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W E: ZOFFOEFZARIR SRR, TR AR AR KMnO, 25 A0, SRR NaOH 1A VR e I A3k 13
FIZEMI R R B, DA e T 28 A R /AR CAP RORRAE . 45 R0, ek A B AT A R 7 A 0 B 5 3 T 97 80k 12
BREH], MR IERE A R FRAE AR R R T R BRI 2, LR TN B & 225.68 mY/g; 1T 7E EHE . KMnO, 1 NaOH 4b#,
M5\ T -NH, f1-OH. -COOH ZMME& A m e RE S AEY TR F A, 2 CE MM AREMIRE T 13%~
315%, HURKHAT AT Langmuir SR IE, FE55E Pseudo second order W8 i5 2. otk )G, AR
CA* W I E TN PRI, HAUER R IR T 65%~379%, MR ER T 17%~91%, BN Cd>* 5 Ff 58 bk
Awhnkse, BERIFMBMAE.
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B (Cd) & HET E B R R S e i R
JLEZ . THRHL R KA Cd W& YN S,
fa BN EAD DI RE . EORAE N — R SR EE
Mz EL, BAZMEREMERRER, fEHES
BRI KR 2 8 W AR TR A AR R R 412, AR
M, AR e R B, AW R i Cd> B B BE F1 AT AR B AIK
TR K AW R R, L Cd™ W B 7 B E AN 2
30 mg/gY.
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TERRLIE R 2) KA (H;PO,. HCl. HNO;Z%) .
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W% EDA. RGN PEL. FoRbE. ik O
R, TEAEMFURR MR R ((NHy) « Fik (-SHD
2%t Cd* A BRI Th et B RE A1)

KREH TR, Sk BV R Cd> R fig
B0 T AR SO AE Y R, (HA A 3 40 &5 R o L
BRI BhA, AN R AR 5B DL R A
RN ZE S, SO DL B[R B it 7 36 2E W R %
CA™ W I BE S A2 . RATHI AT IO U4 B, 2RV
il 4k B 8 65 N 2 M SO S SRS AT AE W R IR MR,
RN N2 FOR I 16 £, Rk, %0 Feik H 250508
W REAT AR RL, 7R R AT AT IR B, R
BB EYFR G, BT ERE RS, BRIET: D
EUASEAN [ B0 7 250 A P R R TR I RS 2D T i
AW IR R B S AR AT AP BN 12 RRE s 3) Rk
PAEMIRRMRS CA WM. AT NIRIISE R, R
HH B3 () A o8 e XU T v S N

1 #R57%

1.1 HRREFFRRBBMAEREY R &

FRELZ) 95 g 40 78 VR 1 A Y0 AL B2 (1 H 5 284 3 =
(Brassica napus L.) F5FF (<2 mm) MY, BOCREEARR 1
i# (&=7.5cm, h=11cm) H, L. fEAIZS (10 psi)
T, To#k (SX4-10, Shuli, China) TF1LL 20 “C/min
B FHRZE 500 'C, FEOR¥FE 2 he ARG, WHEA
MR (BC) , Hi=RZ18 39%.
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1.2 BREBKRARE

FREL 20 g ¥ 3885 K A7 (Ca o(PO4)s(OH),) T 5 000 mL
FEEFKT, BAELLFE (250 W, 40kHz) 30 min 5, 5
100 g PRyl SEREFHR G350, 3238 1 h, HATA [ B 4 3~
5, BIEGET R, £ 80 C LT, [ bl dvR
K> N BCao
1.3 BERWEER

FREL 100 g ZEVBRAHHSEAEFT T 2 000 mL Beptr, Jn
A 1000 mL 2%[) KMnO, ¥, 7E 80 C F{r¥FE 3 h, HilH]
TR BT RE, PGB A RALER 30 min, (FHIEAHAN, #
BT S, 80 CTRMET, HlafFRIM AT RICH BCyyo
1.4 FEVESHEEMRRK

