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Quantitative analysis of the adsorption of cadmium on wheat straw and pig manure biochar

CHEN Qiao, REN Xin—hao", HE Fei, YANG Shu-yuan, GUO Jun—kang

(School of Environment Science and Engineering, Shaanxi University of Science & Technology, Xi’an 710021, China)

Abstract: To quantitatively analyze the adsorption of cadmium (Cd) on biochar, four types of hiochar (WBC300, WBC700, PBC300 and
PBC700) derived from wheat straw and pig manure were prepared by pyrolysis at 300 °C and 700 °C. The adsorption of cadmium by
biochar was investigated. The results showed that the treatment by acid washing decreased the sorption capacity of biochar by 38.5%~
83.0%, and the effect of ash washing of BC700 was greater than that of BC300. The inorganic components of biochar adsorbed Cd in
solution mainly through precipitation and ion exchange, whereas the organic components adsorbed Cd by complexing with oxygen—
containing functional groups. Under the experimental conditions (pH=5.0, the initial concentration of Cd was 200 mg-L™"), for PBC300, the
contribution of precipitation, ion exchange and complexation to the adsorption of Cd were 52.1%, 32.2% and 15.5%, respectively; for
PBC700, they were 91.9%, 5.10% and 2.96%, respectively; for WBC300, they were 23.9%, 36.2% and 39.9%, respectively; and for
WBC700, they were 63.5%, 21.8% and 14.7%, respectively. With the increase in biochar pyrolysis temperature, the contribution rate of
precipitation in Cd adsorption increases, while the contribution rate of ion exchange and complexation decreases. Inorganic precipitation
and ion exchange are the main mechanisms of Cd adsorption by biochar prepared at high temperature with high ash content.

Keywords : wheat straw; pig manure; biochar; cadmium; adsorption mechanism; quantitative analysis
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A ¢ e AN I 3 A 5 A mGHR A3  AR R A
T RS A R R — 2 v R D A AR T v R
A= W) i o B 4 R i (Cd) 2@ B 50 3 g W A T2,
e B AL AR (D) UIEAERT, i cd 54249
AR T PO EL COT A I B 1l R #h 5tk R 326 T
VE; (2) BT, A e R & A KRS,
WK \Na" Mg™ . Ca™ 45, B 4 J& 2§+ nl i & 5 X 2L [fH
B R A A A8 S5 T W B A A ) e R 18T 5 (3) iR AE
FH AR & AR WD e R 10O AT 8 1 3 B PR B e
A, i—OH F1—COOH 5 , X Sl P 15 g A ol H E 4
JE BT R A N 5 (4) CA-TIAE , Cd AT 5 4= Wy o
FU E T K (—C=C Kt i, (H
SRR oG TF AR W e Cd W RRFHL R A 4R 3 3 R
PR AR B 5T BB M E 1 1) 1 15 BH A 5 W L 3
TEA W) e W I Cd o 72 H R TRk . A= e Xt Cd i
B 6 1 S W R RILIE 55 A= 1y e A B 1 AP Joi 25 DD AH
K, T AE A e P BRARAE J5T 37 SRRt A R A S5 1 52 il
L2 NG

FE AT RG2S 2 TR E P R 2R 554
FH X PRI 2RO B 55 BT 5 | R B IR BE Il i 2 225 ke 1
MATH 92 K o VARSFF AU 26 0 JEORE IR B A 4
B¢, W] LG it 192 500 ME R BR e nte R B AR5 i
ST LA B [ A SR R, ARG U ZE R
FEFFAEASTR) T 28 09 A2 0 e A R T X G2 A 7
Cd W B35, 7 53 A1 25 W B AL B A6 A 4 o W Cd
AR B TTER S, AR T R AR A Wk B AN [ o
T M o0 o < g el A R A T, DA Sy il 2 2B W e i it
piiiNite S i

