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Preparation of biochar from Solidago canadensis L. stalk and its
pyridine adsorption performance
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(1. College of Plant Protection, Hunan Agricultural University, Changsha, 410128, China; 2. College of Science, Hunan
Agricultural University, Changsha, 410128, China; 3. Changsha Environmental Monitoring
Center Station, Changsha, 410001, China)

Abstract Biochar was prepared with Solidago canadensis L. of middle and late phase at the
temperature of 400 —650 °C and its pyridine adsorption capability was investigated. The micro-
structures of the biochar were characterized by infrared spectroscopy, scanning electron microscopy,
specific surface area analyzer and X-ray diffraction. The effects of the initial pyridine concentration,
reaction time and the dosage on the adsorption properties of biochar were discussed. The adsorption
kinetics and isothermal curves were also investigated. Results showed that the oxygen-containing
functional groups, aromatization degree, and specific surface area of the biochar increased with the

increase of carbonization temperature.The biochar prepared with a sintering temperature of 600 °C
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had a regular structure and the best stability. When the concentration of pyridine was 100 mg-L™" and
the amount of biochar was 2 g-L ™, the adsorption performance of biochar produced at 600 °C was the
best and after 2 h of reaction, the adsorption equilibrium was reached and the adsorption capacity was
32.9 mg'g”'. The adsorption of pyridine conformed to a pseudo-first-order kinetic model. The
analysis of the adsorption isotherm showed that the Langmuir model can better fit the adsorption
process of pyridine by biochar. Biochar adsorption of pyridine was mainly monolayer adsorption.
The maximum adsorption capacity of pyridine by biochar prepared at 600 C was as high as
144.44 mg-g”'. The response surface optimization results using biochar prepared at 600 °C as the
adsorbent showed that under the optimal conditions of 4 g-L™" of biochar, an initial concentration of
pyridine of 102.10 mg'L™', and an adsorption time of 2.89 h, the pyridine removal rate was the
highest, reaching 97.92%. It was indicated that Solidago canadensis L.was a potential raw material
for preparing biochar with excellent adsorption performance.

Keywords  Solidago canadensis L., Dbiochar, pyridine, adsorption, response surface

optimization.
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1 MBS I (Materials and methods)

1.1 SRS

S A RS IR N KB ZE RO IR T VD BB R R SN S B M e BE SRR T SR
HEW TP, Al >96%; B sk o ik 4li, W T 5% [ TEDIA /A &l #B 4K, ih S22 4tk ek 2 40
A5, S8 vl T H e o o A A

SR AL AR : RIGOL L-3000 a5 A508 AH 2,335, 36 57 3 3 A AL 2541 FR 22 7] 5 UVmin1240 2840AT UL 430
Fe i1, H A SHIMADZU; Thermo # 4l /K 5+ 1k 2 4t (Ultrapure Water System) EASYpure I1; SX-5-120 4
= B, R ZE TS A BR S 7 ; QuadrasorbSI 22 I FLER A BT AY, 35 [ FERE /A w15 S-3400N 494
ML F B, HAS H 57 ; Tensor 27 H i B AR 2T /35X (FTIR), £2[E Bruker /A F]; XRD-6000 £k
PSS, HAS S,

1.2 Wil &

DA s B 2 K — B AR (LR AR SCL) bkl B, vt i, i 60 Hifif5, B
153 SCL Z5FF K oK, 115 2 0k KRB ARG B T 53R N TE 100 °C T OREE 1 h, FELL 10 °Comin™" 1)
TR H 43 5 IR 2 400, 500, 600, 650 °C fHIE AL 2 h, XA 2 2R 5 M 0.1 mol- L™ (R ARIZ L 6 h,
I Je HZE AR /K IS vk 2= b ik, 2 B8 BT RIS A= W . I AR 4l e 45 T B9 AN TR) L 433l i 45 A SCL-400,
SCL-500, SCL-600, SCL-650.

