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Several research progresses in Cd inactivation by biochar application in agricultural soil

SUI Feng—feng, WANG Jing—bo, WU hao, LI Lian—-qing’, PAN Gen-xing

(College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: The application of biochar for Cd pollution remediation in agriculture soil is a hot topic of concern. This paper reviewed the study
progress in several aspects, including the impacts of biochar on Cd bioavailability in polluted soil and Cd uptake in plants. Meanwhile, we
expounded the multi-mechanism for inactivation of cadmium by biochar and discussed the influencing factors from the aspects of properties
of biochar, soil and management factors. The analysis results suggested that the mechanisms for high—efficiency and sustainable inactivation
performance of biochar could be realized by improving materials properties and management. Finally, we proposed that long—term location
field experiments should be enhanced in this area to provide further scientific evidence for pollution remediation with biochar.
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W2 Tl A R T Al B8 TS R R, PR 58 B B 43
JETS YO H g5 E N SRET AR LA AR 7 R
WA | 75 U8 A4 i T 55 305 3l B ) 1 - 9 G ) Y
15 e SRTe L B BRI # R IERERE T
FIAE ] R R A B I NS ey 2 — 1),
i R B R 7 AR TE AR T 2
T IR 20~40 45, X % S B M ™ B A o B
B A 5 L) B R B A AE A Je s ey 44 P I
A1, Hh 2014 4 R RIS B B s, T 1] -3

W #5 B H#E.2018-05-21 FF HHE:2018-06-11

e ) A5 RR R K 7% , 28 5 TR (1.6%) i (2.7%)
5 (1.5%) S HAWE 48 o Rk, 4k, i 5845
15 Yk B B VR I AR AR LG 5 S T AR K1
o Lin FER0F o0 45 R R, 70 =R A9 55 e ik
JEJLIE 4 0.01~5.5 mg-kg™'. oo, B 5 4@ 15 G
et FH B8 75 YL AE X T, 70% IR K AFAEAR TS g2 , %
] 5 4 B R A P b R R 0 25 R U R R Rk
10%0100, EF X H 25 7™ 51 - 3840 15 Y ) #L, R
AYCEA IR B e LA PR R 2 A A 7 — LR A S U,

YEF B FERU(1991—) , Lo, DU AL T RE N T 4, N LI &R 15 Y58 . E-mail: 2016203034@njau.edu.cn

SEBEMES A E-mail: lqli@njau.edu.cn

BEEWE AW AR () BHIFE T (201303095 11); Y9548 [ 14 B2 4 90 U508 FH D ) B P s VT 9548 405 B A3 (JSB2017009)
Project supported: National Non—profit Program by Ministry of Agriculture of China (20130309511 ); Jiangsu Collaborative Innovation Center for Solid

Organic Waste Resource Utilization; Jingsu Provincial Recruitment Program of Foreign Experts (JSB2017009)



201847 H

B RURL, 25 < A= W e B A o T H STRAR 1 4 T BF S o e 1469

AT AR

AW BRSBTS PR A= ) JBORR A g —
Foft T AR R, 5 RRE A LR AL L v A AL e
JROK 53 55 Z2 AT IR, AW o e vl W B vy 398 I
AT o WEIE RS il AR B Al s 4G
Ay R B A ML i e SRy
TR IS i R AR R T A
fe pH i FE R TETBR | 5 B0 FL B M SR TR BE AT SRR
P ARy E 4 15 g LRI B S A R 2 BIPRAB AT 5
)z R TEN 2 AT A B A5 T+ 2 R R Y R
BT LSRR AT A R R DS R B
AN - G 5 G if L 15 Gt L MR S TR SRS [+)
MR 2%

1 YRR T EAEMRRERIEBEL:
ZAERLE

KAEWFIEUESE , AW T e -1 R 5
T2 B A BT BB ARRCR O, HE TP IR
TLVG 55 2 S A0 45 5 R B L it FH 20~40 t-hm™2 1)
INAERERT I, T3 SR T BRI 209%0~70% , 7K AF
FERLER L R AL 20%~60%272, Chen 5512 12 %
BT BN, AW SR A PR A 3 S A R S

- Anionic""-....

metal
attraction

".-' ’
. 1ll- Precipitation P

© Physical adsorption

@ lons in biochar

@ Metal ions

Ms Metal attached to surface

Me Exchangeable metal ions

WA 52% . Liu Z8200% 37t FH 20 t- hm 2 (7K R A5 AT
G s, R R TED K HR e R P a0 S AR
56%~80% H1 61%~83%. 7 —WF5E KM, L9 JF R AE
1% 2% VL J 4% Wit 1, 38 m] S840 AR 1
28.5%~59.4% , %} 7K 5 4 L B i 1Y B IR 2.7%-~
23.8%1, AU, 7E 1.5% 3% VA K 5% B it i 3 FRl
DAL, A 900 S5 e ot /0N A2 KR ) A AV S B T 31 ok )
26% . 42% L} 57%, w1 BL ] U AR 0 5 ke AE R AR
- SR 0 A A R R VR AR R R 1 B W
BRCR

