I 356 1
RIS, NI REARI0 22 S8 ] 364 Cd 5 41
AU
2.6 A4 FR 3t 1 DOC 1+ 15 pH B
A W 5 Ak B+ 8 DOC HI pH BIS2 0 4n &l 6
fiim. 5 CK #itk, #4815 DOC (K 6a) 5
pH (& 6b) #FE, WBC. MBC. HBC. TBC,
PBC kb¥E+3E DOC W EHm, WiER 22.1%~
117.6%; HBC. TBC. PBC Ab¥f 445 pH 43 B4 5
0.2, 0.1, 0.1 4~9f7, HIFIKEEKF.
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Fig. 6 Changes in soil dissolved organic carbon ( DOC) (a) and pH (b) under different biochar treatments

2.6 TEFH CAdS5TEELIBROEXE

¥ IR OR R &, it ABT 43
Mr, DA - e AL FE bRt A 3L Cd B EZME ABT
S HrEERAnE 7 ix, DOC, pH. TN, IN, SOC,
AK., AP X HIEAZ Cd BITTHRR N 33.0%.
21.9%. 16.7%. 16.5%. 4.7%. 4.4%. 2.9%, AT
M+ DOC f pH & HIEA AL Cd i FEZ52m & .

AL Cd 4305 13 DOC, +3% pH £

PG g5 R 8 o, T A % Cd 5 14 DOC .
pH B E AR (P<0.01),

3.1 &R Cd §IIR AL
AW BUR R BRI SE . Btk | REEFZF
FAE BRI, R R S, X PR T

http://pedologica.issas.ac.cn



14 EHEAF s AR AR B BRI IR IR B 25 pi SRR T e iR IR A 159

DOC ‘

]
]
v

0 5 10 15 20 25 30 35
Tk Contribution rate/%

IR F Influence factors
w2
@)
@)

TE: DOC: M PEAHLBE, TN: 2%, IN: JTHLA, SOC:
A MR, AK: HALHT, AP: AXLHE . Note: DOC: dissolved
organic carbon, TN: total nitrogen, IN: inorganic nitrogen, SOC:
soil organic carbon, AK: available potassium, AP: available

phosphorus.

B 7 IEIEIRbRXT A AL Cd M TTERA
Fig. 7 Contribution rate of soil physical and chemical indexes to
available Cd

ARG RE O, AT R ac e . LR, 4%
BEZFOLES Cd KA B A W B4 e
G IR W A= W I e v W AR B Cd™ (D 1a),

B B KFF 2 . WRFFBCAh, Langmuir W FRF 25 iR ASE 70 Xk
HoAth, 4 FpAEY RIS & (R 2), BHAY R
BN CA> I B 2 7 2 DA A2 B A B 5 i AR 44
Z RN L, FF HAS R 5 A8 ) J5a e W% B
RSN, RN B e B e (1 1a ).

<
[
=)

) =0.3-8.9x
R*=0.45%*

0.25¢

0.20

+HAHRLCA Soil available Cd/(mg-kg™)

0.15
+HEDOCH#: Soil DOC content/(mg-kg ™)

7 Note: **P<0.01.

40 60 80 100

4 ] 25 5 ek R A i B T L T DU A A g I
X CA™ R FEE 1, >R Al Langmuir Al Freundlich
W B A TR AR A A T, 255 & B Langmuir W F 45
TR A R AL AL A AR W R e XTI W R Cd™ A I e
HARMIREER (% 2) —8. MR UFRRAEY
FEmext Cd® iy EHERE 1P, ANEAEYF et Cd
FFERE AN, X ATRE S AWk bR AL . i
P Ao 2 A P A 5120 ARG b 2 FE L RS R
FEFT e BT Cd B i [ HrRE S (&L 1b ). MR
By Iy 2 2 0T LA A W SR X Cd® B W B B S ]
B ARRY | AR R B A R, W s o
FREEE R T —Ysh R (£3), KWA
Yy ekt CA> R WIS LA 2E IR B o X i AP
WEoT s IR — 2 HH 35 e AR A Rz B & A K, WP H
oA Cd ARG RE S (K 2, 3 3), I
RY LR RG2S R (F la) —3. FTIR
Sy M B BA AR 5 A ) R TE R | BRI S A 4 R
B ISR PR = A )07 SR R R, DR AR
W IR A KR B R AR, LR A W 5 Ak A
b, FHF 0 B i (0 0 A 45 % 3 X 8 e 2R 1)
BRI IR S, MR S R BRI AR TR
I F 5 Zeta HLAE (1) ZaXMEHm, BHTHS
B Z M G, X A RESE H X Cd> I BRRCR
R EA . bAh, XRD FIREEE, A9 5k 4 al
&4 CO; . MnO,. Fe,03% (& 3b), #fidilix
REJAE M o e i U Cd ) SRR 0T,

ot
[
=

b) y=1.7-0.2x
R'=0.41%%

025

0.20 -

+3EARCA Soil available Cd/(mg-kg™)