¥ 30 g FEEHE ((CeHyNOy),» 80%~95%i ZBEFE)
T 1800 mL 2% MBS FRVE VR +, PN 30 gBC, #id T
it 30 min J5, BRI ZF] 9000 mL 1.2%(1) NaOH ¥l
d, EE AR BEEUET, 88 BCeo
1.5 SELMEERK

FREX 30 g BC T 300 mL 2 mol/L ff] NaOH 7&K,
REEE, 1E 100 CROREF 12 h, A E&EHE 3~5
W, FHEA AL 30 min, i UEEHETE, 104 BCyo

AT % (BC. BCyas BCyns BCc Hl BCyy)
KRB TRREIGHERIERBE T, 80 CTIHMT/EE
0.15 mm i, —#B5 FH THEAMEFR N E, & FH5HT
W B 55 AR
1.6 MEERRFE

Ry FBESEN I E, €. He N SRR
(vario EL III, Elementar, Germany) #ll%E, O K& H
I3 EER I 20805 (0%=100-(C%+H%+N%)-K73%) .
B (P) M4 (Mn) Jt&E 4= H,S04-H,0, T 5 HUER
G2 B T4 (ICP, Thermo-iCAP 6300, Thermo
Electron, USA) JllE. RSB RSB HH
i BE (SEM, S-3400N, HITACHI, Japan) FlIfE&E
Ol X 548 61E4 (EDS, HORIBA EX250, Japan) 73
Mr, B RE ] A AR e 2 A4 (Varian 3100 FT-IR,
USA) 43tr. HeR I AFLBRAHEH V-sorb 2800P fL1%
ST (Gold APP, China) |, H bR 2
5 BET (Brunauer-Emmett-Teller) W[ &EiR 2115,
FUFRIKFUARSE BJH (Barrett-Joyner-Halenda) y2it5%, ik
FLARHE SF (Saito-Foley) vATH& . 2R TH HEfur F B5 7 W B
AZHEIE, 1E. R BE pH A AL IS B 20 0l 48 2
BREUR R R EGHAT IS, A (PZNC) NIE. i
Taf AHSE I AV pH B, T+ 28#2 (AEC) FIFHEF
s (CEC) 40504 pH {=3.5 I ) 1E H g A pH {H
=7 W B
1.7 ZHRWHHAIE

FTREDR Cd FEREH. WIGER Cd &l
(1 gL) T 0.01 mol/L f] NaCl &, FLE R &
WM CE VAW (24 5. 10+ 15, 25, 50 F1 100 mg/L) ,
F£H 0.1 mol/L ) HCI 5% 0.1 mol/L () NaOH ¥ i %= pH
5 5.0 FFFREL 0.04 g ZEW ok, MAZE] 40 mL &%

CEWRPER T, CARINAE TR RIENT]. 25 C 7
T2V 24 h)E, 4022 um ALIERERLE, SLRIA ICP
T EPER A Cd> HIHRE

CA* W& (0, mg/g) M FRIHH

0= (Co — Ce)’ V
m

A Co AT C, 73 BT R CA> FITSE R BRIP4k B
mg/L; V RNEBAER, Ly m NEVFRRORE, g

439 F Langmuir (1) A1 Freundlich (2) &R WLt 7
FEXT AW TR W I CA> RS AE AT 10 &

_ quLCe
“=1ik,C
b g M g, 200N T I A SAL R BRI OR | Cd®
FEAAEYI R RS CA™ AL I &, me/g; C.oN Cd™
HISPHT R, me/L; K, NPT, L/mg.
q,=K.C" 2

b g AP A AL R B AP UR b Cd™ R, me/g;
C, N CA W FHIKEE, mg/L; Kp mg'™"-L"/g Al n ¥y
R AE W B 7V B i 0 B (R 2 56 H 24 2<n<10 I
FEUAZE T B B B J AR s 24 n<0.5 B, B HER B
1.8  IRFt 5/ER 07 FiX 5

