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Effects of ageing on the availability of endogenous copper and cadmium in biochar derived from

Pennisetum sp. stems

ZHANG Xue, LIU Xiao—sheng, SHEN Lu-lu, CUI Hong—biao"

(School of Earth and Environment, Anhui University of Science and Technology, Huainan 232001, China)

Abstract: The effects of ageing on the availability of endogenous heavy metals in biochar are unclear. In this study, two biochars with differ-
ent concentrations of endogenous Cu and Cd were produced from the stems of Pennisetum sp. that were planted in clean soil (Hongrang Sta-
tion; HR) and polluted soil (Jiuniu Village; JN). After ageing using dry—wet cycles(DW ), freeze—thaw cycles (FT), and acidification (AF),
the leaching toxicity and speciation distribution of Cu and Cd in the two biochars were investigated using the toxicity characteristic leaching
procedure (TCLP) and the method proposed by the Community Bureau of Reference (BCR), respectively. Meanwhile, the potential ecologi-
cal risk of endogenous Cu and Cd in the two biochars was assessed using the risk assessment code (RAC). The results showed that the
leachability of Cu and Cd in the two biochars after FT ageing were higher than those after DW and AF. The leachable contents of Cu in the
JN and HR biochars after FT ageing were increased by 50.6% and 571%, respectively, and those of Cd were increased by 161% and 620%,
respectively. Moreover, all the ageing processes promoted the transformation of Cu and Cd from the oxidizable and reducible fractions to the
acid—soluble fraction and increased the RAC values of endogenous Cu and Cd in the two biochars. In particular, the FT ageing process was
the most effective at increasing the potential risk of endogenous Cu and Cd in the two biochars. This study showed that the ageing processes
increased the availability of endogenous Cu and Cd in the two biochars and enhanced their potential ecological risk.

Keywords : biochar; endogenous heavy metal; speciation; leaching toxicity; ageing effect
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A W A Ry — Tl R IE A 1 7 i, A 7 R
SR FH K 57 00 £ 0 ST AE A IR TR (<700 °C) B BRAAU4%
PET B e S i 0 ARk TR O A R
B AT A SR A5 TR, F A 60% LA B
ot R M EIEE(0) VA (H) VR (N) B (S) KA
T TC R, HATHORRY R AR AU IR LB L 72
-3 P BRI WS S AR B B SR 43 ) IR A ) T
DA 4 g - 39 v B2 52 48 it (Cation exchange capaci-
ty,CEC) , i 7] MR A YA K Y8R, | T4
e HAT 1R B O 7 A g E FR R TR AL 45 44, BT LA ] ik
RARREY, o A= 1 1 A Sy - B R R 5 ot o 1) FH v, T
PAA Rk 3 pg BRAL MR T, AR b 5 Qe Wi Ay
ot R m A i R Y IR B,
W SR B AR A, RERE ARAE 2 AR Cd
i MR RS R G s UL

R [ S YR IR A R AE KT
T L8 AR BRI A A 0 i DOk, an ke
A5 BB 03 T A & 15 e AR K R RS AT 32 5 e v
EFARK AT T HAER &A= Y e n) il i,
JEOREAE W) S5 v () DR 0 B 48 s M 23455 42 (Polycyclic
aromatic hydrocarbon, PAHs) 5545 % 45 FE W) i 23 UL 4~6
A3 6 e 240 7 R SR A A W i T, R i
AR B TEEAE XU . U Shen S5O 5E R, & S E 4
J 9 A2 0 e T BN I B S e L A 4 R AR R X
Ko Sy b T A NIRRT e i v TE R
RS A rh o A BT R ()R [ B b — SEAL LA
- [E Fr A ¥ < B3 2> (Internet Biochar Initiative, IBI) |
RIUN A 99 7 AAGIE (European Biochar Certificate , EBC) J&Z
2 [# [# ZK 5 14 ] (Environmental Protection Agency,
EPA) SR AW N IS Qe R BT 1 1 HLE , (HLE 2
AN [6] AR AR M0 ] — 35 G ) ) BRAE AN 8 — , Lot
IBLFE A2 A= ) i v Cd 35 i35 161 1.40~39.0 mg - kg™,
EBCE SR AW 5 Cd & /N T 1.50 mg-kg "™, EPA Xf
FAT - A PR A= Wy M [ R 2 590 b Cd BT I E 1Y
PR 10.0 mg-kg o [R] I, Fe B 2 R ARAT FRE
A=W N IR B TR s i B e, S BONAE RN T L0
PR AR N IR G R R 2R O e SE
TEA R BE SR T AR BT AT AW o IR Cd &5 6
531124 0.38~0.9 mg-kg'.0.30 mg-kg ' A A7, A
SFUIETE 300~700 CHil #5975 ISR M S b Cd 7
1E 10 mg- kg™ 7o A7 o DRMCAE 25 1 e 1) i R AT A= ) ¢
IR G B BRAEARHER 5 5 T, T SR AR e N T 46
J BRI XU 50 HAT E R S

