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Microscope, SEM) gEitf (Energy Dispersive Spectrometer,
EDS) . f LA 21 4h i (Fourier Transform Infrared
Spectrometer, FTIR) « X # £ fi7 4} (X-Ray Diffractometer,
XRD) M X Hf 26 7 #E i (X-Ray Photoelectron
Spectrometer, XPS) . Boehm & HLUBASEE K
KA FEIE (Inductively Coupled Plasma Optical Emission
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W B I AR AT 2% (Pb-BC350 A Pb-BC550) 5 /iif™
#% (Pb-DB350 A Pb-DB550) FImE5iA & X5 .
Pb-BC350 11 Pb-BC550 A B B HIPTIEM A pl, JAFRAE
LR E A fERT b, SEALBIgE%E . Rl
% Pb-DB350 Al Pb-DB550 KR AN 15—, HAF
TEVEMTI AL, SR Pb-DB550; HbiElr, BR¥ES,
FRFF A ) P> IR B A T B

FITA A4 % R b B e 1 B R T 4 e 2 & &40 ) L T
2 13 1. M ERIE % BC350, Mk BCS50 R &H &
LW FtE (Na. K. Ca. Mg) ; i 7% (DB350 Al
DB550) KA Fiycsw & &R TR, UHRBEaEa 8%k
BRM AT LA 5y o WP S AR AT R R TH R e &R
MEPE TR, HooRaEREm, 75 Pb-BC550 £ i
B KT Pb-BC350, FHULHEWT, HRFFR LA R
AREUE T m RSB 5T POy IR D, R,
Pb-DB350 1 Pb-DB550 #H Lt Pb-BC350 £l Pb-BC550, %
TGRSR FME, UL TR Pb*
R P o

h. Pb-DB550
FE: BC350 A1 BCS50 435179 350 A1 550 ‘CHiFF#%: Pb-BC350 A1 Pb-BC550 435I WK i Pb> 511 350 A1 550 ‘CHR#F5¢: DB350 AT DBS50 43524 350 £ 550°C
JiLH#%¢; Pb-DB350 H1 PB-DB550 - AW it Pb™ JE 11 350 A1 550 CHER 5. FIFl.
Note: BC350 and BC550 are cotton stalk biochar produced at 350 and 550 C, respectively; Pb-BC350 and Pb-BC550 are cotton stalk biochar produced at 350 and
550 °C after sorption of Pb*", respectively; DB350 and DB550 are demineralized biochar prepared at 350 and 550°C, respectively; Pb-DB350 and Pb-DB550 are
demineralized biochar prepared at 350 and 550°C after sorption of Pb*', respectively. Same as below.
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Fig.1 Scanning Electron Microscope (SEM) images of biochar before and after Pb*" adsorption (30 um)
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Fig.2 Energy Dispersive Spectrometer (EDS) images of biochar before and after Pb>* adsorption (30 um)
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Table 1 Element content of EDS surface scanning (30 xm) PUBH S 1) Podf BREIE, Ui A S, MAT R A
TR A Ny
35%}17/“‘ Mass percentagif the element/% % T/E"\ Pb 1{%% °
rochar C O Na K Mg Ca Pb NT R TR, 3E—D00 T Pbaf K4
BC350 7446 1111 068 476 209 690 - i (E3b, B 3d) . SIEREE R Pb-BC350 HEL T
T e oM 4 NFRHEIE, 139.26 i 144.09 eV X7 Pb>, 139.97 Al
PbDBISO 8073 1677 0 021 054 090 085 144.79 eV %t B Pb-O, H. Pb*" 1 Pb-O [ I 1 L4371
BC550 7163 383 192 1157 210 895 - F& 47.18%K11 52.82%; Pb-BC550 B 1 [FIFEKIFFAE I,
Pb-BCSS0 8121 560 0.4 198 072 457 578 138.73 A1 143.50 eV X8 Pb>", 140.14 F1 144.71 eV X5
DB 78021634 042085 L2 3 Pb-O, HL 1 Fi 4fr 4 i U THT AR o bL 93 3 /2 25.63% Al
Pb-DB550  80.72  16.78 0 021 053 090 0.86 24370
. 0o
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Fig.3 X-ray Photoelectron Spectrometer (XPS) full spectrum of biochar before and after sorption along with Pb4f spectrum
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Fig4 X-Ray Diffractometer (XRD) patterns of biochar before
and after sorption under different temperatures
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Fig.5 Fourier Transform Infrared Spectrometer (FTIR) spectra of
biochar before and after sorption under different temperatures
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Table 2 Content of oxygen-containing functional groups of
biochar before and after sorption

