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Abstract; Heavy metal pollution in soils has become a major challenge for food safety. Biochar derived from agri-

cultural and forestry wastes has a wide range of sources and low cost, which has been widely used for the soil re-
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mediation. In this study, we summarized the methods of biochar preparation from agricultural and forestry wastes
and the key factors affecting its performance. In addition, the mechanisms of heavy metals passivation in soils by
biochar were also studied. We found that the wood, bamboo, straw, rice husk, animal feces, etc. were frequently
used for biochar preparation. The physicochemical characteristics of biochar were affected by pyrolysis temperature,
residence time, and type of raw materials. The increases of surface area and improvement of adsorption perform-
ance as well as heavy metal passivation in biochar derived from plants are superior to the one made from animal
manure. Besides, more oxygen-containing functional groups are found in biochar with pyrolysis temperature at 300
°C, while the biochar produced at 500 ~700 °C contains more micropores and larger surface areas. Given that, the
appropriate residence time at high pyrolysis temperature is conducive to the formation of biochar structure. Addi-
tionally, the adsorption capacity of biochar can be improved via changes of diversity and species of soil microor-
ganisms. The Hg, Cd, and Cu could be immobilized by biochar through complex-precipitation. For immobilization
of Cr, As, Zn and Pb, electrostatic adsorption, complexation and cation exchange should be the predominant man-
ner. Taken together, to ensure the safe production and sustainable utilization of biochar, we pointed out the existing
issues and prospected the further direction.

Keywords: soil heavy metals; biochar; passivation mechanism; agricultural and forestry waste; microorganism
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Fig. 1 Mechanism of inactivation of heavy metals in soil by agricultural and forestry waste biochar (modified from Li et al.!"")
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Table 1 Mechanism of Hg passivation by biochar
Ham JEAT A TLEE/C F L b 275 Sk
Heavy metal Raw materials Temperature/C  Leading mechanism Annotation References
TERRIMEAL T | ER IR C = O B REHI Y
H1 8 Fe(NO, ), A TGN, BN T Hg 19 25 BRI AL
HIARMA AR Under the catalysis of iron, the specific surface
Hg 700 [24]
Wood loaded Redox area and C =— O functional groups were in-
with Fe(NO; ), creased, which increased the active sites for Hg
removal
AW P HLBR B BRI 5 B BRIP4 24
7T 4 21 _ , R
Hg 600 ) Organic sulfur functional groups in biochar form [25]
Bamboo Complexation .
complexes with methylmercury
A= 5 A R AR SR - IR 6L S B, 7 AR R
S N B HIvE
KA UIPESE A ] )
Hg ) 480 ~ 660 o Biochar can more effectively promote mercury [21]
Rice husk Precipitation . .
sulfur coordination reaction and produce sulfide
precipitation
FLESF T E RERT 43512 He 1Y £ 2 HR
PZA I BRI  H s, AR S A2 I B 4 2
FHYV AL, BT RN He #fkh HeO,
B BN AL AR T _ _
itk Pore structure and chemical functional groups are
Hg 800 Adsorption and . . . . . [26]
Walnut shell the main physical and chemical adsorption active
oxidation
centers of Hg respectively; lattice oxygen and
chemisorption oxygen are the main oxidation
sites; they jointly oxidize Hg to HgO
BRICARIELYS Hg® %4 ROV FE A 1EH
FARFEFF 44 43 2 I N , o
Hg(II) 500 ] The complexation reaction of carboxyl and hy- [27]
Corn straw Complexation

droxyl groups with Hg?* is the main role
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Table 2 Mechanism of Zn passivation by biochar
HaR JERE TRLEE/C FHLH % 275 3k
Heavy metal Raw materials Temperature/’C  Leading mechanism Annotation References
LIS 0 AW d rh AN IR 5 TS T B £ 0 A W e v T
- HEEH PR IRIEALA Zn( D)2 A
Zn(Il) S 350 Electrostatic The addition of exogenous metal ions in biochar pro- [30]
Corn straw
attraction and motes the carboxylation of biochar intermediates and
complexation the complexation of Zn(1I)
- KUK EYZSE T WM R, 2B 51 E
’%ﬁww LISt SR A ey — T PR
LN NE] The surface complex is involved in the adsorption
Zn(1) 180 Complexation B1]
Pine sawdust process; at the same time, pore filling caused by parti-
and physical
. tion effect is also an important factor in the adsorption
adsorption
process
TEARXTRARAY pH BT, A9 25 i & 0B BE R A8
Freg G Pk S A AR Y T/ B 1Y pH (B
A T E;M*V#ﬁé%ﬂﬁfﬂﬁéigﬂ’ﬁm o
F8k AL O, HIFE SRS VLT AR e
Zn( 1) 500 At relatively low pH, the oxygen-containing function- [32]
Al, O;-loaded straw Complexation