HRAE Ahmad ZF2RBIFSE R B (B 1), 345G Bl
FH A 55 45 5, A= 9 5 o %o+ 4 vp 4 i 1 1 AT g
(4 1V FA ML R ST 2280 R LR LA Jr i - (1) A= 9
AR 1) 2 T B 45 AT LA 1k 55 AR W R 5 P ) K
55 Nat 8543 RIS BH B T S8 #5eAF FH T 485 6 2R 40 o o
(2210 5 (2)40 55 A5 W I o 3% 101 E g AR AR ™ AR
R4S G5 (3) AR I o T8 8 O T A K 43 o0 3R T
i L 3 A3 pH DL R IR SR W R ER S O HLER A
55 ™ A UUE B4 B R O,

TS, AW e T B ] S A B T
DL FR A AR, wl i g 28 T 22 4 K T
FUER2, BFFER AR T RH Y HY L Ca?* DL K

I-lon exchange

" 1V — Cationic
© metal
attraction

| &Y RN TIEPEEREE T TR RIEAILEH

Figure 1 Possible mechanisms for the effect of biochar on heavy metals

1291



1470

YRIEIRCX iy F37E5TH

K85 ] 38 40 25 B 5 1 X 4 A 0 A e I BRI LA =
BRI, Zhang SIS K B, BEZE AR W) o1 i R
JifHE B K Ca?* \Na* Mg 35 FH 25 i B JLF- 5 7 [
FFAER I S Y B A AE . Harvey SE08 HE AR WA A FIEE K
He W I e kB, AT B8R CEC B AR A4 A W S5 e % 4
A W B AL ) 32 2 DA T aC e E O . B4R, Xu
SR PR BE B VB S sE A R ST e A T
FEE BB 45 G L 5 o Mohamed 5O 5% 2R B, i FH
1.5% BIAT e, 38R DTPA 2 #2255 % 5 M 33.32
mg - kg™ FEAK 2 12.09 mg - kg™, X 1] B J& A= 1) o ok %
T REH S 3R R & A T 4 A E R RS T
B ) L AR R 120,

LV, A= 0 K A3 R Rl s PR T A LR
O3 (R ik A e Joe 3 THT Y R AT 174 fige 25 1) BE 8 348 o - 4
pH #1781 5504 J2 A ) It e B AT T S48 2B 0 A bl 1Y
HEHLN Z—P8, Rees Ui 57 BIR , A= 9 Jii 2% BE
3% [) Bt 184 T P A S A0 pHL RIS, A= 0 Ak
W BT A AT aE e S AR A R SR TOUE S N TR A A
AV FH B A B0 1 A= 0 A3 850 HE 1920 Trakal 5 47150 3o
FTIR [l 3% & PR 4 % 75 FF 2 DA B A € ¢ %o 4 %) Wi o
25| COTIER MU X R TRES COSTTEA Y T
BRI  THEI0VE . Zhang 25537 ] X AT HHY
BRI, BESE A W 0T e R 1 O 6 i A ke P A D T
FRERH W) M TE . Xu SFP B IF s RIARIR & &
FEAE e (350 °C) Hp B R R Al T2 R T4 140 Wz B o ik
539 <109% F>90% , i 1 i FE SE 1 45 & = AL i 2=
AT R B T o5 A9 <25% o IR AT, A2 30 5 e Xk 1398 pHL Y
A vy 0 M R T ) £ LA, DT E— 2 R
REEE MBS, 2408 % M, 4P 5k
BT 3 pH F 3G IR 3B AR REAR , FX i 1) 0 Ak 800
HEA — RO . X AT RS T R AR
A AE Wy AR T3 0 T 2 Ak 2B W I e 22 T 1 1 R
REIA, JEfEE T A 90 5 e %ot A R A FRTI41-431, B
an ZEW HH R) 3R 560 UE 52, D) 2 Ak = 4 19 AR 9
SO R THT Y AU E RE LA T N

A= ) 5 e AT A 0 i S R 5 S R Y
BALA HE RS Y BN, A Y R Ab BT
IKAE FEHL 5 ) A 5 -3 Hp CaCL IR BRI FEAIR
A AE SR 3 IE A OGO RS, Xu SIS B 5T 45
IR, 5% (WIW) () A6 4 576 hc RE B8 10 35 BRI+ S
MgCl, 132 42 A5 58 10 25 i, WPk ReREhr 5 2 IO RRAIC
JEiK22.9% ., BCAL, AW B s iA a3 2 o0 K A BLAE
FHRANHIAVE D X R . AT s R EoR, A&