<
—
W

7.5 7.6 7.7
+3EpH Soil pH

K8 +HAZ Cd 5+ DOC (a), +4EpH (b) AYAHIH:
Fig. 8 Correlation analysis of soil available Cd with soil DOC (a ) and soil pH (b )

http://pedologica.issas.ac.cn



160 + b1

=

61 %

3.2 AR HEEAERE Cd BRI RN

A= W) 5 e R e R ELAL R . AT AR AR R R
A ) A ] i v A LT R pHL, R R A
SR TR S A B2 WA B, 1T LAEE = +3 DOC
Sl IR A TR A B R pH R CEC (FHES
FacHtk ), ATRAREHCRR KT Na®, Ca® 25 e
BT bW AR e g pHPY, AR S, WA M R
wJa, 13 DOC & pH 5 (K 6), 4R s
AT P28 g — 50

4 Cd AR 2 A TR W RE ) R 35
PR BRI P A2 b MR, LR
A pH & Cd A &b Y F= B ma R 200 A o5 3 i
ABT 437 (B 7) KA Hr (K 8) KB, 7E
ZM gk, +3% DOC 5 pH 2+ Cd
AR F B R R, AR W E U, %
ZER RN —2: sr ACUBRIE R, A R
JEdtm T 13 DOC Ml pH, FFIKEHE Cd A3k
M. DOC &AHEFMEESAERAT L SESE R
BTIENRER-AIEEY, wmELSEILA, i
4 1) R A R S LD pH A et T £
S A RN b B H far Xt 4 S B T IR, S5 — Ty
AL HE Cd* 5 3T OH B RLITIE, MK Cd BIA
RpER AR S CK MIE, BIEY R G %
AFR AR Cd A R RIFE B R A (& 4a), Horp
HH#5 AL BT R Cd REBR R, A58 114 WAL B A 1 45
(AR ) BE SR R HEA R Cd & B
—AEEFEE (F 1), FE, FSindy s
+HE Cd AR AEAPY, AL, B9
eI ISR PRI Cd SRR, R a ]
WIRA . AR FRiES od FRTHE (K 4b),
A= e W B E S Bt £ DOC A pHL A4
A g 25 ) A AR SR A R R Bk Ak,
A RHL FER Cd F ik AR AN [R) b 3 b AR Ak i AN [R]
(B 6), %L 51T AE W) 5T e il b5 1l |35
Cd &P YRR 3, PBC AHE HIEA R Cd Hr ik
i, {HHb F3F Cd & EAE CK AR 3G T T, HIRR
A B8 AR W R ¢ RE 3 ik B0 IR M B | B
Vh S5 AL K DI e AR RS A AR R0 PO, IR HOR TR A
YRR W) R e SR R . FRARPE BN, DR XA
VIR RG], HEm S BOm 2 S 1 Cd
AR ESON -8, HE R - Cd A

WA —E R AL, RN A R A
WA Feis RECTLSRWIMYIRN Cd mFezk
LR, AW, WINAEY RIS, Cd 15 R E0Y
Rk, #AbBZESe Cd B FZAEDLEM T, &
R 5 AP — 8

4 4 K

Langmuir W BfF <5 1EAR R K2 i — 2% 5 J) 2 R 4
U ABLA AR W TR X Cd™ AW B R, FTIR 437 26
B S o S AT R I S AU RBIAT, W CdT A R Y
WE B AN E LR RE T, WSS R AR R Cd R
TS 38 Cd &, [FEFAT5 R Cd B &k A2
o mRZ LM EdRT, 3% DOC M pH & T3
Cd ARUEM R mA R . 600 FIXess R, 7F
RNHIX Cd V59 HIER L A rh, HE Y
RATES Cd 15 G B 5 1L R A KL

£ 3 Hk ( References )

[1] Wang Y N, Xu J, Hao L J, et al. Effects of soil
remediation agents on the phytoremediation efficiency of
cadmium-polluted salinized soil[J]. Acta Pedologica
Sinica, 2021, 58 (2): 464—475. [T, ¥1#, #
FUE, & BRI TS Qe dhwifh LA Y18 AR
)] LR, 2021, 58 (2): 464—475.]

