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LI JlaPkang QIU C”ﬁun sheng' " | ZHAOQ Jiaqi® JWAV\/Cﬁqn chen , LIU Nan-nan'-* WANG Déng'2, WANG Shao-po'*? SUN Ll plng
(1.S¢ hool of Env 1r0nmental and Municipal Engineering, TlanJm Cheng]lan Um\ versity, Tianjin 300384, Chlna '{ Tianjin Key Labomtorv of Aquatic Science and Technology
Tianjin 300384 China; 3. lenhe Equator Environmental Irnpact Assessment Co., Lid., Tianjin 300042, Chmd)

Abstriét Tn/ thls study, rice strawssoybean straw , wheat sirdlv, and com stray, were ¢hosen as raw matenals and biochars were prepared through the pyrolysis method at
550°C under oxygen—hrﬁlled conditions to investigate the physwoohenf;a propemes 5% biochars derived from the straws, the migration and transformation characteristics of
heavy el (HMs) (Cry=Ni, Cu, As, Cd, and Pb) after pyrolysis, and" their leaching behaviors in different leaching solutions. The results showed that the physicochemical
properties al\nd elemental composition of the biochars were basically consistent. However, compared with that of biochars derived from other straws, biochar derived from wheat
straw had a higher ash content (22.48% ) and H/C radio (0.06). Meanwhile, biochar derived from com straw had a smaller micropore volume (0.006 cm®+¢™") and a
correspondingly smaller specific surface area (110. 120 m*+g™") , which was consistent with the SEM image. After pyrolysis, the content of HMs (except Cd) increased by
14.04% to 410.81%, especially that of Cu and As. However, the content of Cd in soybean straw and corn straw decreased by 20.49% and 8.20% after pyrolysis,
respectively, due to the low boiling point of Cd. Furthermore, most of the HMs (except Cd and Pb) tended to transform from unstable ( acid-soluble/exchangeable and
reducible forms) to stable forms ( oxidizable and residual forms) , implying that pyrolysis facilitated the stabilization of the HMs. The HMs in biochar were not leached or were
leached in small amounts in ultra-pure water and buffered salt solutions, as opposed to leaching in relatively larger amounts in acetic acid solution and humic acid solution. Cr
and Ni showed low leaching capacity in all leaching solutions. Cu showed relatively high leaching capacity in acetic acid solution, with the leaching amount ranging from 2. 601
mg-kg ™' t04.224 mg-kg ™", and As showed a relatively high leaching capacity in humic acid solution, with the leaching amount ranging from 0. 074 mg-kg ™" to 0. 166
mg-kg ™" After pyrolysis, the environmental quality index (PI,) and the Nemerow pollution index ( NPI) values of various HMs increased by different degrees. However, the
pollution of single HMs remained at a safe level, and the integrated pollution of biochars was at the level of “clean”. Due to the significant increase in potential ecological risk
factors (E.) of Ni, Cd, and Pb after pyrolysis, the potential ecological risk index (RI) of biochar derived from the rice straw increased slightly. However, the potential
ecological risk indexes of biochars derived from other straws significantly decreased after pyrolysis, owing to the stabilization of HMs.

Key words: biochar; crop straw; heavy metals; leaching; environmental risk
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Table 2 Yield, ash, pH, and element composition of four biochar species

b STERAR ()% T
R TR% K% pH C N 0 H K Na Mg Ca  0/C  H/C
SDBC 26.43 12.62 10.61  25.11 1.61 10. 89 0.83 — — 0.48 1.10 0.43 0.03
DDBC 23.13 13.39 10.13  27.12  0.89 12.26 1.02 0.13 — — — 0.45 0.04
XMBC 24. 67 22.48 10.42  25.13 1.62 8.83 1.41 0.87 — — 0.18 0.35 0. 06
YMBC 28.75 10. 81 10.88  24.41 1.03 11.36 1.04 0.12 0.06 0.12 0.29 0.47 0.04

1) “—" FRIRAAI
®3 £V RERMILREN
Table 3 Specific surface area and pore structure of biochar
BEs, BET [:l:%%ﬁfﬁ PRALIRFR SAEIREN KL FLER AR
/m?-g”! ( <2 nm)/cm®-g~! (2~50 nm)/cm®-g~'  ( >50 nm)/cm®-g ! (1.7 ~377.9 nm)/cm® - g !
SDBC 188. 950 0. 008 0.028 0.010 0. 046
DDBC 231.200 0. 009 0. 030 0.010 0. 049
XMBC 222.540 0. 008 0. 029 0.010 0. 047
YMBC 110. 120 0. 006 0.015 0. 009 0. 029
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E1 AREBEFHEHEDROPAMBERE
Fig. 1 SEM of biochar derived from the straws