W S0 R A L SRR WA 2R Hp s B B AR 2
[0 AL i1 1RV N 93 £ (W R R 7/
i ) IR VA 53590 P 5 e e A A ) T (A
i ¢ ) Al 452 i A 0 %k B Y 1R e DA T R 9 A
0ol A KRS AT 28 A ) R o al g - s
ARES W A A T e A KRR AN ARG A
BEJZ I T e BEL B B8 AR 1) 3t 350 ) s R 179
DRIk, it P 5 ek e ) A ) S o st — 5 i 1
Py % s O R AT R R 2R

2 EYBRH RN ZE RN

2.1 ERIFARFRE

A J5 e A T DR R 2 T 2 St [ e
() o AR OB B T 20 4 18 A 400 ot e vk 2 4 i 1) Al
PN AFAE —E [ 22 -2 5REFF R M 45 IR
L, B B 2 28 A W I o A ) A 3 SR A X B U
X T & & 2 e 1 K 53 T i M PR A 4t
i, 15 R AR TR I a1 B A AR
FHAN ) 5% 1y i R 1204100621 Xy SEVRIE 5% I s A 2
PR BE E VAR 32 S LR R AR LA B i TR AR 1) 1T
FEAERA .

TR I B 0 2 52 T A 40 IO e R R A AL RICR Y
BENE ., E—EWE N, YRR & b
FR R firt L R G0 v 3, pH L BE 2 38 2, Xu
EIR ST R Y AR IR EE D 200 CHHE 2350 °C
i, A2 W I A pH HE 7.63 T3 9,98, Xe 4 k) Wi ot
M 31.9 mg-g ' R EF]51.4 mg- g, Hid Al PE COS 4
S HAEETTER . LA, AW R o E A
3 LA K LA 2 S HA T M L3R T g T TR ),
4 v IR B T (>600°C) il 4% 1R A 0 I ke 2 1 B
CEC TR FERNELH 4340 2% | H R ARG in A B 6 i
TAUE BB AV T T R MR LG R R
A1 B g A1 B L Bl 2 R RO, TRk, DAAE W 5Tk 1Y
GENRRYESE R T8 200~450 °CHY P LA Yok B2 70 1] PN
AR BT B AR 8 B & A E BRI RS
L5 | 7 DA KA v O mT s e ORI X 4 rp
(R AT A R At AR 290,

22 TEpHAMAENR

3R pH AT AL SEPE AT 3 o 5 e - 5 i R
T VR B LA R B s DR 28 o A 40 o e P i A
AR P A — S B2 IR TN S SR N F 8 AR 0 I
R 22 AT, SR i T AR ) BT ekt - B8 pH A3
Ja] DL i) 4 S A L R g as B IR



201847 H

B RURL, 25 < A= W e B A o T H STRAR 1 4 T BF S o e 1471

AN 5 553 I, A 0 o R A RT RE I I 2 R BEARRIOCR
Qi SEMIRBIF 5T A IR, BR R B A 7k (pH=3.25 ) % i R 1
(pH=6.14) K A Hh 4k (pH=7.87) + & o (1 % 1) G ] i
AL . O — RO A R R, 5% (WIW) A
J5i o (pH=9.46) F it FH A i 1 i -3 (pH=8.0) Hh
TR B K538 #5352 (Noccaea caerulescens ) X 5 1 L
S0 TE KM E AL, B AR ) B AR R M
8 0 8 A AL RICR LU FE R 3T B . Bian SFU77)
T I 4 IX 2R 7 A K (pH=5.36)1ak 36 25 S B, /)N
A 2k (pH=10.4) B8 1% 2 —4F g =& 19 I 13 10
pH , [ I 18 25 R AT 438 T 4t B 5 5 i MOK R R
WA R AL, T Sui AFEUSTE I [ AL Iy g 12 3 (pH=
8.07) i 2k = A i E AL B 45 R R ], A ) it ik (pH=
10.4) it F R B 25 4 v 38 pH, HAE 26 —4F
eSO T QR iy € e N s e R S & V4
IR HE ) B W AR M - S5 1 A ) Ak il
Py e A ) AL AR50

