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Bl AL 4 Y AR )R O R IR XU IR = T, R OC T TS e ke vh il Ak 6 B Y AR W A AR
PR AT ) 5 5 JRISS: fi 7 o I 22 T D 22066 g 7T 1 S B f U210, BRI 17 % G b b it FH 45 9% 05 Ak 1) 42
PERINH

s STAgE R . RKRRSEAVSG, B R R EY RRE. 5HBslek
L, 24, A AN EHE ARG B b 25 © B P 2SI 25 T IR A IR . R ik sk
ffJa e B S E RE A, FTLAE . (EELSE, ARSI K, 15Uk Ei
24 e AT B E— 20 R AT Ve i 4 S PR KR R H T, O T 24 e XS Ué kR
42 B TR 52 4 A 3 vh AR WA ASCPE Y 52 e B9 S i R L AR E o

A 5 16 T TS U8 A 24 i A A ML R A ARk, B O AR R S, R
2 TG AL I A 0 o ik N S8 I LA B o 4 A 0 A kv B LB it FH AL N A9, i s R Tt
A AL 5 A= s e T A Ak 2E A RO SAR Y R .t A )m R MR G &R L MR TR .
WA Z AT, B T BTG e . b 2 v SR AL 2R AR W vh i 4 B BR AT O AU IR,
AHLEE T FAAE . SRR RS
1 MB5ERA
1.1 LM

TG IR AW AL L5k A BT, h 2y Rl 25 ) BB E IR IR R B Y . 2 P HLI R
A3 SAE Tl FA S 0 9 T 500 °C T BRI 45 min, HAREGHG, 2807508 5% (MSB) Al b 24 i 5
(MRB). P49 5 by i 28 0.25 mm(60 H i), #5H .

Bl ek ATy BAR B IR A e b 0, MRS 1, X KRR T 2 mm JE e
PR B ARAEL W) N £ oK (Zea mays L., 55 958).,
1.2 BFXW

AT IO G D, BB 3IRELE ., L8, EYRIEAE, B4R R
)+ 1.75kg, BAEMEEK 4R, A a8 HEAEASFRA . B L, BIRAE 076 g RE .
L16 g IR A % . 0.70 g AALHR . FEMRE P IEIR 45 d I, 2 DR K Ml 130 4 FARAE i (L 46
e E L A R AR FE N, HEE KM, PR T 70 CHLFEEEE, R
5, RIEHIRS, #ITESE SRS FE, R g, St A HL R R AR o) 1

S Ak T S TR A A R R =1 BHTREES
1.3 ESH Table 1 Pot experimental design

+ 4 AWk P As. Hg, PR R A P P —
HCI-HNO, T fif i, oAt 52 4 J B &R HCL- g . .
HNO,-HF-HCIO, i i W , 73 3 7F sk b 1 i A + MRB1% 0 1%
(CEM Mars 6 Classic) #F 17 1H fift 42 "5 A 280 + MSBO.5% 0.5% 0
4 JE R 0.005 mol-L DTPA ., 0.1 mol-L™ + MSB1% 1% 0
= LB (TEA) #1 0.01 mol-L™' CaCl, IR & 12 2 + MSB2% 2% 0
WP s A RS B R 0.5 mol L +MSB5% 5% 0
NaHCO,(pH=8.5) £ Bt "2, FH YA & (b b &2 4 msB1oe+ MSB0.1% 1% 0.1%
FHRZH 20K FH HNO,-HCIO, JH i o LR iR /AEH  + MSB19+ MSB0.25% 1% 0.25%
W As. Hg & iR R P26 M0E , H + MSB 19+ MSB0.5% 1% 0.5%
il 4 8 % iR ICP-MS Wi, B & &R + MSBs%+ MSB0.25% 5% 0.25%