1 MEEFE

1.1 E¥xiH &S5RI

A5 3 FH K 53 T i 22 S ORI W R A= ) o i
BUNEFERF RSB IS A . /NFEREFEFIRE 2 5%
SEC A 1L PG48 i 3l L R NSRRI s
BB RE S T, BRI A S S2, Rreas . I
B S o3 BT WA A P A TR LA A e, IR
AR 5 °C - min', 43 FHE 2 300 CHI700 C, F A4
FE2 h, WIGE RS K15 3 0 A= W e S e i
A2 4 0.038 5~0.450 0 mm (40 HF1200 H Z [8]) 94
Yy B R AF 5% Jr FE AR P ) MR A0 R D5 RN B T
W 25 15 21 19 A= W < 43 i BR i i PBC300 . PBC700
WBC300 F1 WBC700, H:# PBC Al WBC 43 31 Jy 5 26
INEFERTHI 25 B9 A= 80 ¢, 300 F1700 43 5] R AL |

R FH A o I 453 2 1 2 A 0 o A LB R TG AIL
TRAr S RS2 HERFRI 50.0 ¢ AE W T AP o B
TGN, F 750 CFKbe 4 h, 1505 FREUR 435
gy, B A e TCAL IR 43 i R 43 A )
wA ML E R . A A I &K 2 1L (Elementar Vario
EL, f8E) RIEAY It E C.H NN, TR O F
T R A HLTR R 2 € H N DGR TR H .
1.2 iR IE

B — 52 i AR W 5 in A 21 40 mL A G R B
A 40 mL 4 44 # BE 43 5118 10~50 mg - L' Cd ¥ K,
L1 0.01 mg- L™ (1 NaNOs i WA Jhy =47 v g Jox , FH
HNO; Fl NaOH I 15 pH 4 5.0, i B 5% 1, BT
PR, F 20 CCHT120 remin™ 2508, 3% 240 1 Ik
48 h, Z JE B IE W, 1 0.45 pom P8 B, A R 0% i
6% 1% (Analytik jena, ZEEnit 700P) Wl 52 %5 Wt Cd
P S A TR Ak B Cd
T,

1.3 R BRHLER 5 47

A=W i N TE LA HILA 43 R W BfE Cd 1 3 45
T, R T R K T A 2 4 4 CA TEAE W ik B
B P T HR , 80 A 0 o AR A T B AR AL B -1 B K AE
DA W) 0 53 T SHEA TR 5 R, ] % 5 P
i) Cd AEA= 10 i - WA T 285 T W s ¥k w993 B 5 1
2157 B i EA T
1.3.1 BRIRA= 9 e i il 2

IR 1 mol - L™ HCLA W 2 B 2E W o 9 JC AL AL
A3T2020 BB 15 g AT A 100 mL 1 mol - L
HCL W HETE i Hh , B 18 I 38 9 46 v 25 °C . 200 ¢+
min P8 2 ho RARUEA YR K 53 K BRI, 1% F
T 3, FEHZEIR K mk 2 pH AR E | SR 542 W i
PEATVRUR T 25 FH o B K G A e 5y bRl AP-
BCHIAWBC.,

1.3.2 MR

3 ) T A R I A= 400 e R I K A 0 i 4% 1.00 g
F 250 mLAEFEH A, BIA 100 mL 200 mg- L™ ) Cd 1%
TG 4l K BE 6, pH 5.0) , LA 55 Cd /9 88 4K (pH
5.0)VE k28 F6F BE 43 R 55 I R R4 38 i R A T I
B A pH i (PHS-3C, ik, FIRS SR 22 A
BELA W) ) 4 530 0 Y88 T s WA A R 1) pHL Lo
1.3.3 CATEAY IR FIRAFIE AR RAE

WIS J K A 0 1 5 B 0TV VR T8 R T L
21 48 6 3% (FTIR, Nexus 870, Nicolet, 38 [§ ) FAF 1%
BRI J5 A 40 e 2 THT R RE T 284k, R X S 4ot 7
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AETE{Y (XPS, Axis Ultra DLD, Kratos Analytical Lid, 3%
) K X J 2k 1% (XRD, BRUKER D8 ADVANCE,
TEE ) X Cd 7EAE W e b IAEAEIE S A T 3RAE