AWy A B BAT RAF BRSOk
1400 41, (R —SBfiF 5 R W], R A ad R 2o 0 A= W J
G IR B R K | IR B A A PR 2 o™ 2 d
FH ISR K MR AL AE A= 7 A W e e B I
SECH REMT, e BB 2 OB DL B B, FF IR A W
RIMGLALEE™, B Fead S BIR AR ) o 3% 1 A
Y ANAR W K A5 A 30, S0 Zeta HRLAE , FEEAEORE 1 1) i
R 3200 Ak, B AL B A e n] 4 e SRR G
JEBIBEARBCRE, R, & A VR It AT T e e A
Yy IR SR AR A2 . SR, H TR 3
BT B AR X A= Wy e BEAR A ot By i B X5
ey ] 52 B0, AT SR AR, AR
R/ R ol R T e

25 b ARSCRIVE T X (L0888 FIE 4 Jm 15 B X (L
) TR RS T 15 ) PR AR W) B R BRSNS B, B A
Yy e AR 4 B WA IR S, TR S R R AR B K iR
AN FH X A= W . o) 10 <3 D 35 P 52 i) B Lk
TEJRUBSE L LT A A 1 3 B 7R D 08 s A A 2 XU i 1
LB SLA,

1 #MEEFE

AU FE X G2 18 FH 0 BT B 2853 FIR 4R T UL
U A8 8 VT X G ki v [ R 2 e 41 48 A A8 S g il 21
198 5 4l (28°15720" N, 116°55 30" E , 1 I X ) 13k [+
e RN T (TS 48 S0E AR B ) 8L
A i DX Sl 4 R T g PR S AR 1158 (289197 437N,
117°12'36"E, 15 4 X ) o XI55k 1 1 X 4= 18 R 5 Dy
R (L) AHLE 172 g- kg, CEC 12.1
emol - kg™, i Cu 32.2 mg- kg™, &1 Cd 0.22 mg -
kg™, pH 6.0, B I (K.0 ) Jiti Jil 5 80.6 kg » hm™; 53 & 17
ELEILA R ER A A A kBNt A
HLJ% 40.7 g - kg™, CEC 9.31 cmol - kg™, 4 i Cu 981
mg - ke ', 4 H Cd 0.88 mg - ke, pH 5.92, #1AE (K,0)
Jiti i 74.1 kg-hm™,

1.1 EWREH &

PR E 2T =0 N KT R 2R
RIGTEE T BT R 1 em IR B/NEES . 255
B R LA NI BRI gs , & T 5ok prhidE A S
i Ji 2 <.(99.99%) 30 min, HAACKR AT LLS C e min™!
(9 THIL AT 400 CTF AAM# 120 min, 12 215 B A
&1L 0.15 mm 7 (100 B ) , =R F A&7 T T4 .
PR A W) ¢ G e Ry LA AR e FNE LI A= W o o
F£ 400 CHFAY A — J5 T2 400 CH AW B Y
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RY (N FE P gERMATRRE) S A
i B8 S, TR I (<300 °C) B A K A 208 3, 2
W5 v 1 v TR AR Z S IR T ARk S A
AR ANE , W2 BT 132 BB AR5 o5 — 5 T, FRAR Bt 4
iR T (100~700 °C) , H/C ,O/C £3iB W A , 22 3R
[ 5 B W 3 B RE PR R S (R L R BLSE ) 1Y
24 A gy g W 6 1 CR A L {HL R R (=500 °C) #4
T AR 7 SRS, 400 °CA= 1 5 1 77 3R g e B2,
1.2 EYRBAERNRIE