1.3 HEYHERIE

I FH AT B AR $0 2T SIS (FTIR) 20t AR 4 i 2 181 B BB AL, B 1R AL BT 5 4 o T B B b b 72
ORI o R, R I BE T 400—4000 e A9 25 24F R SR A7 I3 FH 44 B 1 R 0BT (SEM) W%
AW B TE S5 A, W A o e i b, S B — A ORI S 7, 8 3 b 5 5 R A B R A T R A
FH L2 1 FL B 53 A4S0 2 A 0 A 1 L 2R T B, B e K A 2B B T 150 C 28 TR 2 h, LA
W BB, PEA AN ZE IR 1.0360%10° Pa, P/Py UL IE A 0. 05—0.35 B S5 T #EA T4 F X S 2T
SO AW e 1 db AR S5 440, 20 1 5 B R 10°—80°, F 413 B4 5°-min™".
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A=W X M BE P I B O(mg-g ) B 3158

0= (C.— ’io) XV
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W B 790 79 BT i, mg.
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0, = Q.(1-¢" (3)
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K1, Q.(mg-g™) F 7R W B 550 38 2810 W52 B - 7 B A e R B 25 O,(migeg ™) 3R () Bsf 2200 W% o 551 f4 % o
5 ky (W) S P — gl g 2 W B S 8 88 ey (grmg ' -h') S O 408l g 2 1A R o 3
K H Langmuir J7 £, Freundlich J7 B X W M1 2= i A7 100 &, UG R
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Langmuir %57 £k -
QmaxKLCe
= 5
Q. 1+K.C. 5
Freundlich %5 £k
0. = K;C! 6)

K, O (mg-g™) I F 1 W B 78 18, C. (mg- L") J2 W B 1 85 8 5 O (mgeg™) 2 fi2 K W B 2,
K (L-mg") f&—~ Langmuir % %, Kp(L-mg ") J& Freundlich % %, 1/n (JC a4 & W B A9 558 2
141 W BRF RS Tea] e 5 o %) 52

WG BE R 100 mg- L AILIE RS VK 50 mL T T = MBS, 400 A 0.1 g A=Yk, & T1E
TR 2% (180 r'min!, 28 °C)H, YR T AIIHA] (0.5, 1. 2. 4. 6. 9 h)Ji, 1 IE, I8 IR H S0 M {6 3%
I 5 L P R
1.4.2  MHRER] LA R 1Y) 52 M)

ORI BG 3 BE 43591 9 10, 50, 100, 150, 200, 250, 300, 350, 400 mg-L™' FYRLBE M 50 mL T#& 1=
FAHETE IR A, A 0.1 g AW, & FHE IR (180 rmin', 28 C)Hr, W B SN 2 h, 3 48, UEH
SR FH 0 SS0BORE €2 3 D0 7 b e 32
1.43 RV BA NG )5 00

BTGV B2 100 mg- L A EBEA MR 50 mL T2 T = M b, A A4 ¢, 4% it 43 5l
$0.5.1.2. 4.6, 10gL", & TEIEIE % (180 rmin', 28 C)H, WM 2 h J5, 1 UE, U8R 1 2808
P8 ) R i e
1.5 7 AL S B i T

DLBA R 2 325645 4T Box-Behnken #31, I IMP #2546 5256 B 06 2845 404, IR A3 B Al (.
1.6 MHEBEM & J5 ik

SR FH R0 255V 0 5 T A I D B Y 82 . HPLC A I %12 Agilent1260 /55 2508 AH €4.3351%, SB-C18 S AH
COGEAE, WA R - K=7 « 3, KD 254 nm, JiE# 1 mL-min', JEAER 10 pL.