FERPT L AL E o T R E BT A HLRE B St P A A R
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+ 3 AW R b A PR & R Ot R 4 MY (Vario EL 111, Elementar) Ul & ;5 FH B+ 38 # &
(CEC) R H =& b N & AR . /b6 ke ™ A=Wy ok B Ae A4 R FH AR EL i 20 41 Sk 34X
(Nicolet 8700) 73 HTill % o Fr A7 b2 e M #4915 3 RPATSE 0 o FEZr BT 138 AR ke B R, 32
PR il 1 38 B 0 ) BT GBWO7401(GSS-1) 7E 2 - 47 #F 3E 47 BT & #2 1 , AR A [ I 3800 93.8%~
107.2%,

14 HIESH

KA ) 5 4 38X (bioconcentration factor, BCF) PEAT A HLIE KA W) s T 3248 - b 4 )8

() A= 0 A 0 A R . BRARAERY, LS (D).
CP
BCF= (1)

X G, C AR FRmIEE G B IC R A FRMEAR b R, P& E, pegkg's BCF{HBR
K, TP RESRICE YA SR

K H] Duncan 2 5 W iE 4777 225007 (22 5 B E MK P<0.05), LUK 36 AS [R] &b 34 1] 55 4>
JRARASH Sy . AP WICTE 4 8 AR 25 R B
2 FER59H
21 TR BNEREMRFEESRRERBYUSHE

M+ 2 A CEC ARCFARXT AR . I 4%, HESR &R T (HIEAE R & i
+ 5 Y KRS A P bn o GRAT)) (GB 15618-2018)2 XU i el . 5 % i Cr4b, Hifh# 4 )8 oo
KA CEY A HUIER ) (NY/T 3618-2020)% 56 F As, Cd, Hg. Pb % # 4 )8 & & RAIH.
T H AT R EEAPUIERL ) (NY/T 3618-2020)% ¥4 & F Cu. Ni. Zn 0 R WRME, Wit
3PP RS ES IR (5o TS Y P45 6 B AR ME ) (GB 4284-2018)%", 5 ik Zn & Mt T
GB 4284-2018 bR ifEPIA e fRAE . i h i & )R & B A HR (R 2). 2 P WL AW 3 &
TR B, FRREERRPA . e ER TR B A . BE 30U L, HA R HIEE
J15 TG Ve R A ALK S AT YR IEA LR ) (NY/T 3618-2020)2% & ik Jit & 73 %1 20% 1Y
FEAE .

R Pl R TR Zn DA MM E SR AMS S E S KA L TP &MY, Hlkrh
Cu. Po ARG HELZMT L (3R 3). I TAAEAYRFES T ARK I 24 808 He, 524 Fx)
Hg (A9 S AT 5387 o

#z2 ikt SVEEEMRNEFAEBEUERRESERESH

Table 2 Basic physical and chemical properties and total distribution of heavy metals of soil and
organic solid waste-derived biochars

BRI on Abge  oor SR R/ me e )
(gkg) (gkg?) As Cd Cr Cu Hg  Ni Pb Zn
ML R 11 8.13 1.5 12 0.6 539 0.1 54.5 192 003 233 156 32
RERILY/d 8.49 14.9 375 30.8 836 1.14 1968 1226 0.06 8 372 1926
it i 9.91 352 248 16.1 844 038 1393 803 004 732 243 1129
NY/T 3618-2020 — — — — 15 3 150 — 2 — 50 —

GB 42842018 AR — — — 30 3 500 500 3 100 300 1200
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Table 3 Effects of organic solid wastes-derived biochars on available heavy metals and phosphorus in soil

ARMAEELIR/ (weke ")