JEE ALY —OH ¥R 5l,2 920 ~2 855 ¢cm ' 4k

E’Jﬂl‘%i'%ﬂaﬂﬁﬁ% C—H 1 C =0 MYRAEMm I
P BOAE 1630 em ™t Ab 4 WL i J2 07 A Bk B
C=C'"",1385 cm ™" Ab IR T B R WA
E—CH, 1100 em ™' i J& C—0 %@E’w&zﬁﬂ““

600 ~800 cm ™' ifE i ﬁ%ﬁ%ﬁ%fﬂﬁﬁﬁ‘ﬁ%ﬂﬁ/*
WIIAEFEL S 669 em ™' BHIT M98 18 % AL =
Wt/\%ﬁaé%ﬁ}% ISR 7 A Wgz%:%f
3 430 cm " AFH B TW&( %Fﬂ%‘i%iﬁﬁiﬂﬁﬁx

TR RS HYE A2 YMBC 762 920 + 21855 cmjLEl’J
ol e A e 1 A B Al COOU 77 )

B 1 190 dm I 25 9 C—0), LA YR

Aﬁiﬁt%’é’]ﬁ’ﬁﬁﬁ%l X 4575 9 pH. DDBC Al

24

[_Jsp
2 /7] sbBC
'J;“ 16
]
B ol
& 12
=
& )
&
" % A
0 - : -
Cr Ni Cu As Cd Pb
24
[ Ixm
20 7/} XMmBC
- LA
2
& 16
&0
=
g s
4 E ]
0 r A =17
Cr Ni Cu As Cd Pb

XMBC 7E2 920 ~ 2 855 cm ~' &b TG W g %

, TE1 100

em T AMUFRAY C—O WEniR BER , — R B AT
1 pH.

34300 292012850 1630 1335 1100 7941
; ' ] 8?4 6(!9

SDBC | -
s —
DDBC : T
e
XMBC | Ly
— ! ' ~ /
YMBC\"",/ i Y T
—— Ty 1 '// [

N/ Vi

\:/

4000 3500 3000 2500 2000 1500 1000 500
P ¥/em™!

2 amsmpnaseEm ) |
Fig. 2 _ETIR spectra of four biochar speb‘i‘esl,."" N

2.3 ®aE o | o7
2.3.1 FAESHBE P 4

@3ﬁxmﬁﬂﬁﬂ&ﬂ%m¢%ﬁﬁéﬁa
g, }J\KF'TW_‘ %%%J%mi%ﬁqj Cr, NI Cu ﬁs

1 Pb 15 Bﬁ%lﬂﬁr‘éﬁiﬁbn,ﬁtb Cu 7 As
i‘kmmfuiﬁa EJﬁﬁﬁtﬁﬁmmﬂﬁﬂJ%i%ﬁE’Jﬂfﬁt
L & Cu 7 &%Fi‘k&'ﬁé%m 4 FpFEFF

1 XMBC i Cu 77 B8 J5URME AN 395. 24% , YMBC
i As HE 410. 81% . AW A 4 8 A B IG n E E

24

[ Jbp
sl DDBC
2 16}
»
f 12F v
= )
! %L{% 7 —
0 ’7/ — s
Cr Ni Cu As Cd Pb
24
7 C_wm
0 /] YMBC
TI:D
% 16
5 7
fg 12
=
g s
4 |7
0 —1Z
Cr Ni Cu As Cd Pb

B3 4MBERREENRPESESE

Fig. 3 Heavy metal content in four types of straws and its biochar



544 2D 53

oo 44 %

1 TR AR P OB A ML R K, T AR
RESGHDG G REANE (HESE AL
Yy LA R e AR R e R
R BEM LSS RSP B A e, SBUEY
B E 4RI A R & T ER. DDBC A
YMBC H Cd & 2 585870 Bl BE AR T 20. 49% FiI
8. 20% , R T A 4y ot I Ak a4 A 4 e R 0F 9% v s
P Cd & PRGN ELE D EEER Y Cd
Ry S AT, EL AT LA SR Ak E6 25 5 15 % 1k 2 i I X
BESAMDY RRFEFEFF 4 R & R A o5