- S AAT BT X AR W T ) B A RN L
A E RSN 0, T3P R A LB e
4w AR5 WETE RN, AR W I R R AT P
A BT A W B BE A% 1 0 LR T RE HATECRE , MRS Ain
A=W 5 e I BEEBE 11831, Chen S5 57 45 R B
AL R AR B (515 g-kg™) A T
Xof VW AR 3R o A BTG B e o X AT RE Rl T K
e 1 T 3R BILJT 5 i AT AT RGN A ) 5 e o T RE
P 9 [R] It o 22 R as G0 A A G B
FEILRW], TP R TCHL ATHLLL 53 DL R A Py mT LA
AW AT AR A A 5tk R TR A HL-1
Joi—A= Wy B, B I A= 0 5 ¢ R T RE AT RO 150871, 51X
AT RE 23t — 2D kA= W Jo e R A A AL
23 EEAR

W A 0 o i 2 2 AE K B B R B A AR W B A
)it P R it FH 8 0 2532 Wi A 0 o e k) 4 4
BRI o FE 10~40 t- hm ™ i F R I FEL N, A2 4
J5 ¢ Xof - 8 v B4 A RS0 Bt it P A ) 8 2
Ryt R g it SEBR N R v AR ) Ik —
3 ok 22O AU U 5y OB A W 5 e B T
15 em 12 HAEA 25 em £ FE B HEA )27,
WF5E s 1 It FH R 32 T 35 3 s VR 7 i, ELAE
P of 4 ) FR R LA B 02 70, 3k AT RS T IR
fdr A=Wy o e A T AR AR AR XY pH PR L K 57
Oy ARAE ARHE T ARSI ARG E R BRI Ok Y 4 )
T AL G IR YA RN 4 A -8

3 HiE

FURT N 1k, A= sk L e sm i AL Ll i A TR A
RIRA BN I BI K 55 5 T A B it
R s by S5 A LS A AR B T RS MR AR A
%, XA ] 1 i FACR 7 A B 22 S 0 R
T3AI KRB TERRSL IR | FEA I B A A ) T I o i T
AR RBEOR , R I AW Tn b oRE 7 £ JBE Tin o
PE S BEAL DT IE , T e fre U A el fre L T AR 3R
SR E RSO ER . RS ARV RO TS
A BRI T 20 22 1K S A KM IR A7, A
W) BRI B B AR 25 R SR 55 T RE AR
Ak i PR AR IR

S k-

[1]Tan Z X, Wang Y H, Kasiuliene A, et al. Cadmium removal potential by
rice straw—derived magnetic biochar[J]]. Clean Technologies and Envi-
ronmental Policy, 2017, 19(3): 761-774.

[2] Melo L. C A, Puga A P, Coscione A R, et al. Sorption and desorption of
cadmium and zine in two tropical soils amended with sugarcane—straw—
derived biochar[J]. Journal of Soils and Sediments, 2016, 16(1): 226~
234.

[3] Mench M, Lepp N, Bert V, et al. Successes and limitations of phytotech-
nologies at field scale: Outcomes, assessment and outlook from COST
Action 859[J]. Journal of Soils and Sediments, 2010, 10(6):1039-1070.

[4] Sud D, Mahajan G, Kaur M P. Agricultural waste material as potential
adsorbent for sequestering heavy metal ions from aqueous solutions: A
review|J]. Bioresource Technology, 2008, 99(14): 6017-6027.

[5] Belhalfaoui B, Aziz A, Elandaloussi E H, et al. Succinate=bonded cellu-
lose: A regenerable and powerful sorbent for cadmium-removal from
spiked high—hardness groundwater[J]. Journal of Hazardous Materials,
2009, 169(1/2/3): 831-837.

(61K i, W% . LA PN TS g 3B 2 52 A [)). 13
%, 2015, 46(4): 1018-1024.

SONG Bo, ZENG Wei-quan. Eeffects of organic matteronthe remedia-
tion of cadmium—contaminated soil: A review[]]|. Chinese Journal of
Soil Science, 2015, 46(4):1018-1024.

(7] FREE CR 4730, [ L B 5 . A (] e 3 JofR B0 & A R]. LT,
2014.

The Ministry of Environmental Protection, The Ministry of Land and Re-
sources. National soil contamination survey report[R]. Beijing, 2014.

[8] Liu X J, Tian G J, Jiang D, et al. Cadmium (Cd) distribution and con-
tamination in Chinese paddy soils on national scale[]]. Environmental
Science and Pollution Research, 2016, 23(18): 17941-17952.

[9] ERHB LT, MCHOH, VARG, A5 . P [E 3043 T & JOK 1 Cd  Zn  Se (55
i ST R AN A SRR, 2008, 8(1): 119-122.
ZHEN Yan—hong, CHENG Yan—jun, PAN Gen—xing, et al. Cd, Zn and
Se content of the polished rice samples from some Chinese open mar-
kets and their relevance to food safety[J]. Journal of Safety and Environ-

ment, 2008, 8(1): 119-122.