A=) e pH I S 7 R R B L 1220, TR ST
PR35 1.5 W, H pH T HIE o Az ¢ b R EBUR A L
2 17 FR 23 B 1L (Auto - sorb —iQA3200 -4, QUANTAT-
ECH, ZEED M . AWk i 6 2R 4R 6 2R 404t
1 (Vario macro cube, elementar, 72 [ ) JE1 71 22 -

K T 0 HE) & S 44 F - 2 535 (SEM Quaan-
ta 400 FEG, FEI, 3% ) Xf A 9 e B4 5 49 4, 4 3
HAYZIB AT HL R R 20 KV AW 2T A6 18 43 Bt
SR A8 B AR 321 SR S5 (NEXUS 670, Nicolet, 38
), FHTE [l R 4000~400 em™, 73R 2 em™ . 4
B X ST EAT IR H ARH 2% Ultima 1V 405 B 2 T BB
I X B R AT G AT 438, AP K - 0.020, 4
.2 °emin',
1.3 EWRnELIE

N I A P e e A SR B i =P AS TR &
5 2, BT A8 B VR Al 2 S g Ak, & AR s ] oy
25 A", ARG A B AR Ve R TR FES 3L 100 H
i, £ o
1.3.1 TR #s

FRELS oWk T 250 mLBEFSBEpr b in A& 4l
IKARUEAE ) 15 100% K56 I B — AR . FEb
B FE IR TR T 25 CTF 38 16 WG, THR4E IR A4
15 22 60 CHRZLREFE 8 hUH MBI - & /K BAMILT 35%) ,
SEM— IR TR AR, WA= 25 AR () .
1.3.2 VREMEIR

FRILS g A= 1% T 250 mL BE I bR e, i AGE &
4K PR RR AW 5 100% 5 KR IR s A EE .
FESLE T UKA =20 CF 535 h, & THE R T4
W25 CRRESE 19 h, 588 — IR R Bl AS 8, Tt vk g g
254 EHA(d) o
1.3.3 fRfk&it

DL IR W VA T (A BC ] < HSOL A HNOs 322 3 1(JBEJR
FEOVR SRR L i i pH=4.73 AR

A=) e AR S PG 35« A I A AU A ) i T

FAR A SAEZ BRI 2 AL S o BOERHE)Z IR EE
920 em, FIERFEE1.20 g-om™, W B AT
3.0%, T LA 1 em BFVE 20 F AL 9 i B0 0.72 g0 BRT
i DLV e 1l XA 1], 32 DAY S B R 2 1700
mm, R 70% , 45 142531 25 A Jil 4 () BCALL, )
AN TR R 1A 68 mm , BL4DL 5 48 W AE e 5 TR W
e 1:33(g-mL™)

MR AT AP R - FRILS g A T 250 mL BB e
PR 4 bk FE B AR B R, b i W e T, I
A R R B T 25 CT R 9%, i e — &
S o WITRI ISR TR T R 00 , 224 T e T B 22 st b
ICHRIATF 2.5~3.0 em I, AbFERR I sl 4lK 2 IR ARiC
T, I A R e IR et DR — 2
1.4 EMRWFSH
1.4.1 FE4JE BCRM