¥ 0.04 g AEWF RN ZF] 40 mL CdCl,-2.5H,0-NaCl
W (50 mg Cd/L, pH{H=5.00 o, LAY RAE
N, 25 C FEW, AT 104 20, 40, 80. 120,
240, 480. 720 F11 440 min i, F 0.22 um FAFLIEE T
T, ME PR CATIREE

FEL 0.04g T E] Cd R B v A 2E P R R T
40 mL NaCl ##(0.01 mol/L)F, PAAINAM 5 wAE Jxot
M. 25 C NiEW, Z7I7E 10, 20, 40. 80. 120. 240.
480 720 F1 1440 min i, SE3EFFIE IR C¥IKIE,
THEREE

W% B 2l 7 2R E 4 A B — 2% (Pseudo first order)
(3) FME =% (Pseudo second order) (4) Zlj )12 )7 FEidk
TG

Q)

g, =q,(1-e™") (3)
L L 4
qr KZQe qe

R g, AR TE] ¢ AP AR MR B Cd™ &, mg/g;
K Fl K, O R HEH, min''. g/(mg'min).
1.9 HIELEBRSH

F B 458308 3 IREE P 3ME, HBTRERR.
F PASWStatistics18 %t ff #F 17 5+ Kl &= 77 2 4 #h
(ANOVA) , H SigmaPlot 12.5 35 i W b Al sh 7127
2R AT IS, PG ROR B e R (RD FI¥ 5 ARAR 2

Z(ql_qZ)z
(RMSE) #3735, RMSE=A/=2——, Hn I3
n

W RAEL g B g 2 AR TRBR ¥ Ca™" = (i A
WM. RPHEK, RMSE H/b, 2L R .
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2 BRI

2.1 E£¥ERMERK
2.1.1 nEamskars

JE AL BHR 357 R0 A= 420 5 7 51 Ak B 35 AS [R) AR 2 b 5
W T AEMIRRA TR SE (£ 1) . KREHKAOK
TR I5T R 28 PR SR A A R 45 (AR R (BCa)
P i &4y $ ik 2 185.49 mg/kg, #& BC 1) 79 /% ; KMnO,
R E K BCy,, Mn R SEHAIIE 2 428.67
mg/kg. BCus Al BCy, MK & & BEIG N, X EHR
el T RAEB KA &AL L Mo AN S8

SN EAEY R R ATE (B 1), M BCy,O & &
48 A0 0 T BE H KMnO4 ¥ W0 9 4804k 1k 51 ke e, 5%
SR Ab B W] DU AR 5 ok K 1i0 51 N -NH, A1-OH B B
B, Kk BCc I H.O FIN S B HIRE T 95%.112%
A 240% (F 1) , Song &M TRLMEER.
NaOH ¥ A3 & 25 1 & 7AW i R H A1 O & &,
HEREET Cv N MK &8, XutHBUKRE LR T 5%
Gy Ry vl KRB N AN, AR A=A T — 2
FATRAY . M T RS AR R, FiE e
VIR R I H/C A O/C L8y & 2538 n, 2 0 3L 3R T dk v
WK, SRR 5

F1 FEMEEVRRTRERFAKRSSE

Table 1 Elemental and ash contents in different modified biochars
VTR PR
Types of % C/% A H/% A 0% & N/Y% W4y Ash & Mn/(mgkg") B P/(mgkg") H/C o/C
biochars
BC 66.59 a 2.66 d 15.19¢ 1.20b 1436 ¢ 0.96 b 27.68 b 048d 0.17 ¢
BCua 51.01¢ 2.25¢e 13.86 d 0.62d 32.26a 0.65b 2185.49 a 053¢ 0.20d
BCwn 50.71d 298 ¢ 22.12b 0.65d 23.54b 2428.67 a 15.79b 0.70 b 0.33b
BCc¢ 5023 ¢ 520a 32.19a 4.08 a 8.30¢ 0.90 b 13.23b 124 a 048 a
BCna 60.30 b 3.39b 2247b 0.84 ¢ 13.00d 1.23b 14350 0.67b 0.28 ¢

#: BCy BCuas BCuins BCc Al BCxo 23 AIZ TR AR U 2RI SAEAT LW UR . FRIEREACA M KMnO4 IEHHRE,  LLRSEENE . NaOH ¥4 MRS (787U

WESERE AU s [J— SRR NG FRFROR 22 R E (P<0.05) , FIH.