and precipitation

al groups in biochar play a more important role in
zinc complexation, while at higher pH, silicate plays a

leading role in zinc adsorption
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Table 3 Mechanism of Pb passivation by biochar
TR JE R R R/ C F AL i 27 3CHik
Heavy metal Raw materials Temperature/’C  Leading mechanism Annotation References
e PR ANIRJE T B Ca(TD)#E S Po(I1)AY FHES 138
o FH 5 35 HerhiE AR A
Pb(1l) Waste distiller’ s 180 ) [34]
) Cation exchange Ca(Il) in waste distiller’ s grains and red mud plays
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& an important role in cation exchange with Pb(1l)
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groups play a leading role in the complexation with
Pb(1Il'), which is due to the low binding energy and
high electronegativity of Pb**
4.4 Cu Cu( DAy FE 2N B 511, Be 8 {2 #F CuCO, I Cu(OH),

Cu Je—FHFAE T 48 , 3 5 MR B Tt il
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BEH (L HJ2—OH) & g ik BA X Cu A 1R /&1 19 35
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(TE 1, Zhang 4™l 25 0 B AT A W) R WAUE ] T X
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ARG 3 SR 8 5 - 33 %) pHL (B, S 7E & A pH T, Cu
(R R FE R AR, 25 5 2% 5 DOUE , DA ITT S 30 AL [
+ e Cu, AW Cu MHLETANER 4 iR .
4.5 Cd

Cd#lN MR ZHNAEESE, 115 Cd
RREIEESE SIS RENCENESE, B
Kot R, HHEd Cd M6 PEsR ZUK
T4 pH H, ZATITSE R A Y heh i 5L 2
Il Cd-0 4% 5 Cd (11) W Y 5 8 1% 19
JEH ) Liang ZE95ES2 T Cd( )25 B i) 3 E AL &
Cd(I1) 5 EL A4 M, Cd-0 5 Cd-OH ¥, H/E
Yo P T ) COY (POY Il OH™ 25 B 1 ) o 18
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Table 4 Mechanism of Cu passivation by biochar
HRJE JER R R/ C F L A% 27 R
Heavy metal ~Raw materials Temperature/C Leading mechanism Annotation References
A=W BE Cu TGS PERE I IE B 1 H B R bE SR T
KA VE R R B BUAA R FLEE Y, TR 58 13T Cu( D) Ay T5E I Mt
WASE %z B The excellent performance of biochar in adsorbing Cu(1l)
Cu(Il) 180 [31]
Pine sawdust Complexation and can be attributed to its larger specific surface area and devel-
physical adsorption  oped pore structure, which enhances the filling adsorption of
Cu(Il)
2545 I QLI B .
, s FETHIV SRR A A P, O S A7 R S A S R
i3 Complexation and ) )
Cu(Il) 550 . The surface is rough and loose, and contains carboxyl, hy- [44]
Pomelo peel electrostatic adsorp- . .
) droxyl and negative functional groups
tion
A peh C—0 ,0—H 1 C = O HRERI M AFTERS L R4
TG HEVEH EP
Cu(Il) 500 [“5]

Banana straw Complexation

The existence of C—O, O—H and C == O functional groups

in biochar is very important for the removal of copper

FMABXT Cd B et = 5CEE, 40 Yin S5
1% ~2% PR AERS FF 2 0 oAb BE ™ X AR FH 438, &
AR PR FLBR /K Cd ¥k JE & 3 B IK, Gao 5™ il
B T KRFEFE AR o i H 38R TGS Cd &
WREART 91% o Ak, Z2FF AR e ad a] L ik 34 m
S A MUY =F BE AR TR 4R v Ak
YIRETE 0 2 REE AR e £ oM TR RN S B LA
FBCRRE N, Cd( )£ BR i AF] 137.89 mg -
g ' W AR AR, R R b A B A A T L
AR e A R 8 P 25 74k, DT 0 — 25 4
SR Cd B FfTRE T . A=W btidl Cd mPLEI ANk 5
B,
4.6 Cr