[2] Zhong S X, Li X M, Li F B. Cadmium isotopes
fractionation in soil-plant systems: A review[J]. Acta
Pedologica Sinica, 2021, 58 (4): 825—836. [4fifif,
e, 5. fREA R MBI LR R R T
WRFT k(7). L34, 2021, 58 (4): 825—836.]

[ 3] WangY, LiangH, LiS, etal. Co-utilizing milk vetch,
rice straw, and lime reduces the Cd accumulation of rice
grain in two paddy soils in South China[J]. Science of the
Total Environment, 2022, 806: 150622.

[ 4] ZhangZL, LinJ, DongMY, etal. Survey of cadmium
and mercury pollution and assessment of health risk of
crops in polluted farmland in southern Jiangsu[J]. Soils,
2022, 54 (1): 206—210. [FRAEF R, Mfd, LB, 4
I S DT YAt b A 7 i 5 SR R 0 1 A R f B XU T
M1, 3, 2022, 54 (1): 206—210.]

[ 5] LuoHL, ChenlJ, Zhang Y H, et al. Responses of Cd
accumulation in rice and spectral characteristics of soil
dissolved organic matter regulated by soil amendments[J].
Environmental Science, 2022, 43 ( 6): 3315—3327. [#
2k, BRI, REE, . RN T KR R RA
- S AR R A BB S R AR A IR (D], FRBERE
2022, 43 (6): 3315—3327.]

http://pedologica.issas.ac.cn



144

FHAE

AT A 0 i ) R B A

SFE K 2 R AR S Y TR SO

161

[ 11 ]

[ 12 ]

[ 13 ]

[ 14 ]

[ 15 ]

Liang T, Li L F, Zhu C X, et al. Cerium-manganese

modified biochar immobilizes arsenic in farmland soils[J].

Environmental Science, 2019, 40( 11 ): 5114—5123. [
g, I, REME, . ERUCIE YIRS IR As
B [ O[], SRR, 2019, 40( 11): 5114—5123.]
Liang T, Li LF, Zhu C X, et al. Adsorption of arsenic
(V) by a novel efficient adsorbent:
modified biochar[J]. Water, 2020, 12: 2720.

Zhang R H, LiZ G, Liu X D, et al. Immobilization and

bioavailability of heavy metals in greenhouse soils

Cerium-manganese

amended with rice straw-derived biochar[J]. Ecological
Engineering, 2017, 98: 183—188.

YuY L, Xue L H, Yang L Z, et al. Effect of biochar
application on pakchoi ( Brassica chinensis L. ) utilizing
nitrogen in acid soil[J]. Acta Pedologica Sinica, 2015,
52 (4): 759—767. [ATMList, BEAILL, #bkEL, &5 &
Yoy s s iR Ak L3/ A SRR R AR 2 m 1], £
Hesedl, 2015, 52 (4): 759—767.]

Turan V. Potential of pistachio shell biochar and
dicalcium phosphate combination to reduce Pb speciation
in spinach, improved soil enzymatic activities, plant
nutritional quality, and antioxidant defense system[J].
Chemosphere, 2020, 245: 125611.

LiXN, SongY, JiaMY, etal Areview of researches

on biochar adsorbing organic contaminants and its

mechanism[J]. Acta Pedologica Sinica, 2017, 54 (6):
1313—1325. [ZRIRH0, R¥E, B =, & AW R

ALY G Wy i W B R AL B oY kR (D], AR,
2017, 54 (6): 1313—1325.]

Pang FH, Wu X J, Kong X F, et al. Functional stability
and applicability of heavy metal passivators in reducing
Cd uptake by lettuce[J]. Environmental Science, 2021,
42(5): 2502—2511. [ER R, REk, fL5TE, % &
& BRI BRIE A3 Cd W) Ty fig e 1 A
O] R, 2021, 42 (5): 2502—2511.]

Wang Y Q, Wu D, Zhang X F, et al. Multi-stage screening
of biochar and its effect on remediation of nickel and
cadmium contaminated acidic soil in a cold region[J].
Journal of Agricultural Resources and Environment,
2022, 39 (4): 785—797. [EW®F, =i, skFEFF, 4.
=Wy B8 52 98 IR RIGR 526 15 YRR 1k L e Y 22 L ik
R HAR IR AERT R[], Rl TR 5 PRI 22 4, 2022, 39
(4): 785—797.]