Note: BC, BCa, BCwmn, BCc and BCy, refer to the pristine and biochar derived from hydroxyapatite-, KMnOs-soaked steam exploded oilrape straw, chitosan- and
NaOH-modified biochars, respectively. Different lowercase letters in the same column indicate significant differences among the biochars (P<0.05), the same below.

CaKa —_—
Element  Mass/%  Atom/%
C(K) 5481 67.56
0 (K) 26.34 2771
Ca (K) 15.58 6.53
P (K) 8.91 521
K (K) 424 1.80
Si (K) 2.60 1.60
Cu (K) 1.90 0.51

Mg (K) 0.42 0.29

CuKb
Cuka
e

Lades

A P
8§ 9 10 11 12 13 14

1 2 3 4 5 6 7
Energy/keV
a. BCHA
Element  Mass% __ Atom/%
C(K) 68.16 79.13
Ka 0 (K) 18.94 16.89
Mn (K) 10.81 297
Ca (K) 4.11 1.53
Si (K) 1.10 0.62
Mg (K) 0.63 0.41
|0 Ka
MnKa
SKa - Caka
Mg Cakb | MnKb
A A
2 4 6 8 10 12 14
Energy/keV
b. BCwn

W1 AABEKREL (BCys) #2 KMnO, (BCyyy) it A AMRAL
wh RAAT AR R4 e (SEM) A4ki% (EDS) B
Fig.1 Scanning electron microscope (SEM) and X-ray energy
dispersive spectrometer (EDS) images of biochars derived from
hydroxyapatite-(BCy5) and KMnO,-(BCyy,) soaked steam
exploded oilrape straw

2.1.2 3L M

AR SRS AR TR (BC) fFLELE R IE,
HAEBE BILERI 39%. X2 H T m i 72% & Mg
1 5 B A5 41 4 25 A AL R R REE 23R T Yl SRS A
KL P R TR A AL T R TR RN
FNA 0 R AT A B 2 S T AR R L, S,
BCux fLAA/NF 1 nm MIFFLECE I B48n, R AR
LB IR = 2 225.68 m*/g A1 0.19 em’/g, 2124 BC )
3fF (R2), ARSI KA A G IS MR
KR M A L, KMnO,. 7 BE. NaOH VA Ab
LAY TR (T LR N, LR, R
THARAFLEF ) R % T 76%~96%F1 43%~84%. iX—
Ji T BT R A S R AR /N (3.73 mYg),
‘B5 Mn A DA K A 2% 5 mT fe 2 BH 2E AR ) 5 AL B
UV (i 1) 5 H—J7H, KMnO, fI5R %L1 F1 NaOH ¥
TP JES A FH AT BERBIR T AR R [ FLIBR £ 44, NaOH £
P A R R R B R R 2 s ZE LB
Fz2 TEBEEYFKIEREIR. FLAR R IR MFIE

Table 2  Specific surface area, pore volume, and pore structure of
pristine and different modified biochars

E Y/ & A

vt e TR~50nmy K MA<20m) Lo,
RALE LS50 nm) AR A FiELAE

#FhJE  Specific  Total pore Meso/ Mi Average

Types of surface area/ volume/ esormacropores - Micropores pore

biochars (m>g')  (ecm’g!) POEVD Iulme/ pore vo Iulme/ diameter/nm
(em*g) (em*g)