1.3.4 W B v BH B 2 3 il o

I D= W2 AT DM A ) 0 5 R RS- 188 i 7%
T K \Na®,Ca® Mg> Ml Cd & & . F AR L -PTIR
I P 00 Y 0 PO 5, R A 7 701 s 12 0
W COF A,

1.4 Z-[E) IR B #LIE 3 Cd 78 4 4 7 b IR B A9 52k

A H W BE Cd 1Y = A S AR W AR LA 3 N
JCHLA 53, el oy 32 285d 3 25 A 4V AT e
FHWZ B Cd, A3 ML A3 32 2230 2 45 A4 F B Cd,
B A AR 32 e Cd 8 ) e 5 | A P B A
Yo b, BT SE AP, W Ca™ (K Na™Fil Mg™
S5, DRI RT3 o 000 W B T JS S W R Ca™ KT Na i
Mg™ i it 55 A W) o 3 3 2 52 4 A TR BFE Cd 1Y
it UOUEVER 32848 Cd S AR R A B+, an POy |
CO% & HEUUVE S i W B AE A= b o 486 AF 4
Cd 38 3 5 A4 W) o 0E e W BC A T W B 7 A= 9 i
b EALREFR RO I 2 S B pH E AR L,
PRI I AT 3 2o pH B 028 133455 W B Cd 2o

BT IAEH (Qune) T PIUTVEVEH (Qun) & A
Y (Quo ) 7 W B 30 7 v 8 W0 o 4 DA R A 3

Qu=0Q—Q.xY (1)
A2 Qu iy Cd 54 52 S I 1) W% Bf i, mg - 715 QAT
Q53 5 A R KA 0 o s A 0 e %o Cd AW £, mg
Y HBR IR =R, %

Qene =Qx+Qcat Qnat+Qu (2)
2 Qxs Qea Ona BT Qi Ay I AR 1) 5 8 T 380 WAL o3 W
] A2 AR K Ca® \Na il Mg [ % 1 ,mg g '

Qenp=Qcn=Qeme (3)

Qe =0.xY (4)

Qe Qi Qe Q1 Qe QY FLAEL 330 Fr 45 S VEFH L 8

FAHAE FFADIIENE FTE Cd W B 2 v i sk %
1.5 #ESHh

F FH Freundlich[ 3 (5) 1F1 Langmuir{ 3X; (6 ) [ Y X%}
W o 46 T 2 KAl A T o

C=K:C (5)

C=(gun K. C.)/(1+ K. C.) (6)
A : oM P BB A= 4 e W B Cd 5, mg g7t €W
7 i W Cd YR BE , mg + L' K4 Freundlich W% fff
A B (mg-g") (mg- L) ™ n ok WY B 55 U0 46 AJE £k PR 48
B, TR 5 Qo A I KW, mg - g5 Ko Ry Y188 182 6
WL Lgs

W ot s g R B R 3 AT, R Micro-
soft 2010 Excel FAFIHE-F- B FbRfE 2 . FH Ori-
gin 2018 815 W i 45 4% o

2 GRS

2.1 EYREER

A5 T 45 1) 4 A 0 A 1 0 3R AR A%
TR 1o AW Bk ot 5 T ek B il 5 Uk %
YIFI K. 5 WBCHI L, PBCA MLFE & 4K, H K4
i, XEERENEEEY R EAREZN
TCHLEH ), IR h Ak R £h 45 , 7E #A i 72 p A L
20 W43 A REAR , T JCHILZE 205 B8 L AR W e v 2 3K
fEsl, i PR RE A TR, PBC I WBC H ot % C
SR, Wt R H. 0 N & i B L, S 8UR
F L H/CHO/C REAG, 2B & i & 09 4R 9k
(BC700) %% A3 %5 22 05 A& e 25 #4 (L5 e H/C AR L 1
IR 25 59 A= M0 56 (BC300) 75 A3 48 225 3 A (7
HO/CHER) .