HHER &

3? j?hjfr Content of functional groups/mmf)l
FRIE Carboxyl  Fp#EdE Hydroxyl  PIHSIE Lactone

BC350 0.046 0.105 0.065
Pb-BC350 0.024 0.059 0.175

DB350 0.227 0.250 0.173
Pb-DB350 0.116 0.141 0.311

BC550 0.026 0.020 0.068
Pb-BC550 0.016 0.008 0.074

DB550 0.169 0.144 0.107
PB-DB550 0.090 0.046 0.138
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Fig.6 Change of the concentration of exchangeable cations in the solution with sorption time

R FE SR AR P R 4 PO IR S T 20
PHE FIR FEI A M A 5 SR W26 3. WAk BC350 #
BC550 Wi BRHATR I Po> ¥ B 5 ml 22 45 PH B TR S 1 2%
RS, BUAFER (1 Pb™ W B & 5 9 i b Al 28 45 b 8 1
W R EM, WK Na's Ca®'s Mg@ 257571

AP, BCS550 HIMHICHERRAR, AT AE 2 KA A 4 ok
ERREZPUED R, PN S S E TSR . B
% DB350 1 DB550 A [FIFE AN, {H 53 K0
BEAR, UEBIREA R b 0 JEALA™ 5 443 Xof PR B o 1) 2 M 4R
TS, BRAF T R B HEBR JEHLZE 2 % W B 2 52 1 4 2



EC B e MRAT AR 2 Kb Po(I)WR B HTLEE A 0 235

P, BIBLA % DB350 F1 DB550 %} Pb>" (W it & 42 tH A Hl
Hor 5 HE

£3 AR PYRE ST ZIRAETIREMEXE
Table 3 Correlation between the concentration of Pb?* and
exchangeable cations in the solution
WA 451 % F Exchangeable cations

WY

Bijc%h?fr Na' K Ca® Mg2t  EHRIE Total
concentration

BC350 -0.998"  -0.989"  -0.998"" -0.947""  -0.999"

DB350 ~0.763 —0.110 ~0.782 —0.690 —0.766

BC550 -0.847" -0.880°  —0.920"  -0.824" -0.893"

DB550 -0.324 -0.063 -0.633 -0.432 -0.392

T RRIERIR A HITE 0.01 F10.05 P (XU L BEAE.
Note: ** and * indicated a significant correlation at the 0.01 and 0.05 level
(two-tailed), respectively.

2.2 IRMIHBRIEN ST

2 LRTR, MRFFRWHT P> i RE A, U HLER AR
DU PR, % o BAER L BRI BT
PLr B TEHLAL 2 A HLEL Sy, R BRTENLLL 50 X LA™ 3¢ T
B B <5 R PRSI, T A A5 BRI B 1 B A o AT R A T
T BRI R FM S A TR SR, £
S B ALER A TTRR N, 7R EEHERR G N S Re B AT
L PR 2% 5 W B 6
2.2.1 BABMEITH

FH AT 2 T B R pHL B AR AN S B T )
BT AP a5 VB BE S B (3R 2D, SR HE BC350
A1 BC550 A% £ 2 %UH Be B 51 B i S pres S &, W
R 4o HAQ WA, BRUEHIEIGIN T MAT BT PO [
B, BC350 L&t (3.49 mg/g) BHE KT BC550
(1.15mg/g) , BUAIBREE T &, AR &R EReE S
EIREI, FTLL SR BC550 FIZ AR M T BE

x4 BEWMHE

Table 4 Sorption capacity of complexation

E%?}% 1 OOCAH/ QpH/ AQ/ QCom/
Biochar  PHF PHC ool (mgg!)  (mgeh)  (megg)
BC350 3.65 547 22.05 11.35 6.80 3.49
BC550 3.75 6.08 17.70 9.11 6.89 1.15

VE: pHe: A BT RIEWT pH {E; pHe: E™RTE Po 4 BRI
pH s Can: HYKE, mmol; Quu: A RINHEWIE, mgg's Ocom:
PRI SR, mge's AQ: Bavksl MBS IIEE, mgg's W
TRAIAG pH (B34 5.0 Tl

Note: pHg: solution pH value after DB sorption equilibrium; pHc: control
solution (without Pb*") pH value after sorption equilibrium by DB; Cay:
concentration of H', mmol; Quu: sorption capacity due to complexation of
demineralized biochar, mg-g™; Ocom: sorption capacity due to complexation of
cotton stalk biochar, mg-g™'; AQ: increased sorption capacity caused by pickling,
mg-g’; the initial pH value of solution is 5.0. Same as below.