T4 Cr — M LL 2 R A A, BI Cr(VD) I
Cr(lh), Cr gl Rt T AREUSY, Wt A
s HZ Cr it AR, Cr M EEtETEAE
Y e AR B ., IO FP -1 K IR AR R 32 P
A%, 1T Cr fY [ 5E A — A W Bff -
WIR-TUE R E 2R At A, Cr( V)G B BLEE 3 22
SEFREAER R JEAIL A YRR, i Cr( ) B 45 m) F 4%
B R, AR AT DR A B AR Cr(VIid S5
TR, A B T & Cr(VI) £ B2 %, Mandal
SECN % S 3R AR Y Rk AR 3P ) Cr(VTiR
JRASCHR 0 2 T g, R RIAEAY kh
C—0.C = 0,—COOH FI—OH 4§ % % B fig A1 %
Cr( VL) Ay 2 11 W BFHE FE A K A 40 3 B 48 B9 | 7 ()38

RN, ELAAR R, A ) e 3 2 R B34 AR R
Cr( VL) A6 R 2 P AN g B 3Ry Cr(I), 372 5
Cr,0, BJE Mak Cr(OH), MIPLIE, MMk 2 [E 2 Cr
() H Y, Choppala 5554 X8 2% A= 4 s 1 FH T 88 i
Cr MIRA HLR & & 3, AR T Cr et
AW AT LA R B Cr(T), Herb & 48R RE A8
HEEGE R F 2MEM, Sun FFP7E A& #5 KOH
ek A e b 2B Cr(DS & U E BB A Z [ A7 7E
TR AAE B AVE . HbAh Lian 2505748 A= 4 ¢ 5 1%
Cr(VD 3 AL, B Cr(VI) A4 & H AH B4R
Cr(VDig 5 Cr(ID Cr(ID%& . 5, IR TE
ZAETR A 7 L AT B Cr(VIDFE e FLOK 3 )77 1E F
far (AW R A 3N 5 AR5 TR B T R AE Py s P it
AR 25T % Cr(VDik A Cr(1l ; 5
& B er(D) 54 EE el % &, |
FEQKR MR IE VRS Ve AR ok T L& 2R
BLEECS 35543 Cr( VI3 ik i Fi A 1 4 W B
AW s b MRS Cr(VD B JE K, Cr(), 4% )5 18
U SE N SN\ 0 WV V2 B A B, 7 b/ it ol e ot 2
PUBE & 4 T 3R | B R il | 2o S Ak Sl A
MR GG P, AR 3 N T 4 e A0 B R TR R BB
R, BRI T 4% 10 A &R 28 XA TR
WA Cr WAL AL AS [ Y, B A&t Ak AL i an
6 JraR, Cr( VL) 4 Wz B AL B 5 22 2 i v/ FH A 4%
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Table 5 Mechanism of Cd passivation by biochar
HER JEAERE TRLEE/C FHLH pas 3 275 3k
Heavy metal Raw materials Temperature/’C  Leading mechanism Annotation References
L L CEEE P
[ UL e s
e A 7 N I;J Cd2+§le£Q7Fﬂ'{JLﬁ
G Eib] E . . .
Cd(In) . o 700 . Biochar contains a large number of metal cations and [50]
Silicon rich rice husk Cation exchange . . . .
o anions, which can be exchanged and precipitated with
and precipitation
Cd?** respectively
AW A B4 SR A 32 2 —OH. Al—COOH,—OH
. Je o T Y B RE
F L AR . , ,
Cd(In) 800 The negatively charged sites of biochar are ~OH and [51]
Straw Complexation
—COOH, and —OH is the most important functional
group
A BB 222 H T Cd(OH), Fil CdCO; LHERYIE
JRUA B A= B AR THT 4 FR AL R R B R 25 5 0TI
- et
INEERFF BLIEIE ) o
Cd(In) 400 o The adsorption of cadmium is mainly due to the for- [52]
Wheat stalk Precipitation
mation of Cd(OH), and CdCO; precipitation and the
combination of carboxyl and hydroxyl functions on
the surface of biochar to form surface complexation
BAES Cd() & 7RG I, F 5 1Y
Y B M1 (11—OH ,—NH, ,—NH—) A [ 1 i i A
IR Pypext Cd BAT AT W 1 A
L B ML 4 A
FH5T . The surface complexation reaction between hydroxyl
cd(In) ) 500 Complexation and o ] [53]
Rice husk L and Cd(Il) occurs; the synergistic effect of rich func-
precipitation .
tional groups (such as —OH, —NH,, —NH—)
makes biochar have better adsorption performance for
Cd
4.7 As A BB B B NG SR T As( V) BT P 38 I K