BC 73.72 0.07 0.05 0.30x10™" 4.03
BCua 225.68 0.19 0.12 0.90x10" 335
BCwn 17.73 0.04 0.04 0.10x10" 9.52
BCc 2.62 0.01 0.01 0.01x10™" 20.23
BCna 2.95 0.01 0.01 0.01x10™" 15.68
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2.1.3 R@ERAZLH

K2, 3500~3300cm™ &2 (-OH) fH4;
PREN B R AR . AHEE T BC, BChas BCyns BCe F1 BCyyq
TE I Ak PR R A B P 4 K, 3R B O AR R i T -OH 1
B, BCcfE 1700~1 600 cm™ Ab Wi i 5 7% 5
BE 531 B9 -NH-C=0"45 #4 Z ) #H 5%, 117 BCna A1 BCyta
TE G A W U U DU mT B H 2 2 (-COOHD H “-C=0"
I HZEIRSD, sRESSYI R Bk (-0-) (25 ih3Rzh 510,
BCc 1 BCn, 7E 1 074 F1 1 377 e Kb W g b, 43 501l 6
/R -OH B-COOH IAZEEN 2, ek, BCy i HBL T
B 10 PO IR AEIE (628 en™) o T AL, J5M BHE B
1A= 9 I ¢ 5 Adk A A A I e 3R THT BT R FE e 25

=
H o

Hydroxyl-OH- Aromatic C=N/C=C c-C
¢ ! ! _BC

L~ A
Carboxyl-C=Q ! 1 : BC
!

! BC,

EsterzO | '
1 1 N
! |
_/////\ﬁy@yy
| !
' henol llydmxy:l

Mn

1,
L -
)

% 5 [ Absorbance

|
| i
-NH-C=01 ; 1

Pd"
1 BCyy
|
|
fro 7
| Aromatic C-H
Aromatic C-O-C

4000 3500 3000 2500 2000 1500 1000 300
% ¥ Wavenumber/cm!

B2 AR BEES T REGE L) R
Fig.2 FTIR spectra of pristine (BC) and different modified
biochars

BC KM A —EH 1 pH HKEIE. fidifr (&
3), HBIES 728 ek (AEC s 5) FIPH B8 1 22 42 (CEC )
53120 41.38 R 15.87 emol/kg (K 3) o M RHZEAIA:
PSR AR B S AR SR 3R TH] IE R A K P ek
AEC,35 %7 16.82~22.23 cmol/kg (3, %£3) , KM
o A 0 5 2 TS AR RS - AR R R T IE HE
i EESRE T& O M N KIZRIMEEY), LA SRR
T RO XA R TR 51 BT BCyyas BCx A1 BCy
N SEHBE GR D, B8 IE B b vl a5
&N HREM A K. RE BC M N SEE &, (A
REEH T HIFIERI R LRI & N B ReE], BRI IF s A &
DTk D> . MELT BC, BCy, [ CECour 31T 27%,
SRR RS R TR 2 (B 2) , Ding %
HAFE] T U 45 H o H S BCyas BCe A BCy, 1) CEC iy
HIFEAG, X7 T AT A Ky oA R S 8 o6 1A
VR T B R, 53— 07 W5 AN R e A R R T
BRI 0 TARE R, DA KR T A 72 A o B
AR KB BT AR S B (PZNC) 257
BN, HAEAT pH AH 4.79~5.99 Z 18], Vi 7ERRIEIAES
dh, AR R R B I BT, AT B R B
BRI 26 10 B A o 5, X B B8 B A 5 1 I P