AbERA F 30/ (mg-kg ")
As Cd Cr Cu Ni Pb Zn

15l 283+18  56.0+0.8  17.9+02  761+25  377£3  581%5 99 882+686 359+29
kit i 40314 25.642.0 16.8+0.1 981432  345£15 566+25 68 882+1 250 244+19
EIERR: 366+7°  12.3+0.7°  6.7+0.1"7  827424°  12644° 983+43¢ 447429 55+1°
+MRB1% 406£11°  10.0£0.4*  6.1+0.0°  809£12°  119+1° 904+36° 1 198+62° 65+3°
+MSB0.5% 443£10°  11.6£0.1°  5.120.0°  805+1°  118+2"  870+8° 1219£117% 73+6°
+MSB1% 454+18°  10.8+0.2°  4.9+0.1°  783+£9*  119+2°  798+2° 1410£112° 75+4°
+MSB2% 406+7°  10.9+0.6™  5.240.1%  759+53" 11449 732+52°  2210+172¢ 8419
+MSB5% 404+22°  10.4£0.9®  53+£0.2%  751£15°  121£3° 756424 5 542+120" 107+5¢
+MSB1%+MRB0.1% 414+16°  10.7+0.1°  54+0.0°  771£5°  117£2°  802+9° 1343£71° 75+1¢
+MSB1%+MRB0.25% 424+18*  10.6+0.0°  5.9+0.1°  786x13® 116+£2° 756£10° 1 240+24° 73£3¢
+MSB1%+MRB0.5% 43513 10.4£0.4™  52+0.1™  773£17°  109+4°  744+20°  1275+93% 76+1°
+MSB5%+MRB0.25% 417+10°  9.940.6°  5.3+0.0° 747+37° 10747 724428° 3 622+165° 110+9¢

e FIFNEE G AN A B3R A B 24 57 1 3 (P <0.05).

22 ERABHNEREYRMTBEESRENSESHEMN

AHLEEA Y st A LG, ZN L EE S8 S BRI T (R HERR i A b+
15 Y AU A P bR E G4 T) ) (GB 15618-2018) XUEG i e {E, (H X248 3 i & @A skt r=E T8
ZeREM . lhn, 2 R AR Hc ) B E I T A UGS As. Zn F i (P <0.05), [RIET R E KT Cr.
Pb A SR, X Cd. Cu, Ni AR EBA RFREERBEMBEE (F3). H 25 itiis ek
PE— 2L AR T Bk As. Zn LASMEE &8 (A RS fr . BUAh, il 2 Fh A 9k 35 0 25 1 T+ HEA R
B A s AFUR T AR 3 pH SR R, 45 AL 38 4 48 pH A8 5/ F 0.1 pH B,
2.3 BHEEREEMRGEDEKEE

Jitt 5 e e AR S T ALY AR (P < 0.05); il FH 24 e K HE it S e et 35 AR O T AR
Wy, e R v it P TS 0 i v 2 T

WEFXHROI L R S R ey [ emew smam g 38|

o, X T A A R 4 ) A] A %)4_6 oad § ocd od f 10%

38% 1 72%(1& 1), = Allalla]l 2

24 HIEREYRENRLESEEMW = LU B et 1l 118 1 |l . &
BRERENN T EM LR TR © | |1 ;E A =

R Zn LA IR B XY T2 “OE,§ A

3, RS R IE N 3.29%~24.5% ANAE . Hi, LRGSR LI R P

Xt As B UCH i 129 BL I (P < 0.05) (3 4). ST Sl

BT 75 08 5% 8 B B 5 T KX Zn 10 R Sl

B Wi 5 75 R I 5 K R (P < -

TE : [A] BRBNA ) T B 2R AL ) 2 57 W 35 (P<0.05)

0.05). 24 5 5 Al B W F %
o BT H 25 it AL TR R L B 1 iR A L B A 5 R KM ER

Sl i H 4 B0 P RH B
Zn/fl’] Wi,k H Al 4 KLI%HZ ) H%?ﬁ?ﬂl REAENE (5T E) B
il )‘ L (P<0.05), Al Tt de s, T Fig. 1 Effects of organic solid wastes-derived biochars on
T st H 24 7 e Ak FRAT DL — 20 B I b AR aerial and root biomass of maize (dry weight per plant)
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Table 4 Heavy metal uptake by maize aerial part as affected by organic solid wastes-derived biochars