2.2.2 BF AW ETE

RS RE TR R AR BERVRIRE TS,
BC550 BT ImERL, K2R NEETmAERE S
WS BONFERTER", BRKT BCS50 MBS
Hefie

X 6 FiEk 5 5dls, &I BC350 F1 BC550 W b i
Vb AT A B IR MK BME O KT Na'y Ca™'s
Mg™", ZHEFAS W RS0 . {H BC350 A BCS50 ik
ESI ) SRS T s E IR 291§ =9 (DNE I AN

WA Ca*'s Mg*'. K'. Na', DURMBHES 751K Pb*
W BB 43 Sl e 7.93~9.40. 1.08~4.13. 0.21~0.62.
0 mg/g, o Ca® F1 Mg [ B 2 o B 58 Bt B
BB T 95%, i B & 15 B S BB BB L i ok
SETEVER: W KO Na VR BT, EDO AR AR I
B Po* SUMAA R, X SR RCT AAZRDY, NS
FERANRESERIL PO L5 AR5, nIRER A K1
Na' (R HUF 2 AR B TRAK, ZF A DK B e,
LA 85 T3S BRI FE, 17 Ca” 0 Mg™ SE 25 5 59%
VAL s, INTE 2 #0255 T B A #H:55,
#£5 EFBRHE
Table 5 Sorption capacity of ion exchange
FH B TR

i%ﬁi Net release of cations/(mEq-L™") QEXC{ .
Biochar Na* K a2t Mg2+ (mgg™)
BC350 0 0.012 0.182 0.080 14.16
BC550 0 0.004 0.153 0.021 9.21

T One: BTBRWIRE, mgg'. FR.
Note: Qky: sorption capacity due to ion exchange, mg-g”'. Same as below.
2.2.3 BB M HIETT Sk AT

HAT (1) WS BC350 A1 BC550 47 FE I Ff
5 Opny» 2052 0.06 F10.01 mg/g, 5 PIRHHEFT % 145 Pb>
M BB A5 43 ) 0.12% 01 0.02%,  H I AT WA 33 W Fi A
AR 459, X5 /7RI UEL & PR 72 25 18 20T — 2.

G R Qcom FIES T2 I 7 O TR, T8I
AR (7)) THE BC350 Al BC550 1 HLFAF & O,
4305E 11.08 F1 11.64 mg/g, “EWIR 5 F 1 Bl T iR Tt
AR, R BCS50 [ w1 AR R i
A (8) HHEH BC350 A BC550 HITTIEW I & Oprer 73
il FE 20.89 1 27.56 mg/g, BC550 FITTIEM &1,
NIRARFETER, YRR 2 A R 2 145 R B,
M 51 PO LT 1.

2 8T X W B R (R R, TR R A W B AL
BC350 F1 BC550 W[t Po* s B ok, 4550 WKl 7a.
IR TR, BCSS0 MUTIER n B FAEASE . BT
BRI SAE IS, X SRR BRI AR, Bl PR
BRETFE, MR R K 4> S A 55 BN, v ag #PH 2
TS A R MA & NN,

ML S 5 DTRE R & 7424, X BC350 1 BC550
W B Pb* B TTRR > A 70.6%A1 74.2%, i T HRFT R
HENE S (BE. n BT MR, W TEHLAE 6 AR
FRRWL B Po* B EEAEH .

2.2.4 BRESTR ARG B AT

AN R TR BRI B B s, $R BRIA SCHR[21, 30,
361 T IE T A HLEE ) STk, SR AE Tb. 5
223 TR RAH I, R BC350 F1 BC550
FR) A B I 5 R B 28 4 B R 5 R 32 5, {H BC350
1 BC550 M5 bt &4 A 8.71 F 4.72 mg/g, HLSEPR
LA E A I N 1.5 f5 A0 3.1 5. BC550 FIZ%& ekt
WLk BC350 K192, RSB IR R A S & A
RS BRI SEU . BC350 A1 BC550 H) m B W Fff
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=002 8.89 Al 6.36 mg/g, LSRR m HLF I B & 43 il 9k
b 19.8%F1 45.4%. BC350 Fl BC550 [H3THE M bt 245 1
& 17.86 F129.27 mg/g, bl S BRyTHE B B & 43 Ak 14.5%
FI¥EIN 6.2%.