Ouyang Z D. The research on industry development of
feature agricultural in Dongchuan District,
Wuhan: Central China Normal University. 2015. [Kk [HJK
A BRI AR N KA @A™l & S [D]. i
LT, 2015, ]
Chen W X, Li Q, Wang Z,

characteristics and pollution evaluation of heavy metals

Kunming[D].

et al. Spatial distribution

in arable land soil of China[J]. Environmental Science,
2020, 41 (6): 2822—2833. [ CHF, ZFik, LB, 5.

[ 16 ]

[ 17 ]

[18 ]

[ 19 ]

[ 20 ]

[ 21 ]

[ 22]

[ 23]

[ 24 ]

A - T 4 = (R] 43 A R i B TS YA (1], BR
BB, 2020, 41 (6): 2822—2833.]

Ma Q Q, Fasih U H, Muhammad F, et al. Selenium
treated foliage and biochar treated soil for improved
lettuce ( Lactuca sativa L.) growth in Cd-polluted soil[J].
Journal of Cleaner Production, 2022, DOI: 10.1016/j.
jclepro.2021.130267.

Bao S D. Soil and agrochemical analysis [M]. Beijing:
China Agriculture Press, 2000. [fifi-}- H. + 34 b0t
ML Pk 1 A, 2000.]

Zhao H, Huang X, Liu F, et al. A two-year field study of
using a new material for remediation of Cd contaminated
paddy soil[J]. Environmental Pollution, 2020, 263:
114614.

Peng O, ZhouJ H, Yu WL, etal. Effects of silicon-and
sulfur-containing materials on the dynamics of cadmium
and arsenic species in compound polluted soil[J]. Journal
of Agro-Environment Science, 2020, 39(2 ): 294—303.

(20, JusE, Migmie, 5. mEsA R X CE
HESm A WA TR 28 (5% ] [J &&ﬂFﬂMMW 2020,

39 (2): 294—303.]

Zhao M, Zhang X P, Wang L R. Characteristics of
phosphorus adsorption in aqueous solution by Si-modified
peanut shell biochar[J]. Environmental Science, 2021,
42 (11): 5433—5439. [B4fg, SK/NF, FEZRE. Rk
PEAEAE 7T 4 9 5 3 7K PPl B G AR 1R (7). BRI AL 24
2021, 42 (11): 5433—5439.]

Xiao G L, Guo X X, Han X, et al. Study on adsorption
characteristics of cadmium by thermal air oxidation
modified biochar[J].
Agricultural Sciences, 2021, 34 (12 ). 2765—2774. [H
JCHT, EBK, #HER, 4. P AU Y B R R
%WW%%M%M.Eﬁkﬂ%ﬁ,mm,M(u%
2765—2774.]

Hu S M, Chen X M, lJing F, et al. Effects of biochar
amendment on adsorption and desorption characteristics
of Cd*" in red paddy soil[J]. Journal of Soil and Water
Conservation, 2020, 34 (2): 360—364, 371. [#AER,
PRRCRS , SRl , A5 B A: R o DMK RS £ Cd*
%WW%%%%%W 1 KRR, 2020, 34(2):
360—364, 371.]

Chen XJ, LinQM, Xiao HY, etal. Characteristics of
Cd** sorption/desorption of modified oilrape straw
biochar[J].
Agricultural Engineering, 2019, 35( 18 ): 220—227. [Bf

Southwest China Journal of

Transactions of the Chinese Society of

T, WAL, Holds, S ORI SERS R A T ek
W /A CA* RRAELT]. Ak TRE2:4R, 2019, 35 (18):
220—227.]

He Y L, Song N N, Lin D S, et al. Oxidative aging
process of biochar and its adsorption mechanism for
cadmium[J].
2021, 40(9): 1877—1887. [fi] £ &

Journal of Agro-EnVironment Science ,

s MORHR,

http://pedologica.issas.ac.cn



162

+ i

e 61 %

[ 25 ]

[ 26 ]

[ 27 ]

[ 29 ]

[ 30 ]

[ 31]

S5 SR Al R B AR W e TR R R 1 5 e B ML AR 0],
A FREERL 22547, 2021, 40 (9): 1877—1887.]

Gui X Y, Liu C, Xu J H, et al. Two-dimensional
perturbation correlation infrared spectroscopy analysis of
animal manure biochar[J]. Spectroscopy and Spectral
Analysis, 2020, 40 ( 11): 3606—3612. [#£[a FH, XI|/=,
VR, 5. BB IHEAY RN 4L 1T ).
SEHESE 5G4 R, 2020, 40 (11): 3606—3612.]