1472

YRIEIRCX iy F37E5TH

[10] 5K RLiz, 22200, AR . w9 U7 SR )™ M ROK Cd (7 Se 7 148 57

B HLAE USR], FREERLE, 2000, 30(9): 2792-2797.
ZHANG Liang—yun, LI Lian—qing, PAN Gen—xing. Variation of Cd,
Zn and Se contents of polished rice and thepotential health risk for
subsistence—diet farmers from typical areas of South Chinal[J]. Environ-
mental Science, 2009, 30(9): 2792-2797

[11] Peng X, Deng Y G, Peng Y, et al. Effects of biochar addition on toxic
element concentrations in plants: A meta—analysis[J]. Science of the
Total Environment, 2018, 616: 970-977.

[12] Sohi S P, Krull E, Lopez—Capel E, et al. A review of biochar and its
use and function in soil[J]. Advances in Agronomy, 2010, 105: 47-82.

[13] Li H B, Dong X L, daSilva EB, et al. Mechanisms of metal sorption by
biochars: Biochar characteristics and modifications[J]. Chemosphere,
2017, 178: 466-478.

[14] Lehmann J. Bio—energy in the black[J]. Frontiers in Ecology and the
Environment, 2007, 5(7): 381-387.

[15] Bird M I, AscoughP L,Young I M, et al. X—ray microtomographic imag-
ing of charcoal[J]. Journal of Archaeological Science, 2008, 35 (10):
2698-2706.

[16] Kimetu ] M, Lehmann J,Ngoze S O, et al. Reversibility of soil produc-
tivity decline with organic matter of differing quality along a degrada-
tion gradient[J]. Ecosystems, 2008, 11(5): 726-739.

[17] Nguyen B T, Lehmann J, Kinyangi J, et al. Long—term black carbon
dynamics in cultivated soil[J]. Biogeochemistry, 2009, 92(1/2): 163—
176.

[18] IBI. Standardized product definition and product testing guidelines for
biochar that is used in soil[EB/OL]. [2015-11-23]. http://www.bio-
char-international.org/characterizationstandard.

[19] Mohan D,Pittman C U, Bricka M, et al. Sorption of arsenic, cadmium,
and lead by chars produced from fast pyrolysis of wood and bark dur-
ing bio—oil production[]J|. Journal of Colloid and Interface Science,
2007, 310(1): 57-73.

[20] Cao X D, Ma L, Gao B, et al. Dairy—manure derived biochar effective-
ly sorbs lead and atrazine[]]. Environmental Science & Technology,
2009, 43(9): 3285-3291.

[21] Park J H, Choppala G K, Bolan N S, et al. Biochar reduces the
bioavailability and phytotoxicity of heavy metals[J]. Plant and Soil,
2011, 348(1/2): 439-451.

[22] Pan G X, Li L Q. The remediation technology for metal contaminated
s0il[J]. China Rural Science and Technol, 2013, 40-41.

[23] Bt s, M LEt 78 N3, 45 G Jm s g IR B R HOR B AL

SERRID). A FREER AR5, 2013:32(3) :409-417.
HUANG Yi-zong, HAO Xiao—wei, LET Ming, et al. The remediation
technology and remediation practice of heavy metals—contaminated
soil[J]. Journal of Agro—Environment Science, 2013, 32(3): 409-417.

[24] Wang M M, Zhu Y,Cheng L R, et al. Review on utilization of biochar

for metal-contaminated soil and sediment remediation[J]. Journal of

Environmental Sciences, 2018, 63(1): 156-173.

[25] Chen D, Liu X Y, Bian R J, et al. Effects of biochar on availability and
plant uptake of heavy metals: A meta—analysis[]]. Journal of Environ-
mental Management, 2018, 222: 76-85.

[26] Liu X L, Zeng Z X, Tie B Q, et al. Effects of biochar and lime applica-

tion on soluble Cd, Pb, as release and non—point loads of rice agroeco-

system by in situ field experiment, central Hunan Province mining ar-
ea[C]//Proceedings of the 35th TAHR World Congress, Chengdu,
2013:2264-2272.

[27]He T Y, Meng J, Chen W F, et al. Effects of biochar on cadmium accu-
mulation in rice and cadmium fractions of soil: A three—year pot exper-
iment[J]. Bioresources, 2016, 12(1): 622-642.

[28] Abbas T, Rizwan M, Ali S, et al. Effect of biochar on cadmium
bioavailability and uptake in wheat ( Triticum aestivum L.) grown in a
soil with aged contamination[]]. Ecotoxicology and Environmental
Safety, 2017, 140: 37-47.