ap
He o

:.:]40 :: — (-0.82x)
2ol g y-157+30451¢05 B 80 {;%593;322»086
5 =099 5 :
w £100 o £ 60
s s
2% 80 23
= E 60 = g40
i £ PN ¥=2.40-0.37x+0.18x?
™ g 40 y=-0.50+2.85x-0.07x> % % 50 0 0k A
s 20 — A 5] Ll
- I
4 A 1 " ) 1~ R 'y n )
e > 4 6 8 00D u?% 2 4 6 8 1012 14
pH {f pH value pH {fi pH value
a.BC b.BC,,
T 400 y=05147425¢600 %0801 3=0.67+132.256052
= 12=0.99 = 12=0.99
b ¥ o B60 1.53+0.97x+0.24x>
52 1=3.69-0.56x+0.182 5 < )io- 0 LA
=z 520 =090 . 7 Z B40 PR L
= s e = s an’
® 5 & ® -5 i
g 10 i 820
‘g A °® ‘g _ J :
w 0 AO—F—4 6 8 10 13 14

2 4 6 8 10 12 14
pH 1 pH value

pH i pH value

C. BCC d BC.\n

= 50

B[ y=-0.31+129.52¢05%)

Tg 40F 50.99 /,/ o - Hifif Positive charge
28 3 7 A i Hifif Negative charge
23 4
=g 9 o
® S .

8 10 L~ #y=038-0.92x+0.37x

- <_ =092

e 2 4 6 8§ 10 12 14

pH {8 pH value
e. BC

Mn

B3 AEAHAMTEFEADE (o). fi (A) WHMIERZ pH
1869 AR I 6 th 2%,
Fig.3 Changes of surface positive (®) and negative (A) charges
with medium pH values and their fitting curves determined in
different modified biochars

R3 FRSMEEMEIRRE BATHE
Table 3 Surface charge characteristics of pristine and different
modified biochars

biochars  charge (PZNC) capaz:étn); cElA-lfgggm.S)/ capet(élr;yogilég )p w)/
BC 5.62 41.38 15.87
BCua 5.18 18.96 8.45
BCwn 4.98 16.82 14.06
BCc 5.99 18.21 8.70
BCna 4.79 22.23 20.19

2.2 ZHRINMIHFE
AR RIS CA* ISR k)8 T L A,

CA™ MR RIS, AW BRI Cd> i RR R, H
BE# CA™WRIZ RN, IR IZ TR S, W AR B R
B Ar S T AT . AHEE T Freundlich &5 i W2 ff
J5 F2, Langmuir J5 F2 B8 0% 58 47 Mool & 2 W i o= 5 €d**
I B AT 9 (R*>0.93, RMSE<2.02) (&4, % 4),
B U B R A AR AR W R AR 3R THD PR AR E R B AT A
F, BN TR, X5 oAb ok 2 U AT T 4
%gﬁ[&m]o
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60
5 s
'-8 J —— Langmuir®5:iii £&
= - - - Freundlich % ifi £
|
K
= & = )
# £ =%
i 3
&
|
= o =
E — - -
&®
3=
20 30 20 50
Cd Pk
Cel/(mg-L™)

B4 REEHAEYRFTERT CEHFE (25C) KM #hA
Fig4 Adsorption isotherms of Cd*" by pristine (BC) and different
modified biochars

F4 TRBMEEYFRMAER CEHER (25 C) WMLk
MESH
Table 4 Isotherm parameters for adsorption of Cd*" on pristine
and different modified biochars

TR Langmuir Freundlich
e K
Types of gnl K/

F
R> RMSE 1/n (mg“'””) R> RMSE
Lln.g-l)
BC 13.03 516 096 098 0.7 789 085 1.83

BCha 14.66 486 093 138 0.16 8.71 0.67 3.11
BCwn 29.10 133 099 094 027 1293 085 3.94
BCc 28.23 795 096 202 0.19 17.13 089 3.50

biochars (mgg") (L'mg")