2 iR 54508 (Results and discussions)

2.1 AWHIN SR FRAE
2.1.1  ZLAMiTSH(FTIR)

AN TR AV T BE T ) £ 11 A2 W e FTIR RIS UL 1. f IR 1 AT L, ek Yl B AN [R], T okl A 400 e 1 4T 9k
G W W A7 A B Y 25 5
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Fig.1 FTIR spectra of biochar from Solidago canadensis L.
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400 C FAS 19 A2 W0 ok 60 T 3400 om ! BT A R S 06 Ay 2 2K RN B 2K v i —OH i 45 ik 30 5 1 R
1600 cm ™" B 3T B4 W2 AT e U Pl 2 3 ) C=0 M5 31 1 C—=C 45 IR sh 51, 1400 cm" kT A4 W iU oy
e KA B b B F S 0t e R S C—H W 4 IR 207, 1250 om ! B SIT %) W AL 6 Oy T 4 3R SR I
C—O—C ‘B e F1 Y {45 I sh 1625 29 Bk /K Ak A 1 T8 21 4 2 A A7 AE 26 B A 0 5 08 R 0 ik 5 4. 24 0%
AR BE T 2 500 °C B, B A 2 i) O—H U, DL SR EE AT IR (1) C=0/C=C I I 34 K, 3=k
TR T KR & EUE RE; M RALIRIE M 600 °C F1 650 °C i, O—H Fll C=0/C=C W AWH41E, 1400 cm™
() C—H 1 1250 cm'C—O—C AW 59, H. 752 em™ 4bB955 F i C—H 357138 57 1K R 7776 7T
HERR A W ) 45 LR 0, AT e R A LTS e e R R
2,12 B (SEM)

AN ) AR TG RE R i 45 B £ W 5 SEM &5 3 UL &1 2. /18] 2 mT 0L, aR AR5 BT ikl A B e o9 3R B A = B Y
FLBRZEH, HoR AL I BE R TR, AR 45 44 777 W i A 22 5% 7E 400 °C 1 500 °C il 5 B9 A= 0 e A
VFZ 24 0L IR AR R D DR AT R R e T T AR, A= 0 0 o A e Ak 56 4, DT A7k B8 Kt 1) JK 43 T 3. 3
AL ER B 1 WS RN K ARk K A5 RN /ECET 4 0 W A Y 25 SR AT DAIE S Y I BE T 55 2 600 °C B, e
W RIE AR A N, F2 A T 6 LR E5 48, 2B A= W R L 2803l 58 45 B IR S RS2 TH 3 2 650 °C,
AR O ZE B IR, B/ (R . el e ml L, A= 0 5 ) e R AR TS Sl 600 °C.

; ",j‘cl:‘ i M AL T

B2 A[E BALIR L i # A A S SEM ]
Fig.2 Scanning electron microscope of biochar from the stalk of Solidago canadensis L.
2.1.3  HEmA(BET)

P N A Sy W B AT 5 A (] e At HE T 8 ) A P R AL . A 1 AT, IS R — R A
ZERFEY pALIR AR BET b 2 1 AR Bl B4Vt B2 ) o T8 00 3k T R J2: BB Akl BE ) g, A
Wy 5 IR 53 18 W 03 A A, LR B 3, JUHCAE 400—500 °C #vig ik F2 b, AR5y BET [
FKII 0.80 m? g SEINF] 126.51 m*g . X Ik K A 450 v 114 3L 138 Oy A 0y ot m 44 2 W 20 20 1) e ik R T
U Z R RESE, FEREY IR SR, BN SIS, S B L AR N, L3 T BRI R0,

R ATE BACHLBE T il % 049 4= W) 5 LS5 A

Table 1 Microporous structure of biochar from the stalk of Solidago canadensis L.

et BETLLEHF/(m? g ') AR (cm?® -g™) SFEfLAR/mm
Sample BET Surface Area Micropore volume Average pore size
SCL-400 0.80 0.001171 19.63
SCL-500 126.51 0.002078 18.83
SCL-600 356.27 0.116705 19.55