[29] Ahmad M, Rajapaksha A U, Lim J E, et al. Biochar as a sorbent for
contaminant management in soil and water: A review[J]. Chemosphere,
2014, 99(3): 19-33.

[30] Wu W X, Yang M, Feng Q B, et al. Chemical characterization of rice
straw—derived biochar for soil amendment[]J]. Biomass and Bioenergy,
2012, 47(4): 268-276.

[31] Paz=Ferreiro J, Lu H, Fu S, et al. Use of phytoremediation and biochar
to remediate heavy metal polluted soils: A review[]]. Solid Earth Dis-
cussions, 2014, 5(2): 2155-2179.

[32] Lu H L, Zhang W H,Yang Y X, et al. Relative distribution of Ph*
sorption mechanisms by sludge—derived biochar[J]. Water Research,
2012, 46(3): 854-862.

[33] Cantrell K B, Hunt P G, Uchimiya M, et al. Impact of pyrolysis temper-
ature and manure source on physicochemical characteristics of biochar
[J]. Bioresource Technol, 2012, 107(2): 419-428.

[34] Gul S, Whalen J K, Thomas B W, et al. Physico—chemical properties
and microbial responses in biochar—amended soils: Mechanisms and
future directions(J]. Agriculture Ecosystems & Environment, 2015, 206:
46-59.

[35] Yousaf B, Liu G J, Wang R W, et al. Investigating the potential influ-
ence of biocharand traditional organic amendments on the bioavailabil-
ity and transfer of Cd in thesoil plant system|J]. Environmental Earth
Sciences, 2016, 75(5): 374.

[36] Namgay T, Singh B, Singh B P, et al. Influence of biochar application
to soil on the availability of As, Cd, Cu, Ph, and Zn to maize(Zea mays
L.) [J]. Australian Journal of Soil Research, 2010, 48(6/7): 638-647.

[37] Zhang I, Wang X, Yin D X, et al. Efficiency and mechanisms of Cd re-
moval from aqueous solution by biochar derived from water hyacinth
(Eichornia crassipes)[]]. Journal of Environmental Management, 2015,
153: 68-73.

[38] Harvey O R, Herbert B E, Rhue R D, et al. Metal interactions at the
biochar—water interface: Energetics and structure—sorption relation-
ships elucidated by flow adsorption microcalorimetry[J]. Environmen-
tal Science & Technology, 2011, 45(13): 5550-5556.

[39] Xu X Y, Cao X D, Zhao L. Comparison of rice husk—and dairy ma-
nure—derived biochars for simultaneously removing heavy metals from
aqueous solutions: Role of mineral components in biochars[J]. Chemo-
sphere, 2013, 92(8): 955-961.

[40] Mohamed I, Zhang G S, Li Z G, et al. Ecological restoration of an acid-
ic Cd contaminated soil using bamboo biochar application[]]. Ecologi-
cal Engineering, 2015, 84: 67-76.

[41] Joseph S D, Camps—Arbestain M, Lin Y, et al. An investigation into
the reactions of biochar in soil[J]. Soil Research, 2010, 48(6/7): 501-



201847 H

B RURL, 25 < A= W e B A o T H STRAR 1 4 T BF S o e 1473

515.

[42] Major J , Steiner C , Downie A , et al. Biochar effects on nutrient
leaching[M]//Biochar for environmental management. London: Earths-
can. 2009: 271-288.

[43] Shinogi Y, Yoshida H, Koizumi T, et al. Basic characteristics of low—
temperature carbon products from waste sludge[J]. Advances in Envi-
ronmental Research, 2003,7(3): 661-665.

[44] Rizwan M, Ali S, Qayyum M F, et al. Mechanisms of biochar-mediat-
ed alleviation of toxicity of trace elements in plants: A critical review
[J]. Environmental Science and Pollution Research, 2016, 23 (3):
2230-2248.

[45] Shi R.Y, Hong Z N, Li J Y, et al. Mechanisms for increasing the pH
buffering capacity of an acidic ultisol by crop residue—derived bio-
chars[J]. Journal of Agricultural and Food Chemistry, 2017, 65(37):
8111-8119.

[46] Rees F, Germain C, Sterckeman T, et al. Plant growth and metal up-
take by a non—hyperaccumulating species (Lolium perenne) and a Cd-
Zn hyperaccumulator (Noccaea caerulescens) in contaminated soils
amended with biochar[J]. Plant and Soil, 2015, 395(1/2): 57-73.

[47] Trakal L, Bingol D, Pohorely M, et al. Geochemical and spectroscopic
investigations of Cd and Pb sorption mechanisms on contrasting bio-
chars: Engineering implications[J]. Bioresource Technology, 2014,
171: 442-451.