HEEWGE/ (g kg ™)

Ab3EZH
As Cd Cr Cu Ni Pb Zn

EIERw: 256+13¢ 49.4%2.6° 1 580+80° 8 750+50¢ 586+15° 592+26¢ 29 325+265°
+MRB1% 141£11° 22.3+1.8° 1 355+75° 7 960+25° 502431° 49517 33 825+625°
+MSBO0.5% 223+8¢ 453+1.87  1260+£90° 8 425+25¢ 535+12° 52043 39 260+850°
+MSB1% 20810 45.0+0.5 1215+85° 8 190+176° 542+18" 509£7° 43 525+615°
+MSB2% 201+11¢ 44.0+0.5° 119343 8 07525 556+15% 486+2" 48 025+925¢
+MSB5% 217+22¢ 46.2+0.3" 1 465+86° 7975+72° 55137 485+22° 51 800+820"
+MSB1%+MRB0.1% 215+18  44.6+2.0° 1193+91° 8 175+115¢ 542+19° 527+8° 39 100+200°
+MSB1%+MRB0.25% 201+15% 40.4+1.44 1 205+60° 8 075+75™ 540+17° 520415 40 325+567¢
+MSB1%+MRBO0.5% 188+7° 36.0+1.2° 1 175£56° 7 865+135° 527£12° 515425 42 425+425°
+MSB5%+MRB0.25% 168+13° 32.6+0.3" 1 385+45° 6 950485 509428 47315 47 925+725¢

TE: FIFIER G A [ 5B m Al B R 22 53 . 25 (P <0.05).

76 Zn 4P T 2 (R

HR A b, TR KR B, o T RV FE S92 1.7 21 R
(R S) HON A BB, PR MR T KA Bk Zn BASN R R, O
% 5%-~30%: MR HZHE B HRAE T As. Cr AERLBDRL T R . BB, TR AL T 2
OKCH B o0 R SR o4 0 05 U 5 B 3% T IR BT As, Cr BLOME 2R 9 B

x5 ANEREMREE T ERERRAATECEREE

Table 5 Heavy metal uptake by maize root as affected by organic solid waste-derived biochars

R /(g ke )

AbFA
As Cd Cr Cu Ni Pb Zn
EIERR: 2913+97° 202+6° 17 485+615° 19300£240" 12 100£195°  3471£59" 68 160960
+MRB1% 4127+117°  123+16° 20 700+833° 17020193  10533£367° 2 717£90% 65 633+630°
+MSB 0.5% 2 668+78" 192416 14 795+605™ 17 800+315° 11 281+435¢ 2813+8¢ 71 850+950°
+MSB1% 2 682107  197+12% 14 650+300° 17 190+279%  10475+£375° 2 837+58% 83 750+£750"
+MSB2% 2625465 198+£5%  12150+£550° 16 650+£350%0  9975+175° 2 815+80* 88 675+£975"
+MSB5% 2 748+58° 189+7¢ 11 850+230° 14 650+161° 9275+325° 2907£72° 91 575+875
+MSB1%+MRBO0.1% 3025+52° 169£12°  15807+407° 16 653647 10287+253° 224397 75 687+504°
+MSB1%+MRB0.25% 3973+98° 160£6°  154254275° 16 075+492%¢  10095+310° 2 14575 78 500+767°
+MSB1%+MRB0.5% 4173+40" 15811 15 633+500° 15 737+667° 9 967+333¢ 2035+93* 82 330+825"
+MSB5%+MRB0.25% 3 795+85¢ 108£7° 14 605+290° 13 450+376° 84504315  2567+167° 85 005+795¢
e FIFEEE G AN R SR 3R A ) 25 57 1 25 (P <0.05).
3 Tig