SCL-650 382.10 0.122996 19.56
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2.1.4 X 445 (XRD)

ANTE) AT E T #1409 A4 Py 5 XRD B3 UK 3. i /Al %0, 78 400 °C, 500 °C, 600 °C 5 650 C
il £ (0 A= ) e 8 06 17° 4 A B R 21 2 R (101) & T AT 5 06, 7 22001 44° 81T HH B 114 B e Ay ik 11%)
(002) F1(100) 177 5 0, 22 BT ) 10 A= ) ¢ o J6 e B S5 R0 7. 24 e A T BE MK 400 °C T2 600 °C 3 v,
A=W 1 (002) FT(100) f T AT S WAg 0 7 52 [ v ) A% 2, i B A o . R W e AR TRLEE T S [T 2B )
BV B 2 T BRSO, 45 b B3, R M3 . 455 FTIR A SEM 25 R4k, W] B2 (K e A I B
1o 2 W) I S E 4, 4 R v TR

(110)

(100)
: SCL-650

Intensity/a.u.

SCL-600

SCL-500

SCL-400

10 I 2.0 ‘ 3‘O 4;0;9/ )5.0 6‘0 70 80
"
B3 ORI s TR T A 0 Pk XRD g
Fig.3 XRD map of biochar from the stalk of Solidago canadensis L.

22 WERMSLER A
221 W B 6] A 52 g

R T i 2D AR ) AR W E ) R R AL, S g IS T W R T XoF A= 40 e W P i 1 R i, TSR
FAh— N h — 23l ) A AR FL B it B A T4, 255 DL IR 4 SR 2 Fow. 1] 4 BTN, Sk iER)
TEHeE R 100 mg L7, ¥R Fl#2 2 g-L™', SCL-400, SCL-500, SCL-600 Fll SCL-650 %5 4 4B} 15 2 7
2 h iR B W BT P 2% SCL-600 1o W B 5 d5 i, 4 32.9 mg-g s T SCL-400 YW B 5 451K, 10
20.5 mg g . 3X T 5 AEY HO K At E 15 4L 4 e B ATL R A DG, AR W e 6t D A A LTS Y R B AL
i) 32 A - RO Ry 5 B 1 FLBR I FE 4, W Bih e B2 i A7 A m-m VR P, SRV E T R i K VE . DA Eak
Y FTIR. XRD 1 BET 455 Al 1, B & be s i B, AW i) R & A B RERT B 5, 05 B AL R
L R R % EUE R A AR WIS i AR A i 1) SR KM, AR T S e T e i ks O A AL R
JEE R Ry, L5 Mg V5 Gy 1Y) mem AR RO bR TR K, 422 M SR 28 300, 53 41, DN SEM & AT I, 4
fif IR EE 600 °C I il £ i A= W) e S A AR, RS M A, A R TS HARTS Qe W0IE it e W B . BRIk, B
A IR R T, T ) A 0 e X8 R E 1) I B A A ST RS I N 3, YRR A TR EE Ry 600 °C il
A o VW B K

—#—SCL-400 —4—SCL-500 —4—SCL-600  —¥— SCL-650

r Pseudo-first-order — Pseudo-second-order

35 - . R N 35F ‘ -
L A v | 3
30| ¢ 30
25 - . 25 .
- L] -
Lo . Lo
o 20 ' 'y 20
S sk < 15
i i
10 10
5 sk
oL of 4
_5 1 1 1 1 1 1 _s 1 1 1 1 1 |
0 2 4 6 8 10 0 2 4 6 8 10
th t/h

B 4 SIS TR Xk A 40 0 TR R e I 9 52 1)

Fig.4 Effect of reaction time on pyridine adsorption by biochar from Solidago canadensis L.
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R2 WSS

Table 2 Pyridine adsorption Kinetic parameters of biochar from the stalk of Solidago canadensis L.