K FH K S A A5 HE 9 5 JR) (Community Bureau of
Reference ) $i& i ) BCR 3% 2L 42 B A FRAE 55, AR
SR FH HH 55 2 R R 1 ) 4 BBGR R A T i SR I, FH R
) E 4 B IE A8 MRS AS (AR A (AT AR S K
PRI . B0 IR A SRR AE VK AE 4 CORAF, T
A1 8 RSOGO SE Cu Cd 15 47
1.42 4 JE TCLP R 2

B PR AR 5 U8 )7 7% (Toxicity characteristic leach-
ing procedure, TCLP) 7] i %€ [E /&4 i o 8 4 J8 oL &%
AT PRI RS R, Ay S — R BE T 8 PR AT
RO B 43 R AR A5 XU 1 7 VA I IR B BB % —
JE LIS o ik 7 , 850 U8 5 AR SR IRTE UK
Fah 4 CORATE , A0 S8 ) WO G4SN o 4 BBO
i Cu.Cd i,

1.5 E£¥mNiEEEE XK ITMNTEE

RUBS A 45 %% (Risk assessment code, RAC) ) 72
o7 JH T VEAN [ 1A 5 v o 43 D 5 G ) 0 A B 45 XL
52 LI TE A ) 5 v i 4 Ja 1) PR 58 XK, 3 3ol i 4
JR BRI A8 B o e 0 A iR RO BEA A e A R
HEEJRWARES. RACHTNHE, LFE 1,

1.6 HiEaE

K Excel 2010 #4740 m 4b B, SPSS 22.0 #4775

23 H7, Origin 2017 A TVER

2 HRE5HMH

2.1 EYmIBLERS
2.1.1 AW AR A i
HH T PR A B0 ¢ SR L350 ok TR 28 TR I PR
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Table 1 Index for risk assessment code

RAC/% T4 8 KUK K Risk level of heavy metal
RAC<1 TR

1<RAC<10 R XU

11<RAC<30 o2 U

31<RAC<50 1 XU
RAC>50 T e R

AWk pH 25 5 A K B ¥ A B (pH=10~10.5) , JLR
ZH AL (C i 63.19%0~69.6% , #62) o W 1 iR,
LA e B A SE 2 1) W s IR LR S 4 , 21 38
W5 22 R HEIRAS , JUAR FILL 3 A W5 1) 1 2R 48 ) T
B, LB & 18 HH R 1 AT (54~61 m*+g7') o
2.1.2 AW FTIR 53t
QL 2, FTIR [ 3% rb iy 06 o7 ' 55 e i f e 1 7

AR E R FN S . 7E % 4000~400 cm ™Y
FlAN ﬁﬂﬂlﬁé%#ﬁﬂﬁ*“hléﬁwﬁ{u F B FE
3440.2360.1620.1384 .1117.861.750.616 cm™ [T
F PR sl , o 3440 em™ &b S8 ¥R 5L (~OH) i 45 9% 3l
DA S 3 R 2 R YR T AR W T R I K Ak A
P, 2360 em™ Ak by Tk Bk £ B (C=C) it 47 Ik 3
AR 11620 em™ Kb iy 75 5 M C=C 1 C=0 1 45 #= 50
UEERST 1385 em™ Ab BT I SR A BT 2R H A 1 R R A 4 i
BN 1117 em™ Ab Ry P-O H 45 4k sh 1554, 861 em™
Ak SRy C—0 i iR 5 18T A1 A8 TV A 45 4ig s 150, 750 em™ 2y

—H 25 ] 8 45 ¥ 3h &R, 616 em™ Ak h C-0 1 45 7
BIUE,

R2 AMEMROBEREUER

Table 2 Physico—chemical characteristics of two biochars

FES, i BET/ TLEA AL Component/% J5F- . Atomic ratio
Samples P m’g! H 0 N S H/C 0/C (O+N)/C

b 105 61.0 63.1 2.66 31.45 1.28 1.51 0.51 037  0.39
213 100 54.0 69.6 2.87 2526 1.11 1.22 049 0.27 029

B 1 WA EmRREREEE (x2500)

Figure 1 Scanning electron micrograph(SEM) of two
biochars(x2500 times )