Li M L. Study on preparation of hydroxyapatite modified
sludge-based biochar and its removal of Cu®" and Cd**
from Water[D]. Changsha: Hunan University, 2021.[ZF
Xy FRERWR KA TP S Ve A ) e 0 il A B L S BR
K Cu™ Fl CA* IBIFSE (D). Kib: Wi K2, 2021.]
Wang Y, Xu'Y, Li D, et al. Vermicompost and biochar as
bio-conditioners to immobilize heavy metal and improve
soil fertility on cadmium contaminated soil under acid
rain stress[J]. Science of the Total Environment, 2018,
621: 1057—1065.

Luo H, Du P, ShilJ, et al. DGT methodology is more
sensitive than conventional extraction strategies in
assessing amendment-induced soil cadmium availability
to rice[J]. Science of the Total Environment, 2021, 760:
143949.

Sun Q C, Wang X D, Qiao J C, et al. Study on Cd
adsorption characteristics and influencing factors of soils
with different textures[J]. Soils, 2020, 52( 3 ): 545—551.
MR, EWAR, Frdfz, 5. R Bb xR
W B A RS o DR RS [D]. R, 2020, 52 (3):
545—551.]

Wang Y, FuL B, Liang H, et al. Effects of green manure
crops on cadmium availability in dryland soils in
Yunnan, China[J]. Journal of Agro-Environment Science,
2021, 40 (10): 2124—2133. [EX, fHHI3, i,
G5, BEAEYIRT = B 5 A AR A RO A SE R (D], 4R
MRS RF 224, 2021, 40 (10): 2124—2133.]
Chen X. The effects of different carbon-based materials

returning on soil and peanuts in Cd contaminated soil[D].

[ 32]

[33]

[ 34 ]

[ 35 ]

[ 36 ]

[ 37 ]

Guangzhou: South China Agricultural University, 2017.
[BRTHE. A [ e oy ok 3o FH X 5 V5 e 1 398 R 4B A 1) 52 1
[D]. J7MH: 4ERRIL KR, 2017.]

Khan M A, Khan S, Khan A, et al. Soil contamination
with cadmium, consequences and remediation using organic
amendments[J]. Science of the Total Environment, 2017,
601/602: 1591—1605.

ZouZJ,Zhou H, Wu Y J, et al. Effects of hydroxyapatite
plus zeolite on bioavailability and rice bioaccumulation
of Pb and Cd in soils[J]. Journal of Agro-Environment
Science, 2016, 35 (1): 45—52. [4B%84~, JAfiL, %
ER, G BRI A X HE I T R A AU
FBE K g i BRI (1], A IR R AR 2k
2016, 35 (1): 45—52.]

Liu R F. Biochar of the wheat straw amends heavy metals
pollution of Pb, Cd in soil[D]. Xi'an: Xi'an University of
Science and Technology. 2018. [Xi FL. /NEFEFFAH)
BRI EE LS Pb, Cd BWFSE[D]. PE%: 14
TR, 2018.]

Liu Ch, Liu X W, Nan Zh R, et al. Effect of biochar and
biochar based fertilizer on growth of Lactuca sativa L.
and absorption of heavy metals[J]. China Environmental
Science, 2016, 36 (10): 3064—3070. [X#f, XKL,
P AT AF AR ok HERT X 22 S A R K I TR 4 TR
BISZIR[)]. HEFERE, 2016, 36 (10 ): 3064—3070.]
Chen Y, Chen W, Lin Y C, et al. Effects of biochar on the
micro-ecology of tobacco-planting soil and physiology of
tobacco[J]. of Applied
Ecology, 2015, 26 (12): 3781—3787. [Mk&k, Fsfh,
MR, B AR e X AR A - AR 2 A O A B Y
W], WA ASER, 2015, 26 (12): 3781—3787.]
Liu AM, Xiang Y C, Tian D K, et al. Effects of biochar
on plant growth and uptake of heavy metal cadmium([J].
Journal of  Soil and Water Conservation, 2013, 27(5):
193—198, 204. [XIFTHE, &, HAR, % EY
B R A R M TE 4 R RS S R S R D], K
TR, 2013, 27 (5): 193—198, 204.]

flue-cured Chinese Journal

(REHE: BRA)

http://pedologica.issas.ac.cn