B h—2% 5l 1245 R Pseudo-first-order Th =2k 5 )1 R Pseudo-second-order
Sample K,/h! 0 /(mg-g™) R K,/(g'mg™'h™) 0./(mg-g™") R
SCL-400 2.68 22.33 0.974 0.16 24.15 0.978
SCL-500 3.29 31.60 0.985 0.16 33.58 0.967
SCL-600 4.23 33.13 0.994 0.23 34.73 0.987
SCL-650 3.20 32.11 0.988 0.15 34.15 0.970

FH 2% 2 WML 2 07 2 24007 UL, 4 Fh A= W) e (%) PR — W B 8 0 2 O R T UE 3R 85 (RP) ¥ 38y, 4390l
4 0.974. 0.985. 0.994 1 0.988, JLH &G 3 R AWk 9 th— sl J1 2 7 B R A R T8 — 3l
SRR R 2, U Db — 90 5 712 05 F5 A T4 i S e A= 49 5 ek R I 7 1 B 3 1 2E AL D —2sh
SR R ok R A2 A S L S B B 5 O B D 2 0 W R AR A2 A5 S R, B T A R U
ML RE7E 4 Fh A= 9 b 1 R B ATL P = 2 2 ) B o
2.2.2 WIURVREE )52

L W 49 L e 2 6T A4 00 e O o B P s i L S B s el T S T, X R RS TD Sy 2, AR e 8
W2 g L, AN A T T T ) A A ke ) R SR 47 i L A G v ) R S AR A, ik
WER] Lf ik BEAIR T 200 mg- L' 1, B 5 W B2 9385 O, LR B i T B 5 ELIR: XY ok B2 4R 23 R I, A= ik
W - o 14 B3 AR 28 . 3 HL, 75 Mk BE AR, SCL-500, SCL-600 F1 SCL-650 %5 3 bt bt 308 AR BL i
W B s IR (=100 mg L") i), SCL-600 FELH T F SCL-500 F1 SCL-650 1) W B BE. 4551l
JE ML WEVER FE Oy 400 mg- L' B, SCL-600 HY W B 75 f 3k 77.3 mg-g ', B HI AR &5 0 ZSBRBE 7. 3X 6 H LA
w300 A 00 B K — R B AR ZE AT M JEURL, 7E 600 °C B 5 AL TRLEE T i 45 1A 1 73 ok K A v g i e 35 e
A AR BRVER.

—— SCL-400  —*— SCL-500 —— SCL-600 —v— SCL-650

[~  Langmuir fitting ™~  Freundlich fitting
80 - 80
v
60 = 60 -
% E
g 40| 240
= v <
< 3
20 | 20 -
0 - 0 =
1 . 1 " 1 ) ! . 1 | 1 L 1 L 1 L 1 L 1 |
0 100 200 300 400 0 100 200 300 400
Clmg-L™h Clmg-L™h)

Bl 5 0 dh e B0 A= ) 2 R R bk E 1) 52 )

Fig.5 Effect of initial concentrations on pyridine adsorption by biochar from the stalk of Solidago Canadensis L.

HR i S 06 25 S B 4T Langmuir F1 Freundlich J7 #2804, #1526 3 Frox. 4 3 W%, Langmuir
il Freundlich *ﬁF“T)AQJ% (1) R> #R T 0.9, PRI B 45 05y R AR BEAR 4 A 400 & S 0 400t , d W ik E7E A=
Wy b % W B e R AZ 31 22 AL A4 . SR T Langmuir W AR A R? {H KT Freundlich #57Y H
1 R* i, 1B Langmuir W FRA5EY AT DL S G- 4 3R A0 2 72 . Freundlich W B 25 1R BT RS 34 17 2 Z2 53
)2 W B, Freundlich #5881 ip 4 25 Ki F1 n A 2856 5 850, Hovbh n (85 W2 B 52 I 18 3 ) 72 86 A G, 24
1Un BIE/NT 0.5 B Al Wi e B i e B0 %5 5, AR 528 v Freundlich B H ) 1/n {EAE 0.5 B, 1i ]
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T2 B I R R 25 &), Langmuir W [ 25 R AR 7R 45 34 09 2 5000 )2 Wb, B Langmuir W B4R 7Y 3 47 11
a5 R AR T, W BREE A2 A W 2 T RS A Y S, A W) o 3 T W A7 3 2, AR
St ML F74 8% [ 336 011, SCL-600 SeF IH B 1) $5 AW iy 144,44 mg-g .