VellE7N R ER= bl £ 39 2558 3 1A

3440 2360 1620 (1384 1117; 861;750; 616

-OH C=Ci I8 B-0HP-0: C-0C4H: C-0
AR Cc=C,C=0

— Ny

A//j/\mﬂw/

Penetration rate

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

B2 mAEYR FTIR EiE 247
Figure 2 FTIR spectra of two biochars

2.1.3 AW X S Ai TS (XRD) 434

AW XRD 51 (1 3) 4y B 2R B, A= e rp 3222
FETE CaCO;  KoSO04 KC1SE0 4, (H B R S AR TE PRl AR
Yok h & A —EE S . WRIPIR, LAY
R NTRT I LA KCL(49% ) FTK.S04(41% )k 3, ik
CaCOs(10%) , £1 3 A= Wy s MR 1) LA KCL(70%) 1y
F, HN KaS04(21% ) Fi1 CaCO5(9%) .
2.2 FEHIERITEW R AR Cu. CdiRHF RN

AN F S B 0 U2 RT3 A W R Ca
Cd () TCLP &2 Hy 2P, Jorf, VR i PR RO A o 25 (1]
4) o TR FNRRLAE LA A 5 R Cu i TCLP 2
BRI T 46.1% F150.6% ; T-18 % B AR Ak
ZL8E AW R Cu B9 TCLP 32 25 0E 43 ) 34 hn 1
465% .571% F374% . XF T LA LW o, VR o2 1k

KCl

CaCO;  KCl

_— KCI
| ZLHE . K:S0,
i‘n;. !
'-\ i m"‘iuh N
|'iil ,‘“,Jmé«'m‘h i il | 1,!'
Prgelinipint Iq. bty l'
O et e
10 20 30 40 50 60
26/°

3 WY AR X ST & AT &
Figure 3 The X-ray diffraction (XRD)spectra of two biochars

R3 AMEMERNBETYESEE(%)

Table 3 The content of mineral in two biochars(% )

FE Samples CaCOs K,S0, KCl
Ju 10 41 49
g 9 21 70
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fi N R Cd 1% TCLP 2 5 8 7F 43 5138 Jn 1 161% F0
55.6% ; %F T 2L A W) Jic , VR RAIG #1 8 PV Cd (19 TCLP
BRI R E M T 620%.

DL B S5 RERT, = A Ak Jr 26 BRI A ) ¢ Y iR
Cu HY12 BRI 3R BUA « VRl > TR A B > ik, X L
AR IR Cd 1R B R B R - kA>T 1> T
TRACHr , LT Wik Cd IR BRI R B R - TR >+
MBS =M1k . AT TR MR, Al IE 3 2
EREIN T YR AR Cu  Cd (3 3k
2.3 ZUERMEWRRIE Cu.Cd RN

M2 4 7] WL, B AGHT, JLA- LT A ) N Cu
FZ N ] A A (54.7% F147.6%) o XFF LA
ﬁ,5%%4&%ﬁﬁ%1&ﬁﬁﬁi%%f&?ﬁ%%%&

iGN T R AN ER I A Cu &, R X AT

J??TW Cuﬁéfgiﬁﬁﬁ’ﬂﬁ @_ﬁﬂ%ﬂ:ﬁtzwﬂﬂ%
BB EES, FPW]WEIT{i‘f%MKU CulfMET
82.9%, TR 1% 7% AR W 25 Cu 2> W48 hn T 233% Al
104% . S5 IUEAD AP, %ﬂcﬂfﬁﬁi%ﬁkﬁiﬁﬁé
AP R EAS Co & & I T RES Cu i i, K
A% AT JEAS Cu 5 7 AR B & s, (H 2 @mﬁﬁ%

AR Cu i BIFRAE T 42.3% 1 34.4% , RS
T 723%.