JCR YA B (R AR SRR P AEE LA T3S
ﬁ%[sﬂ .
2.3.2 HERMAFIES

Bl 4 SR ASTR] Dok B i 4 0 A ) o rh EE 4 Y

PRI A AR AR . R FF B I ) 45 10 2 0
PR A 4 8 (BR Cr, Pb) A 592 $2 HUS A1 mT i
JRAS IR ) 7 L i 3 T I, AR N ) B T A
A5 b 1T, OB PE A O | T T A
*E%Eﬁﬁﬁnﬁlﬁbﬁ“ﬁ@Tﬁ%hﬂ&%ﬁ@ﬂEF'E

L@ mkaE S -3 SDBC . DDBC #1 XMBC HraJ ik
JEZS Cr 5 HBERN T BIBE N T 12.39% ., 9. 48% Fil
8. 46% ATIRFE k BRBE 2 IR BE 1O T 125 , B 7= Ak
(IS ABLLSN T Cr ik T AT RE 5 3t R P s
SRS RS S (REA) 1 Cr R BAMA
X, BTG Cr 5 A A 4 B JFURHHA A7
K E B TR B Ph o5 HRRE O T
BRI T I A AS Ph 515 B M ) —
TR T M B . AN, Bk Cr Rl PD 41,4 F
FHE A R PR E AT AR 5 L B T
AR A 2 T Y 6 DT3Pk B O 15 T 4 R 4
& TTHRTE N SRS REESH AR cu 54
m%ﬁ%%%%ﬁﬁﬁﬁE%E¢EEUﬁM%

AT A7 AL, BRI B ALY 5
6mﬁﬁﬂ?cuﬁﬁ@*%%m1 5 LA 2
%E$MMAEﬁMiéEE§ﬁAﬁﬂE%W
PSS S SCHO R A . s,y i
Fi%ﬁﬁ%ﬁﬁﬂ%ﬂﬂ%ﬁ?%*ﬁ?ﬁﬁ%
ke ). L A Sof

i

-lmlnhn-lwl-n)

100
80 -
60
40
20 -
0

=
=
4
"SDBC SDBC SDBC SDBC SD B( SD BC
Cr Ni Cu As
100
80
e 60
e
H
i

0
XMBC XMBC XMBC XMBC XMBC XM BC
Cr Ni Cu As Cd Pb

10 “ B
&
= 60
ﬁ"
i
DD BC DDBC DDBC DDBC DDBC DD BC .
Cr Ni Cu As

100

80 +
. 60 F
&
=
1

ol
YMBC YMBC YMBC YMBC YMBC YMBC
Cr Ni Cu As Cd Pb

E4 4MBEFREHNENEMRIESRESSH

Fig. 4 Chemical speciation distributions of HMs in four straws and its biochar

2.3.3 EARRPRE

T4 WEY R ES IR 4 PR R
. LU SlK AR W AR B ) As AT Cd By
A RR R 518 0.003 ~0.227 mg-kg ™

F10.001 ~0.020 mg-kg ™", HoAth 4 J& 25 AR A6 I 5132
. LG phEh S W R I WA, 4 AP AR b Cr
Ni ¥R 6 23 Hy 3 SDBC H Cu 12 i 0. 134
mg-kg !5 4 FAEYI Y As . Cd AT Ph 1R H Sy



14

BRI NIRRT EURH £ A W i e S T R iR AT A

545

AT 0.024 ~0.165, 0.006 ~ 0.014 1 0.009 ~
0.083 mg-kg ' LALTRYE WM AT 4 FhA= ) ¢
B Cr ¥oRH6 Y SDBC Il YMBC B8 Hi i
A NI kI #4500k 0,110 mg-kg ™' AT 0. 030