A=W N B I TEHLBA HLEH 43 S L i 3 4
JRBLHE T B A, ARAS [ SRk 2 AN [R5
(A= 0 e P ot 2 5 B 3, K T R R BOR ) AR W e Xt
4 JE W AR 22 S E A

xR EMRNTRARSRFLL

Table 1 The elemental composition and atomic ratio of biochar

W) AU & Ak KAy JLZE ALK Elements composition/% J5 5~ L Atomic ratio
Biochar ~ Organic matter content/%  Ash content/% C H 0 N H/C 0/C (0+N)/C
PBC300 40.1%1.5 59.9+1.4 72.0£1.2 4.8+0.9 16.4+0.7 5.7+1.0 0.066 0.228 0.306
PBC700 28.2x1.1 71.7£2.3 95.0£2.1 2.2+0.3 1.3+0.4 — 0.023 0.013 0.013
WBC300 82.9+3.2 17.1+1.1 70.3+2.2 5.9+0.8 24.0+0.9 0.9+0.1 0.084 0.342 0.355
WBC700 78.8+2.2 21.2+1.0 81.3+1.9 3.8+1.0 16.5+0.8 — 0.046 0.203 0.203
TE:—FoR AR . A,
Note :— means not checked out. The same below.

1% WHART]
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22 CAEEM xR ERIRMERLZ

Cd FEAE W ¢ b Wi B A5 T 4R R LA S 850an 1
1 f1Z2 2 fr7n o Freundlich £l Langmuir AL T 34 BE %5 Ut
4 Cd 7E PBC F1 WBC | 19 W fif S5 iR £, R* 34 K F
0.9, H:H Langmuir £ 40L& 5 47 AR, WBC700 Y
R*70.988 5, HAh 35 BC Y R2KF0.99, MK 1 FI1E
20 LUE Y, CdFEAE W) i 1 A W of 25 T 4 A 2 b A
(n<1), Ut B Cd 78 AE P o I 1) W o6 e 2% 1T R i L
A= ) X Cd B W R A5 LA S R A A AR i
Langmuir 815 45 $ 0T LAAEN , Cd 78 A= s b 59 W B
SR PR W BRI T B SRR, Ak 2=
B T R R . AR T R KRR , U P v i
Hil & A RA AT 5 Cd s A . PBC300.
PBC700, WBC300 1 WBC700 % Cd 1 5 K W Fff - 43
WM 34.1.63.3.20.5.37.2 mg- g, FH RV EE R 5 2
WA= W e (PBC) X Cd B W RE 7 38 4 A 25 19
W (WBC) , 2546 W e PR T (38 1), HE AR 4y
TEAEYI R Cd i Rt i 31 T EEAE A .
2.3 RS FEEY R WM CdTFE P HI1ER

kT R oy A A e W B Cd 3 R R £
FH X 4R A e AT T B R A 38, 5 IR Jii A 0 e 1Y
pH Ay iRk 43 it i 25 AR (<5% ) , Ul W R Ve A #1

-~ 25

"en

&0

E 201

=

.g

E 151

o

=

=} .

= 3 Langmuir

= 10 Freundlich

% WBC300

z Sl WBC700

g PBQ300

& PBC700

% 1 Od 1 1 1 1 1 1 1
= 07 s 10 15 20 25 30 35

ST R Equilibrium concentration/(mg+ L™ )

B 1 CdEAE Y bR R M

Figure 1 Sorption isotherm of Cd on biochar

R2 CAEEYR EHRMEREINAESH
Table 2 The regression parameters of Cd on biochar fitted by

Freundlich and Langmuir equation

AW % Freundlich Langmuir
Biochar n K R gul(mg-g) K R
PBC300  0.457 332 09850 34.1 0.0402 0.991 8