BE AR T, AR E . B A R AT
SEIR/NES DUEW M EA 2GS, o IR
a5z BI5em, SERR RIS, ARAE/NER .

25 LT, TEAW R PR K P E 4 R HLE AL 4y
Mo, BRUE X 4% A Wt & = A AR e ), I 5
Wl o FF I P E AN UE IR R S TSR, B, fEE
A4 53 A A2 0 W o B 4 R RO LB IR, S R R A X T

R
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Note: QOpny: sorption capacity due to physical adsorption; Qy: sorption capacity
due to m electronics; Opr.: sorption capacity due to precipitation.
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Fig.7 Contribution of different adsorption mechanisms
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Quantifying the adsorption mechanisms of Pb( Il ) in aqueous solution by
cotton stalk biochar

Gao Liang™?, Li Zzhihe'**, Yi Weiming"?, Wang Lihong?, Wang Shaoqing’~
(1. School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo 255000, China,
2. Shandong Research Center of Engineering and Technology for Clean Energy, Zibo 255000, China;
3. Shandong Academy of Agricultural Machinery Sciences, Jinan 250100, China)

Abstract: This study aims to more accurately quantify the contribution of each adsorption mechanism, in order to eliminate
the influence of pickling on the heavy metal sorption capacity of biochar. Taking the cotton stalk as the raw materials, the
specific procedure was as follows. Firstly, slow pyrolysis was selected to produce the biochar at the temperatures of 350 and
550 °C. The pickling (HCI+HF) was then used to remove the influence of salt and silicon oxide on the sorption capacity. After
that, the demineralized biochar was prepared from the cotton stalk. Taking the Pb®" in the aqueous solution as the research
object, a sorption experiment was carried out using the biochar and demineralized biochar to quantify the contribution of each
sorption mechanism. Scanning electron microscope (SEM), energy dispersive spectrometer (EDS), X-ray photoelectron
spectrometer (XPS), X-ray diffractometer (XRD), and Fourier transform infrared spectrometer (FTIR) were applied to
characterize the microscopic morphology and physicochemical properties of all biochar samples before and after Pb*" sorption.
The FTIR peaks of all biochar samples before and after Pb** sorption indicated that the carboxyl and phenolic hydroxyl had
participated in the sorption process through complexation. Boehm titration was used to detect the content of oxygen-containing
functional groups (carboxyl, phenolic hydroxyl, and lactone) in all biochar samples before and after Pb** sorption. Furthermore,
the Pb>" sorption capacity of complexation was evaluated using the pH difference of equilibrium solution. The reason was that
there was a significant decrease in the pH value of equilibrium solution during the complexation of oxygen-containing
functional groups with Pb*". The contribution rates of pickling and complexation between cotton stalk biochar and Pb*" were
determined for the actual Pb>" sorption capacity, combing with the oxygen-containing functional groups. An Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) was used to detect the concentration of ions in the solution. The
sorption capacity caused by ion exchange was then calculated by the net release of K', Na®, Ca®', and Mg2+ in the solution
before and after Pb>" sorption. As such, a quantitative dataset was achieved for the sorption capacity and contribution of each
sorption mechanism. The results show that five mechanisms were involved in the sorption process, including the precipitation,
ion exchange, m-electron interaction, complexation, and physical sorption. The effect of physical sorption was very weak to be
ignored. The contribution of precipitation and m-electron interaction increased, whereas, the contribution of ion exchange and
complexation decreased significantly, with the increase of pyrolysis temperature. Ca®" and Mg®" were dominated in the ion
exchange adsorption, accounting for more than 95%. Consequently, the inorganic components were greatly contributed to the
sorption of Pb*" by cotton stalk biochar, where the contribution rates of precipitation and ion exchange were not less than
70.6% in the diverse adsorption mechanisms. This finding can provide a theoretical basis for the quantitative analysis of the
heavy metal sorption mechanism of biochar/modified biochar. A feasible technical approach can be served as the resource
utilization of waste cotton stalk, as well as the prevention and control of heavy metal pollution in water and soil.

Keywords: biochar; adsorption; heavy metals; cotton stalk; Pb2+; quantification