[48] Lahori A H, Guo Z Y, Zhang Z Q, et al. Use of biochar as an amend-
ment for remediation of heavy metal-contaminated soils: Prospects
and challenges[J]. Pedosphere, 2017, 27(6): 991-1014.

[49] Bian R J, Joseph S,Cui L Q, et al. A three—year experiment confirms
continuous immobilization of cadmium and lead in contaminated pad-
dy field with biochar amendment[J]. Journal of Hazardous Materials,
2014,272(4): 121-128.

[50] Cui L Q, Pan G X, Li L Q, et al. The reduction of wheat Cd uptake in
contaminated soil via biochar amendment: A two—year field experi-
ment[]]. Bioresources, 2012, 7(4): 5666-5676.

[51] Cui L Q, Li L Q, Zhang A F, et al. Biochar amendment greatly reduces
rice Cd uptake in a contaminated paddy soil: A two—year field experi-
ment[J]. Bioresources, 2011, 6(3):2605-2618.

[52] Xu M, Wu J, Luo L, et al. The factors affecting biochar application in
restoring heavy metal-polluted soil and its potential applications|J].
Chemistry and Ecology, 2017, 34(2): 177-197.

[53] Chaney R L, Reeves P G, Ryan J A, et al. An improved understanding
of soil Cd risk to humans and low—cost methods to phytoextract Cd
from contaminated soils to prevent soil Cd risks[J]. Biometals, 2004,
17(5): 549-553.

[54] 52 WA, 5RJTH . ARITA X R 2438 KA i Cd L Zn MR

SHRURIELIALT]. FRERLEAAR, 2013, 33(10): 2904-2910.
SHI Jing, PAN Gen - xing, ZHANG Nai —ming. Effect of cadmium
stress on Cd and Zn uptake and accumulation of different cultivars of
hybrid rice[J]. Acta Scientiae Circumstantiae, 2013, 33 (10): 2904—
2910.

[55] Hassan M J,Zhu Z, Ahmad B, et al. Influence of cadmium toxicity on
rice genotypes as affected by zinc, sulfur and nitrogen fertilizers|J].
Caspian Journal of Environmental Sciences, 2006, 4(1):1-8.

[56] Chen D, Guo H, Li R'Y, et al. Low uptake affinity cultivars with bio-

char to tackle Cd—tainted rice: A field study over four rice seasons in
Hunan, China[]]. Science of the Total Environment, 2016, 541:
1489-1498.

[57] Rizwan M, Ali S, Adrees M, et al. Cadmium stress in rice: Toxic ef-
fects, tolerance mechanisms, and management: A critical review[]].
Environmental Science and Pollution Research International, 2016, 23
(18): 17859-17879.

[58] Rizwan M, Ali S, Abbas T, et al. Cadmium minimization in wheat: A
critical review[J]. Ecotoxicol Environ Saf, 2016, 130: 43-53.

[59] Kookana R S, Sarmah A K, Van Z L, et al. Biochar application to soil:
Agronomic and environmental benefits and uninteneed consequences
[M]//Sparks D L.Advances in Agronomy, Vol 112. 2011, 112: 103-
143.

[60] Yao F X, Arbestain M C, Virgel S, et al. Simulated geochemical weath-
ering of a mineral ash-rich biochar in a modified Soxhlet reactor[]J].
Chemosphere, 2010, 80(7): 724-732.

[61] Singh B, Singh B P, Cowie A L, et al. Characterisation and evaluation
of biochars for their application as a soil amendment[]]. Soil Research,
2010, 48(6/7): 516-525.

[62] Kloss S, Zehetner F, Dellantonio A, et al. Characterization of slow py-
rolysis biochars: Effects of feedstocks and pyrolysis temperature on
biochar properties[J]. Journal of Environmental Quality, 2012, 41
(4): 990-1000.

[63] Lehmann J, Rillig M C, Thies J, et al. Biochar effects on soil biota — A
review[J]. Soil Biology & Biochemistry, 2011, 43(9): 1812-1836.

[64] Kibria M G, Osman K T, Ahmed M J. Cadmium and lead uptake by
radish ( Raphanus sativus L.) grown in three different textured soils[J].
Soil and Environment, 2007, 26(2): 106-114.

[65] Rafiq M T, Aziz R, Yang X, et al. Cadmium phytoavailability to rice
(Oryza sativa L..) grown in representative Chinese soils. A model to
improve soil environmental quality guidelines for food safety[J]. Eco-
toxicol Environ Saf, 2014, 103(1):101-107.

[66] Aziz R, Rafiq M T, Li T Q, et al. Uptake of cadmium by rice grown on
contaminated soils and its bioavailability/toxicity in human cell lines
(Caco—2/HL~=7702) [J]. Journal of Agricultural and Food Chemistry,
2015, 63(13): 3599-3608.