0.0218 0.9937
0.0727 0.9923
0.0591 0.9885

0.9747 63.3
0.987 4 20.5
0.9549 37.2

PBC700  0.826  1.63
WBC300 0512 253
WBC700 0.649 294

AR A3 Koy 2B o BR KT G A= et Cd W it e
JIW AR 2 R o EARRIBIGG MR R, SR A Y
R (BC)AH FE , B K 5 A= ) e (ABC) X Cd 1 % B 22 (2
F T W&, PBC700 F1 WBC700 XF Cd Fit W B 1 43 51
159 mg- g fl 15.7 mg- g, PBC300 1 WBC300 % Cd
B 8% R 439108 11.5 mg - ' F119.57 mg- g™ T K
J&i » APBC700 Al AWBC700 Xf Cd )Wz Bt 543514 2.70
mg-g ' M 3.11 mg-g™', 5 BCAH L5 R T 83.0% Al
80.3%., APBC300 Fl AWBC300 % Cd i Bi-& 43571
6.13 mg- g F1 584 mg-g', 5 BCHI L5 F R T
46.6% F138.5%. FI VL, B K AL BEXF BC700 WY Bt
Cd (5% B 258 F BC300; i ELFR 2K %t PBC W Fff Cd
(A5 i 588 WBC, 3 3 B TE ALK 43k e ik A 9 i Wi
B Cd 1 = B8 43 , A BILS ARG ALK 43 AR R il 2%
1A= < (BC300) W fff Cd 1) 32 B A7 -

A=W e P TCHLIR 3 J 0 2 R e R R, iR 3k A
BAE PR SR 45100 R e A 2B W Xt Cd A IR Bt sl R v, K 4%
A 3 B P sS40 FH DA B U A PR a0 A 4 o 3ot Cd
AW B
2.3.1 ULiEfEH

TR SCHR R B W B R Cd AT 5 A 0 e R
SR PR 43 BH S (4 CO3 . POS # OH™) JE B
DOVED™, N 43 BT Ve /R FAE AR 9 e W it Cd 2
A A 00 T R SR T PR B S R R 4 T
TR AL, R 3R . PBC HIWBCIE W&
—EH [ COT M PO, Hivh BC700 ¥4 i H COY % 1t i
F BC300, PBC300 ¥ ¥ ' PO & & & T PBC700, 1fij
WBC300 ¥ ¥ H PO % ik T WBC700, X 5 A4 #y 1¢
A B P A P, BRIKALFR)S , APBC Fil AWBC ¥

[\ ]
(=}

[ OsBe
| O ABC a a

|
}

—
[\8)
T
[=n

oo
o
(e}

d d

] ]

WBC700 PBC300 PBC700
H:¥)7% Biochar

ARIRFHE R /R A #i A 22 5 8 35 (P<0.05)

Different letters indicate significant difference among treatments (P<0.05)

2 BEYMRERIREY RIS Cd B RS
Figure 2 Adsorption of Cd by original biochar and

I
T

1% Bff Adsorption quantity/(mg-g™)
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V1 A BEAH L W S B0 OF- IS R COTRT PO
o R, R B R R Cd RS RS COT A
PO 456 T8 UTTE , 804 W COTFI POY &% 1t
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R W S A e T B T C.Cd O, - Ho0 T CACOs
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S B A 9 0 2 T ARAG H Cds (PO ) U . W IR A=
Wy 7% 2 T8 BB S 9 Cd3d W, b 404.4 eV BIA N
J& CACOSTLYE (&l 4) , 3 % B W B 3 i v 7 A ) e
T I T CdCOs. 4545 W B 1T J5 %5 W CO% AT PO
AR A RN B S AR P e 3% 1T XRD M2 XPS K,
FHTTTVENE A LE ) 1 W2 ot Cd B3 Z —
232 BTcHER

4 JB B F (UK \Na' . Ca® Mg ) ] 3 2 # L 1%
FICA R S A e b R BRI ST iR 1 45 5 (n
—COOM FI—R—0—M) iy 17 X 2R A8 AE 9 e R 1hi o
BTSN E N Ry 2 — i 2B W e W B 4 D 1)
UL VR BRI, Sk iE BH A 9 0 K 43 kW Cd 1 1
FA W52 T A9 5 B Cd 1G5 7 90 R 3 4 4 15 1
M (R 3) . SRMErER D &R S TSR,
W2 B SP- 747 i 15 W P Ca™ Mg Na® (K5 1 g 25 4
fin. #& ARSI, PBC300 F WBC300 W Fff 1 52 i B ik
B4 4 J8 FH 5 1 1) 75 1t 3 T PBC700 Al WBC700 BT Y
S 7L e R e A A e R ) AR BH T 1)
(Ca® Al Mg* ) &5 T — 4 PH B 7 (Na" f1 K*) B i .
PBC300 Ft) W% BiF 775 9 H K Na® Ca> il Mg® 55+ 43 1)
AT 264% 9% .400% F1 36% ; WBC300 (1) W B} i 175
WK Na®, Ca” il Mg % 2 43 38 0 T 55% .31%
135% F1466%. BC300 &% A # & 0/C, B EAF 5