AW R MR Cu B85 A AR, A0, T
ZI AW o TR Cd DL AT a8 R 35 S 3 (42.0% Fil
42.7%) o Xt FILEAEY b, T8 MR A 3 2 AL 1 2
%Mﬁﬁﬂ@iu Cd 75 B FRAK 59.0% F153.2% , 5 b IR

TRV ZS Cd & R 14N 29.3% F153.7% , {H AKX Al 45
1k %ﬂﬁk@??& Cd it AE R E R, X T4 Y)
25 O F %1k Before ageing b '7;'
O % Dry—wet 1] Z
2.07 EA %:fl Freeze—thaw 2
oo 4k Acidification ¢
< 1.5¢ §
% 1L.Or b 2
a Z
0.5 7
7 a
0 2 b bpzb
Cu Cu Cd
Juk 214

AFING TR R AR TR E) 22 53 2. (P<0.05) . T A
The different lowercase letters indicate significant differences among
treatments(<0.05). The same below

B4 ZAER R EMRAIE Cu.CdBI TCLP I

PR 7 SR A Cu 3 6L, DRLR SR (2T 2R 1) ¢ AT Figure 4 Ageing effects on TCLP toxicity of two biochars
T4 FMEYREEBUFERESS T
Table 4 Chemical speciation distribution of heavy metals in two biochars
FRVAAS Acid-soluble AR5 Reducible A4k Oxidizable FRIEAS Residual ikt Total amount
P R GEH WA wR T R TN R TN okt
Element Samples Treatments  Content/  Relative ~ Content/  Relative ~ Content/  Relative  Content/  Relative  Content/mg-kg™!
mg-kg'  percent/% mg-kg' percent/% mg-kg' percent/% mg-kg'  percent/%

Cu A Jshh 0.98+0.08b 245  2.44+0.28a  6.07  22.0+1.10a  54.7 14.8+0.88b  37.3 40.2+4.29
FE 3.29+038a 817  2.19+03la 544  272+0.11b 678  32.0+0.80a  79.6
ZREl 3.26£0.15a 810  2.95%0.39a 733 3.77x0.07b 938  30.2%03la 752
fifk  2.88+0.19a  7.17  1.89+0.22a 470  3.04+0.14b  7.56  32.38+0.11a  80.6

EAR: Jis  0.35:0.05¢ 335 0.2120.02a  1.94  5.132035a  47.6  5.08+027a 472 10.8+3.21
T8 2.97+0.07a  27.5  1.55%0.62a  14.4  1.8220.02¢c 169  4.43x0.67ab 412
ZREL 2.88+0.16a 267 1.60+0.43a 149  296x0.15b  27.5  3.33x0.43b 309
ik 1.8120.01b 168  1.45:0.90a  13.5  236x0.04c 219  5.14x0.85a  47.8

Cd IS JFls  041£0.03¢ 777 2.22+0.57a 420  1.2120.09a 229  1.45x0.63a 273 5.29+0.07
T 0.50£0.0lbc 944 0912025  17.1  1.30%0.03a  24.6  2.59+0.28a  48.9
B 0.5320.05ab  9.99  1.56x0.28ab  29.5  1.34202la 253  1.87x0.0la 353
Btk 0.630.09a 119  1.04:0.04b  19.7 1.27+0.12a  24.1  2.35+0.25a  44.3

ARz Jfth 0.08x0.0lc 417  0.82+0.03a 427  0.41x0.08a  21.4  0.61x0.04b  31.8 1.92+0.35
T 0.1220.0la 625  0.3620.17a  18.8  025+0.0la  13.0  1.19£0.17a  62.0
WEE 0.1120.0l1ab 576  1.07x0.14a 560  0.50£0.05a 262  0.23%0.07¢  12.0
BRE 0.09£0.002bc 478  0.50+0.0la 263  0.28+0.0la 149  1.06£0.0la  55.5

AR ING FRERIR AL BRI 22 5 8 32 (P<0.05) 5 A 43 L ROR A BCRIEAS

SR R A

Note: The different lowercase letters in a column indicate significant differences among treatments at P<0.05; Relative percent indicates the percentage

of different forms of heavy metal in total concentration.
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Figure 5 Risk assessment code of heavy metals in two biochars
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