0.297 . 0.037 ~0. 191 1 1. 067 ~ 1. 484 mg-kg ", LA
FAPRTS WA= T 4 FpAEY e rh Cr Al Ni K
Hi; SDBC 1 Cu ¥ Hi i 0.082 mg-kg ™' 4 Fhk:4
Bty As TRIEEZ R IR 0. 074 ~0. 166 mg-kg ™' ;

mg-kg™'; Cu, As, Cd F1 Pb 7£ 4 A s AR Cd A1 Pd A9 435154 0.001 ~0. 191 mg-kg ™' Al
PR RIS S50 T 2. 601 ~4.224 .0.047 ~  0.001 ~1. 067 mg-kg ™’
R4 AMEYRPFELEEADRHERHRHE /mg-ke ™!
Table 4 Leaching amount of HMs in four biochars in different leaching solutions/mg-kg -1
YR & Cr Ni Cu As cd Pb
Btk — — — 0. 080 0. 002 —
SDBC bR — — 0. 134 0. 165 0. 006 0. 040
2R — 0.110 2.894 0.297 0.191 1.067
JEHTR — — 0. 082 0. 166 0. 002 0. 007
Btk — — — 0. 003 — —
DDBC ZZhEh — — — 0. 024 0. 008 0.083
M — — 4.224 0. 088 0.048 1. 484-
JEHTR — — — 0.111 — 0.001
ik — — — 0.004 | 0. 001 e
XMBC Zuhh — W — 0,041 0.014 0.009
2R — (= 3.702 | 0.064 : 0.037 /1,359
AR — = — f0.085 | L 0.001 “ 07001
FEESIRIS — & — — /027 '\ 0.001 = A
YMBC “..._éiz?thfg — | _ ! 4 0¥063 § \J ‘ 0. 006 0. 01,,4‘
~— A = Fivy > 630,- 2. 601 o » OclAT) £70.040 L.233°
J c ) — V¥ F o — Joogo74 % 0,001 P
1) ] ﬁr** fw @IJ 1‘. -.J‘ i | ¥ ..'!Hk. “"‘. f: d .a'I -
,.I -
24 ﬂ%ﬂﬁﬂ%" 4 ‘ B &E&Em K-, %%Fi’aﬁ“ﬁiﬁmﬁ

e ML A RS G %ﬁbﬁ/\% -

1) B, ﬁﬁ?ﬂﬁf“i‘ﬁu B 4 FRS FT % 2T
Fy A R () B — T 4 5 B B8N T 1 I L
$—E JRIG Y G I # A ARE E R  2EA
TSRO B BT B NPLE#/N T 1, 2=/
ﬂﬁo 1,15 4K R .
A= SR AR ) e b EE A D 0 T A A KU I
T (E,) M T4 87 W PEA F5 50 (RD) W3k 6 FiR.
4 FPFEFE S £ W A= ) e b Cre F1Ph 1 E (H R
%, $IR 5 /N FTh Cr FUKREFF R P B9 E, {823
MK 2= 5,893 i1 27.891, 1)@ T RIS YL K
- RNEFS FF R R As B9 B, H R T 40, B

K. Cd 175 Yk P, K FERT P Cd 2 835
KV RIS B H TR A 344, 483, BT
Pk X5 Cd & £ REECR MLER M 1
HIERS g ) B 50 R, BTDIR 4

J& & SRR ) £ A ) e (I 9 Rl e BRI JS Cd
B fEH Rk  Cd RS Yk,
IS5 o BIREAR B IS Y | b TS e AR TS e
JKF-. Bl 45 i DDBC . XMBC #l YMBC H i 4>
o VAR A 25 UG (R ) 4 SRR B 35 FRAIG s A
ffJ5 T Cd A 28 U 7 BT, 3 SDBC 11
RIS A b T, (H H 0 78 28 28 KUR: 48 90k & B
K.

K5 EMRNESEISRIEH
Table 5 HMs pollution index of biochar

Wi Cr Ni Cu As cd Pb
S, (FRBE{H) /mg-kg ™! 500. 000 100. 000 500. 000 30. 000 3.000 300. 000 N

SD 0. 009 0.021 0. 008 0. 056 0.118 0. 006 0. 062

SDBC 0.013 0.038 0.027 0. 148 0.121 0.014 0. 080

DD 0. 008 0.022 0.012 0. 009 0. 041 0. 006 0.014

I DDBC 0.010 0.043 0.023 0. 026 0.032 0. 009 0.025
XM 0.010 0.028 0. 008 0.013 0.031 0. 006 0.018

XMBC 0.012 0. 039 0. 039 0. 030 0. 064 0.014 0.036

Y™ 0.023 0. 094 0.015 0. 009 0.041 0. 005 0. 050

YMBC 0. 029 0.107 0. 046 0. 044 0.037 0.016 0.058




546 E7 N A & S 44 %
F6 LEUMRREEVRESEEHNEBERKRTMN
Table 6 Potential risk assessment of HMs in straws and its biochar
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