(4 7 S0 BE AT, TR O B 1 50 4 1 P A AR R AR 0
(BC300) W B Cd 14 2ak 2 Hh A il A= 0 2 (BC700) B
B3 LR S R AR FH S5 AR e B R R A1 4%
A A JEHLFH 5 (4 Ca* F Mg™) o
2.4 BNREEWRBHM CTIERRIER

F T 2 W, AR e B IR JE AT X Cd HAT 35 1)
W BB 7, 33 1 B A= W AT LA 43 6P W Cd 2 31 T
FEAER, R HJEARE S s Yk . BHLUREAY
Y B B Sy, FEEH COHLO NS L
H N & 2RI L BRI RE A 1055 7 K g iy
KRB . EYRT AR IL SIS L5 Tl 1
ML L& SR BT XA N SE A W e
HERMN— T EEHLIE, HERITEY A PR Cd
R 8% B L3, ASBIF 5% 48 Bl FTIR 1 XPS S615% 04 1 4=
W) 1 W B Cd S B2 5 67 a5 S Cd 78 A= 10 o 3 1T 1 Tk
IEZS o WFHCAE R W B Cd RIS 19 FTIR J63E 1 (&
5)RT LA S B, W BRFRI IS A 40 0 3 T 43 BILE AR A7
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Figure 3 XRD of biochar before and after Cd adsorption.
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Table 3 Partial ion content in solution before and after Cd adsorption by biochar

PO%/(mmol -1,") CO%/(mol-L7") K*/(mmol - 1.") Na*/(mmol-L™") Ca®/(mmol-L™") Mg*/(mmol - L")

WY b OWMPRS WM WD WD WMDR MR MR MR MR WM MR
Biochar  Before the After the Before the ~ Afterthe  Before the  After the Afterthe  Before the  Afterthe  Before the  After the

adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption  adsorption
PBC300 1.260+0.021 0.019+0.002 — — 0.091+.0.003 0.313+0.007 0.249+0.002 0.272+0.003 0.098+0.001 0.490+0.007 0.347+0.006 0.471+0.023
PBC700 0.104+0.008 0.016+0.003 3.040+0.120 0.608+0.035 0.008+0.001 0.013+0.001 0.113+0.001 0.138+0.009 0.249+0.002 0.447+0.012 0.343+0.004 0.254+0.016
WBC300 0.239+0.001 0.014+0.004 — — 0.579+0.015 0.897+0.008 0.085+0.004 0.111+0.008 0.026+0.001 0.061+0.004 0.067+0.003 0.379+0.021
WBC700 0.250+0.017 0.135+0.009 2.530+0.100 1.210+0.089 0.628+0.045 1.060+0.056 0.095+0.001 0.100+0.002 0.033+0.001 0.033+0.001 0.033+0.001 0.042+0.001

Before the

T a FORRIIN Cd A b TR HHEAE)S . POY,K* \Na® Ca® Mg 14 H BR 43514 0.01 .0.05.,0.01,0.02,0.002 mg- 1.7,
Note:a means no Cd storage solution is added ;b means adsorption equilibrium. The detection limits of PO%,K*,Na*, Ca®™ and Mg** are 0.01,0.05,0.01,
0.02 mg+L™" and 0.002 mg- L™, respectively.
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Figure 4 XPS spectra of different biochars before and after Cd adsorption
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Figure 5 FTIR spectra before and after Cd adsorption by different biochar
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Figure 6 Different biochars adsorbed Cd by precipitation, ion exchange and complexation
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