B3 JE A AU (availability) 21 7338 5 45 L3RR i o AT AR BOGR] R] S U R A | BERE AR )
MR A 8 38 2 205 T A= A P (bioavailability) 21 73 /2 4 AR W)L 5 2 BRI A0 o i S BRIl . BRI
TR AL R AV p A TR, W R T R, Hh A R R CEC i 3
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T 18%~100% 1 9.6%~18.8%, K EALHE 7AW A K, FFXF 52 90 4 e vp 55 45 & 09 A7 8501k Jodl
YIS F2 e T B4R s o BN, 15k BRSO E R Cr. Cu, Pb AR E 4@ M, H2
Tt A 35 ROMBEAR T X 2650 R AE H I 1A 808 & & (8 3). X ] 1 K F¥5 U 54 ML % 24 5 i
PG P R A LA AT BB (1 650 em ™ BT & S BERE . R EE C=0 & 1030 cm™' il & 55
i C—O Mty | B2 R (875 em™' S COT ML Ff i (1] 2) ik I A5 S (L2 B gl Ik A 2 Ak
Y, XECEREH . LA YE . A EAE
HAER DL AR Y e b i 4 8 > >, ian]
PLBEAL 3 IR T 4 R A RS A P i S 1430

1 OSQ 875

e e I+ 24 1 7 T T AT LS R RE ey
4 A R L 32 2P 4 P R T |
L T ST RN MG 175 Ve % 35 0 ]

TR Zn HRCGE TR, REENMKRS

3621 .
P D B A 455 18 4 LB A R e — Aain
E{/‘J 7n /E’\%ﬁﬁ‘é[”]; Wﬁqjﬂiiﬁ‘ﬁ&é\ﬁ*ﬁﬁﬁ 4000 3500 3000 2;?;( 2000 1500 1000 500

B/ em™

2 o Y o £k v b 95 Y
R Zn, B LB AL AT REA T 2 AHKENHENEELNRR
JRA R T5 U8 55 A BL I B AR i A RS Zn Fig.2 FTIR spectra reflect organic functional group
BRI o aie®, EBERERES SIS T+ compositions in organic solid wastes-derived
HEAT S Zn biochars and soil

FEADLE R AEY R T, FPX Cd. Cu. Zn S5 E 48 M ICE 5 HE PSS ERE
BFIEMKE (P<0.05); {AXF As, Cr. Ni, Pb 55U 5 A B4 840 & A S A A 8] 72 1
59, FrAE As W S O RS E R OO OC R (18] 3). X MPETRERN, A HLIE R Y RA
B EZEZ W E G2 N P A R, @ — R A A R A A R . R G
Jm AT R 20 73 B e A= Wy A W i i R 2 T R B A (A 3oty . REEMER . AWt EE R
KA, BREIAF B T2 R N RS2 AL R AR Y R A ), A A BRI . &
APVEREMT AT LIS As(RRIRAR) Se 44 G 00 at, fe ik b As A RS S BRI, $ i HAE AR v iy it
WP TRl BARER AR AT LI i S A A T PN R as AT ) As DA e 3t AR B A e, AR LR AR
Yoo b AR pg RAREON 0 e sferh Cr R LUIE = 4 49 8 7 FLE O 3 IR ARE S AR, A HLI R A
Yo h BRIRAR . BRI AR L & A LR BE A A AT LS B TR AR 5 4 IR Wy a5 S AL PR N e s AR . X

IS

w
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T < S0 BT AR B 4 8 i 2 0o PRI b L 4 R R 4 R i
3 BHEEREYMREMTER M ERRBREATEEEMUEEETEEYUSEHICHENXA
(P=0.05 B r &R 1B 5 0.631, n=10)

Fig. 3 Correlation of heavy metal uptake by maize aerial and root parts with their available contents in soils following different
organic solid waste-derived biochar treatments (critical value of r is 0.631 when P = 0.05, n=10)
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SE T FEXT As. Cr 878 FRAAR AWl . A& 5 B 7= A= TR ZISE W, I 52 i) AT 00 5 48 b oo Al
Yy 9 Bt o BRI OC T A LI A W o At B 4 J B DA - SR 1) AR AR B b b S A%
e (9 VR AL AT 2, A Rk — DR AT