W As S a3 e A (R AL T A
FEAEV A SR g K AR IE B AE IR . As
R RO EAE Y A KIS s R EA
SNSRI TE R RO R

BEP)FN As HA MU i vE R, 1458 P & &
] As BRI R R As I5 Y ek S
g m 2D EAS, SBEYROHE, 1%
AT R 56 3508 7 % 2 1 T I P R 5 5 e R 6 1) o
PEHE T A e As BRI, B2 T FLBRK H As
(MRS, AN GOk AR FAREFF A W e, HaEmT bR
MUBREIVERS P AR, (H AT LR A AT 55— Fl
YER, 4N Wang S5 B i 58 e B, IR A8 2548 it
FEFEA= 9 38 0 T /KA = w4l DB (R 2 i
FFR AT B AR R Y 2 e 0 T Fe/AlL HE
A b As(V)RIE R, Bz, 3 al i

N, e i T As(ID) KR L rh el th ok, 7 Gk
SR, Qiao S5 A A A £ 448 A 0 2 4 1
PR TRBIER . Ak B & 557 1 A
e T RE 150088 B T — o R [R) IR 2 A U2 0% Fe (1)
1 As( V)RR, R BN BT 2R B9 T . Chop-
pala SR HGHE 1 AIEA W) R RER SR LAY
LT LA BE As( VORI IR, I3 As 1B 310
T AEBEREE, HI, As B T3 g |
AR A I e AR o b AW sliAE As
ML R 7 B, b, BEis R a e it
v~ T AT Sl otk B2 1 i VA R PR AT HL A S
A R F R, JCHSE N T 3 b 0 2 AT A
ANEHAT R, TG 38 1 JCHL RS 1 iz Fa AL AE
PEE T 4 Jm B B AL FIASE , 6 As AOIR 25 th 23S
[ 5% B AR AR P
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Table 6 Mechanism of Cr passivation by biochar
HER JERT TRLEE/C F B i 275 3k
Heavy metal Raw materials Temperature/’C  Leading mechanism Annotation References
AW Y BRI SR Cr(ID 3 et i 1
FE5E R A
Cr(IIl ) 390 ) o . ) ) [60]
Rice husk Ion exchange Minerals in biochar improve the adsorption capacity
by exchanging with Cr(Ill) in solution
4 A R M R e A TR A, R B
1] <53 J& B TR At T, S O AR AT B HL T
' N 3 [ Cr(ID)E 722 FH X4
ﬁlﬁ FC3O4 ﬁ‘]l';h%%ﬁ )ZIK%{R,J:L ( )%?*&1‘5 TiﬁL J\
AEVEH Surface complexation occurs in the process of heavy
Cr(I) Sorghum straw loaded 600 [61]
th Fe.O Complexation metal adsorption, in which carboxyl oxygen provides
with Fe
A electrons to metal ions, resulting in the reduction of e-
lectron density of adjacent carbon atoms, and the radi-
us of Cr(Ill) ion is relatively small
N N RN y
IR peo, mymAfiit T S R 990 AT 5
LS AE ]
) (V%4
it Reduction, N )
Cr(VI) 300 The addition of K,FeO, promoted the formation of [62]
Pomelo peel electrostatic o ) ]
interaction oxygen-c?ntalnmg functional groups, which com-
and complexation plexed with Cr(VI)
RT EWREEL As BIVLE
Table 7 Mechanism of biochar passivation of As
g JE I/ C F AL % 275 SR
Heavy metal Raw materials Temperature/’C  Leading mechanism Annotation References
A= W At 1 A g e v R R R TR T AR S T
b S b A A P A O E O LA
FAEFHHE Ry As(IDYE:4E K As(V)
WA W% F AL R Microorganisms promote the dissolution of soluble
As(1Il) 305 [37]
Pineal biochar Redox carbon in biochar and increase the content of dis-
solved organic matter in soil; part of As(Il) is trans-
formed into As(V) through inorganic metabolic trans-
formation
PR AW s S As(ID) &2 45 T8 W5 1i-Fe-OAs
RS 1138 FeCl, N (OH), FIRLHi-(Fe-0), AsOH , SR J5 F B
' 4
As(Il) Rice husk loaded 600 RAFA Copyrolysis biochar can be combined with As(Il) to [65]
Complexation .
with FeCly form monodentate -Fe-OAs(OH), and bidentate -(Fe-
0), AsOH, and then be removed
RSl O pH {E | F 5 00 3R 0 E AR AT K 3R i AR
R Yy B fh F R BB L A S AL BR B P A
As(V) N 500 Ion exchange Its alkaline pH value, rich surface functional groups, [66]

Wheat stalk

and physical

adsorption

large surface area and rich micropores make it have

high arsenic removal performance
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