R3O WA Hh LB 2

Table 3 Pyridine isothermal adsorption curve of biochar from the stalk of Solidago canadensis L.

RS, Langmuirf 71 Freundlich#% %Y
Sample 0,/(mg-g") Ki/(L'mg™) R n Ke/(L-mg™) R
SCL-400 59.14 0.005 0.996 1.852 1.644 0.990
SCL-500 89.56 0.005 0.999 1.811 2.307 0.988
SCL-600 144.44 0.003 0.999 1.535 1.629 0.995
SCL-650 117.62 0.003 0.965 1.594 1.499 0.981

223 AEHA NN B I 5

A ) i A8 TN K e I R B 2 B A S e G 5] 6 T, FR IR 6 BT L, S E B A 100 mg- L, W fF i
6] Sy 2 b ), 6 2 B T RO 0, 4 ol 2 W 7 1 3 B0 R 2 R D/ I 3. 3k 2 R A 4% e T 2 T
O A4 28 HRHIE R ) 4R T B (Co) 2 B2 1, N 1.4 T TR B2 X (1) AT LA B, X Rl s/ i a3 8 T 1F
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Fig.6 Effect of biochar addition on pyridine adsorption by Solidago canadensis L. based biochar
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Table 4 Box-Behnken design factors and levels
g e JK3F-Level
Number Factor -1 0 1
A WA/ (mg L) 50 100 150
AR/ (g L) 4 5 6
C W% B [ /h 2 3 4
% 5 Box-Behnken {5 [8] 5 43 H7 45 1
Table 5 The results of Box-Behnken regression analysis
i H i FrifEiR 22 the RE>t| BEM
Item Estimate Standard error t ratio Probability>t| Significant
R 96.047 0.604 158.890 <0.0001* L aTES
EUbGY 1.840 0.370 4.970 0.0042%* LaTE S
52 1 1) -0.285 0.370 -0.770 0.4761 NTE S
Bhnit -1.713 0.370 ~4.630 0.0057* iaTES
9 VA R TR 5 s ] 0.265 0.524 0.510 0.6342 NTES
LG R B 1.730 0.524 3.300 0.0214* S aTE
U ERE ) 1=y -0.220 0.524 -0.420 0.6918 ANE
WA B+ W iRk 4 -0.968 0.545 -1.780 0.1357 NTES
T2 IS i ] 952 e 1) -0.243 0.545 -0.450 0.6739 NTES
B =5 n & 0.162 0.545 0.300 0.7786 NTES
% 6 Box-Behnken SCI i T K 45
Table 6 Box-Behnken experimental design and results
SIS S AR /((mg L) RPN/ (g L) R et ] /h W B 2/%
Number Concentration of pyridine Biochar mass Adsorption time Adsorption rate
1 150 6 3 96.12
2 150 5 2 97.14
3 150 4 3 97.54
4 100 6 4 94.67
5 50 5 2 93.49
6 100 6 2 95.29
7 50 4 3 97.82
8 100 5 3 95.87
9 50 5 4 92.00
10 150 5 4 96.71
11 100 5 3 95.69
12 100 4 2 96.82
13 100 4 4 97.08
14 100 5 3 96.58

15 50 6 3 89.48
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Fig.7 Maximum willingness prediction chart of adsorption rate

zEi6 (Conclusions)
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