[67] Zhang X K, Wang H L, He L Z, et al. Using biochar for remediation of
soils contaminated with heavy metals and organic pollutants[J]. Envi-
ronmental Science and Pollution Research, 2013,20(12): 8472-8483.

[68] Najafi S, Jalali M. Effect of heavy metals on pH buffering capacity and
solubility of Ca, Mg, K, and P in non-spiked and heavy metal-spiked
soils[J]. Environmental Monitoring and Assessment, 2016, 188(6): 1-
11.

[69] Uchimiya M, Chang S C, Klasson K T. Screening biochars for heavy
metal retention in soil: Role of oxygen functional groups|J]. Journal of
Hazardous Materials, 2011, 190(1/3): 432-441.

[70] Caporale A G, Violante A. Chemical processes affecting the mobility
of heavy metals and metalloids in soil environments[J]. Curr Pollut
Rep, 2016, 2(1):15-27.

[71] Gustafsson J P. Arsenate adsorption to soils: Modelling the competi-
tion from humic substances[J]. Geoderma, 2006, 136(1/2): 320-330.

[72] Jiang J, Xu R K, Jiang T'Y, et al. Immobilization of Cu( II ), Pb( Il )

and Cd( Il ) by the addition of rice straw derived biochar to a simulat-



1474

YRIEIRCX iy F37E5TH

ed polluted Ultisol[J]. Journal of Hazardous Materials, 2012, 229-
230: 145-150.

[73] Houben D, Evrard L, Sonnet P. Mobility, bioavailability and pH~-de-
pendent leaching of cadmium, zinc and lead in a contaminated soil
amended with biochar[J]. Chemosphere, 2013, 92(11): 1450-1457.

[74] Rees F, Simonnot M O, Morel J L. Short—term effects of biochar on
soil heavy metal mobility are controlled by intra—particle diffusion and
soil pH increase[J]. European Journal of Soil Science, 2014, 65 (1):
149-161.

[75] Qi F J, Dong Z M, Lamb D, et al. Effects of acidic and neutral bio-
chars on properties and cadmium retention of soils[J]. Chemosphere,
2017, 180: 564-573.

[76] Rees F, Sterckeman T, Morel J L. Root development of non-accumu-
lating and hyperaccumulating plants in metal-contaminated soils
amended with biochar[J]. Chemosphere, 2016, 142: 48-55.

[77] Bian R J. Effect of municipal biowaste biochar on greenhouse gas
emissions and metal bioaccumulation in a slightly acidic clay rice pad-
dy[J]. Bioresources, 2013, 9(1): 685-703.

[78] Sui F F, Zuo J, Chen D, et al. Biochar effects on uptake of cadmium
and lead by wheat in relation to annual precipitation: A 3-year field
study[J]. Environmental Science and Pollution Research, 2018, 25(4):
3368-33717.

[79] O’ Connor D, Peng T Y, Zhang J L, et al. Biochar application for the

remediation of heavy metal polluted land: A review of in situ field tri-

als[J]. Science of the Total Environment, 2018, 619-620: 815-826.

[80] Xu P, Sun C X, Ye X Z, et al. The effect of biochar and crop straws on
heavy metal bioavailability and plant accumulation in a Cd and Pb pol-
luted soil[J]. Ecotoxicology and Environmental Safety, 2016, 132:94~
100.

[81] Jin S C, Park S H, Jung S C, et al. Production and utilization of bio-
char: A review[]]. Journal of Industrialand Engineering Chemistry,
2016, 40: 1-15.

[82] Venegas A, Rigol A, Vidal M. Changes in heavy metal extractability
from contaminated soils remediated with organic waste or biochar[J].
Geoderma, 2016, 279: 132-140.

[83] Heitkotter J, Marschner B. Interactive effects of biochar ageing in soils
related to feedstock, pyrolysis temperature, and historic charcoal pro-
duction[]J]. Geoderma, 2015, 17: 56-64.

[84] Archanjo B S, Mendoza M E, Albu M, et al. Nanoscale analyses of the
surface structure and composition of biochars extracted from field tri-
als or after co—composting using advanced analytical electron micros-
copylJ]. Geoderma, 2017, 294: 70-79.

[85] Hagemann N, Joseph S, Schmidt H P, et al. Organic coating on bio-
char explains its nutrient retention and stimulation of soil fertility[J].
Nature Communications, 2017, 8(1):1089.

[86] Duering R A, Hoss T, Gaeth S. Sorption and bioavailability of heavy
metals in long—term differently tilled soils amended with organic

wastes|[J]. Science of the Total Environment, 2003, 313(1/3 ):227-234.