Wt A A B A E R RS BCF, v LR YR AR E SR WL . EER I ERR
Ko Hrr, Cd. CuflZn ) BCFiZm T HALE SR, Moar»bBAMPMR Cd. Zn S8 T LS
K (BCF>1)(E 4). HEAHLEE ALY REW T, B4 EAMY I UL As, Cr LIAMH A & 4
JBFEMRAL IR A R AR BB BRAL . E R RIR BTSRRI, 46 Zn 76 N E & B EAY)
W) BCF gk — 25 B AR, 1 X R s i 5 52 42 J8 BCF & 1 3 IEAH G, B 4 J@ 7E ML 4 BCF #&
L, ARV E R R R R RS IR, R A WL R AR Y A T B L 4R AR RN
FAS 3 5 & J8 A S I RIS, A= W e vk i Ak 100 4 T A eF 1) P O 82 Bl Ak, DATT BELVAF T
EEEMNTEMEY TS . L, BT ESRE LSRR AEYASERG R, SRESE
A= WA S X it P A 4 e e S [ R BB S T A B M . DA ROV ERAR . A PR B . 4%
BN ZEFA K W CAdRA B F R AR . AG BB, PR A RS A 4 o H B b )
Bwn, WSz YR IR I Cu. Zn 40l 5 5 & AR . SR AN mivstifh . A HLEE
) e 33X ol 26 0 A A ko S B A T WG L B R T ] S B S RS R I T A R S
e XU B LR 22 AR TR S5
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N o5t g R o ﬁ
& 0. . o
{HBI B
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Fig. 4 Effects of organic solid wastes-derived biochars on bioconcentration factors of heavy metals in
maize aerial and root parts
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1) Jili FH T BT 0 v 24 A A ML I AR W o B S BRI T R Zn ISR &R i A A s, I
il T 4 A 4 MRS 1 b b B A, AN TR A S X A ML I R A ) e ) L A58 e R[], He v
Cd. Cu. Zn =AML L EY RN B3 .

2) T R A TG P it T DLt — BB b B A TR, (AAF AR R D R A 2L As. Cr 5575
LW KR

3) AR HIEIRIE LG, A AL AR Wk v Bl A G e A R A A S AR R AR,
T IRITEAT by 1R AF 5% R A TR
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Effects of application of typical organic solid wastes-derived biochar on
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Abstract Converting organic solid wastes (OSW) into biochar through pyrolysis has been receiving increasing
attention due to the merits including ameliorating soil properties, facilitating carbon sequestration, and
immobilizing heavy metals. However, the bioavailability of the immobilized heavy metals in soil remains
unclear. The effects of two typical OSW- (i.e., municipal sludge- and medicinal herb residue-) derived biochars
on the availability of heavy metals in the receiving soil and the uptake and transport of the heavy metals by
plants were investigated using pot experiments. The results indicated that the two biochars significantly
increased the chemical availability of As and Zn whereas decreased the available contents of Cr and Pb (P <
0.05) in the soil. The available contents of Cd, Cu, and Ni were also decreased to a certain extent by the biochar
introduction. Meanwhile, these two biochars significantly decreased, with a maximum decreasing rate of 30%),
the uptake of six heavy metals (i.e., As, Cd, Cr, Cu, Ni, and Pb) except for Zn in both the aerial and root parts of
maize. The combined application of medicinal herb residue-derived biochar with municipal sludge-derived
biochar further decreased the uptake of heavy metals in the plant from soil except for the increased uptake of As
and Cr in the root compared to application of municipal sludge-derived biochar alone. This study provides vital
basis for assessing the environmental risks of OSW-derived biochar when applied to land.

Keywords municipal sludge; medicinal herb residue; biochar; heavy metal bioavailability; organic solid

wastes
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