BCna 54.12 288 099 077 042 3223 093 433

Ky S RAE R PR 5 5 I B 57 2 TRD S R A i 4, L
FK IR 3 MISE R J15% . BC 1 K, 15 7.95 L/mg,
f& BC [ 1.54 1%, UM BCc EAZWM Cd™, XEHA
FE RN 7 o -NH, F1-OH %t Cd* B A7 e 5 A 51,
BChas BCy, M1 BCy, B K, I EE BC 1%, Li Z&015 %)
TRBERIME A R, RE I, SRR CdRK
W& (g, 5 BC @il T 13%~315%, 1 BCy,
B, Ak 54.12 mg/g. BT LR A RHETRI A4 0 R
AbER A BT 380 A W OR BB A, B Cd IR
A, ARG RERD, Koo' EY R
w, HoCATME A ERR, (HE TR RS
VIR F W E %, Nt KZ AR E, Cd W5k
% ROy VA T BRI . A T IR AEMI R R X CdPT I
FeE WM 25, AR KB TiE L B T AR R #
T AN FLBE F (40358 43 K 43 R AT PR Ry, IR AE 16 g
(BB T oAt ) 2 4R,

2.3 M SRR ENH FHEE

K 5 gt R, ZEWRER RIERR BE, Cd™ W I &
I 1) ) K T 2 38 0 o (E 24 A 0 5 R A 3 1T e K AL
F PRI RS AR T o i CdT A 1) P 2R R AL
Hrd B, CdT IR BB R 1A A AR AL R A T 2. M EE T
f—%% (Pseudo first order) 3l /122752, 2% (Pseudo
second order) #7575 FEBE T i IR A= W) T e xF Cd*
I FHE 2 (R*>0.90, RMSE<4.20) (&5, £5) ,

XU BZ IR B R P B A SR R S R, H R Nk
SRR OREI AR % CA* AT N & (g0 KA.
BCrno>BCri>BCe>BCys>BC, 5 g, fHiEaH— (R 4) .
UG, VIR g, IR T 33%~224%, HH BCy,
1 q.fHA2& BC 11 3 fif. BbAk, BCya MWL TR ZE L K,
L BC#Em T 1 5%, UiOIHA RS A S HeE s,
Xf Cd™ PRI PR T2 o AN [ A o R A9 s T o 3ok
(Krg.) K/NH: BCya>BChne>BCe>BCyi>BC, BihA4:4
JFR Kog 3T T 65%~379%, JLHIE BCua 1 Kag.?
B FIA 3.40 mg/(g-min), i F P50 B = 85%LA L) Cd™'
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Fig.5 Adsorption kinetics of Cd*" by different modified biochars
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Table 5 Kinetic parameters for adsorption of Cd*" on different
modified biochars
A Pseudo first order kinetic

SRR equation
Types oy K/

of ol .
biochar (mgg’) min

BC 9.14 0.06 0.82 135 10.08 0.01 071 092 1.17

Pseudo second order kinetic
equation
2
2 q. Kz/-l que-/l 2
1 R° RMSE (mgg) (gmg- (mgg- R° RMSE
min~) min’)

BCua 1273 0.14 095 0.81 1337 0.02 340 098 0.58
BCwmn 2261 003 0.82 321 2407 0.002 1.16 090 238
BCc 2228 0.06 0.81 3.17 2392 0.003 1.72 091 230
BCna 3125 0.04 090 5.10 3267 0.002 213 094 420

CLA A 57 % W B ) Cd* #E 0.01 mol/L ) NaCli&
HORAE T I o BC M1 BCyiy £E 2 h J5 285555 B R 14
12 hJa, BEMF R b Cd i & TLF40AS E ) a)
ZARAETT At (B 6a) o IKFIPHTHE, Cd* R E A :
BC(16.78%)>BCyia(13.95%)>BCc(12.82%)>BCpn(6.25%)>
BCno(1.47%), X3 B AW 5% X Cd™" (W5 B b A 7 ]
B 7 bRy CdPl R AR, KIS TSR E R AR
VIR . DO R BT 35 358 1 AR oR M Cd™ IR
MBREE, MRMCRFRIR T 17%~91%. BCy, A Cd*" [ &+
BN, 28931 mg/g, H KN BCw, (25 mg/g) A1 BCc
(24 mg/g) , BCys M1 BC ) CA* I FFEI/D, BN 13
110 mg/g (B 6b) o XM BCy, Wbt Cd* JaFase ik
iy RIUANES 5y kAR DRI 5 B0 — ks s
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Fig.6 Desorption kinetics and retention quantity of Cd** by
different modified biochars
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Characteristics of Cd”*" sorption/desorption of modified
oilrape straw biochar

Chen Xuejiao®, Lin Qimei®**

, Xiao Hongyang®, Muhammad Rizwan®, Zhao Xiaorong?, Li Guitong™?
(1. College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China; 2. Key Laboratory of Arable
Land Conservation (North China), Ministry of Agriculture/Key Laboratory of Plant-Soil Interactions, Ministry of Education, College of

Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China)

Abstract: Biochar has recently received much attention as an adsorbent for removing pollutants. It is meaningful to develop
innovative biochar with high adsorption capacity through physical, chemical and even biological processes. Based on our
previous study, steam explosion was an ideal method to pretreat oil rape straw, because it enhanced the surface area of biochar
by approximately 16 times, which was helpful for the adsorption as well as the further modification. In this study, steam
exploded oil rape straw was soaked in hydroxyapatiteslurry and KMnQO, solution prior to biochar production. In addition, the
pristine biochar was also modified by chitosan and NaOH solution. Nitrogen adsorption/desorption isotherms, scanning
electron microscopy (SEM), energy dispersive spectrometer (EDS), and Fourier transform infrared spectroscopy (FTIR), etc.
were used to determine and compare the characteristics of different modified biochars, and then explore the Cd**
sorption/desorption mechanisms. The results showed that the elemental composition of biochar was significantly affected by
the nature of the modification materials. All the modified biochar had higher H/C and O/C ratios, therefore, it had higher
polarity and hydrophilicity. The surface area of biochar derived from hydroxyapatite impregnated feedstocks was 225.68 m*/g.
Chitosan, KMnO, and NaOH modification, however, led to the decrease of surface area and pore volume by 76%-96% and
43%-84%, respectively. All these modification treatments induced in the loading of relevant materials on the biochar surface.
For example, hydroxyapatite treatment resulted in the increase of phosphates, while chitosan, KMnO, and NaOH modification
introduced the acidic oxygen-containing groups such as hydroxyl (-OH), carboxyl (-COOH), and -NH, as well. Although both
positive and negative charges were reduced due to the modification treatment, the Cd*" adsorption capacity increased by
13%-315%, and NaOH modified biochar provided the highest value (54.12 mg/g). Batch experiment displayed that the
sorption of Cd*" by biochar was well fitted to Langmuir isotherm (R*>0.93) and pseudo-second kinetics (R*>0.90), which
suggested that the Cd*" was immobilized as monolayer on biochar by physicochemical reactions. The initial adsorption
constant (K»g,”) of the modified biochar was 65%-379% higher than that of pristine biochar, showing that the modified
biochars could immobilize Cd** more quickly. The Cd*" was mainly adsorbed by the modified biochar through specific
coordination rather than columbic force. Therefore, the adsorbed Cd*" was much more stable on the modified biochar with a
17%-91% lower desorption rate, compared to the pristine biochar. In conclusion, hydroxyapatite modified biochar showed the
potential to quickly capture Cd** from aqueous solution via physical adsorption, cation exchange, and precipitation, which was,
however, at a risk of desorption. Chitosan, KMnO, and NaOH modified biochars immobilized the Ccd* by coordination and
complexation, which could be more stable and effective. By comparing the influence of different modification methods on the
adsorption/desorption characteristics of Cd*" by biochar, our results demonstrate that it was valuable for further using these
biochars in environment. However, we recommend to choose the modification method carefully based on the purpose and in
case of secondary contamination.

Keywords: straw; heavy metals; sorption; biochar; modification; cadmium; desorption



