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Abstract: Taking branches of poplar ( Populus sp.) as raw materials, changes of yield and
physicochemical properties of biochars prepared at different pyrolysis temperatures and heating rates were
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studied. The results show that pyrolysis temperatures have extremely significant ( P<0.01) effects on
yield, ash content, pH value, electric conductivity, contents of C, N, H, K, Ca, Na and Mg, and
C/H ratio of poplar branch biochars, heating rates have significant (P < 0.05) or extremely significant
effects on contents of K, Ca and Mg and C/H ratio, and the interactions of pyrolysis temperatures and
heating rates have significant or extremely significant effects on ash content, pH value, electric
conductivity, and contents of H, K, Ca, Na and Mg. When at the same heating rate, biochar yield
decreases with the increase of pyrolysis temperature, biochar yield at the pyrolysis temperature of 700 °C
decreases by 68.93%—70.76% compared with that at the pyrolysis temperature of 300 °C ; ash content,
pH value, and electric conductivity of biochar increase with the increase of pyrolysis temperature in
general. When at the same heating rate, C content in biochar increases, N content first increases and
then decreases, and H content decreases with the increase of pyrolysis temperature. Compared with the
pyrolysis temperature of 300 °C , the increment of C content and decrement of H content of biochar at the
pyrolysis temperature of 700 “C are greater than 50% and 80% respectively, and the differences reach
significant levels. When at the same heating rate, contents of K, Ca, Na and Mg of biochar increase with
the increase of pyrolysis temperature in general, and contents of these four elements at the pyrolysis
temperature of 700 °C all significantly increase compared with those at the pyrolysis temperature of
300 °C. When at the same heating rate, with the increase of pyrolysis temperature, the surface lamellar
structure of biochar gradually becomes evident, specific surface area and total pore volume show a
tendency to increase, and the variation tendencies of average pore width, micropore area, and micropore
volume have differences. In general, the types of surface functional groups of biochar are basically the
same at different pyrolysis temperatures and heating rates; with the increase of pyrolysis temperature, the
number of functional groups such as —CH, and —CH, decreases, the number of C=C increases, and the
stability of biochar increases; with the increase of heating rate, the number of —OH increases, and the
C/H ratio decreases. Overall, the poplar branch biochar prepared at the pyrolysis temperature of 400 °C
and heating rate of 10 °C - min~' is weakly alkaline, and its losses in contents of C and N are relatively
less, which is suitable for remediating alkaline soil; pH values, ash contents, and contents of K and Na
in biochars prepared at pyrolysis temperature of 500 C —700 °C are relatively high, which are more
suitable for remediating acid soil; specific surface areas of biochars prepared at pyrolysis temperature of
600 C and 700 °C are relatively high, which are suitable for remediating heavy metal and organic matter
contaminated soil.

Key words: poplar ( Populus sp.); branch; biochar; pyrolysis temperature; heating rate; yield;
physicochemical property
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Table 1 Changes of yield and ash content in poplar branch biochars at different pyrolysis temperatures and heating rates (X+SD)!

FHEH R/ (C - min™")

RIRFEE T B AEYF RT3/ % Yield of biochar at different pyrolysis temperatures

Heating rate 300 °C 400 C 500 C 600 °C 700 °C
10 89.39+7.11Aa 41.00+1.61Bb 32.78+0.49Ca 26.62+0.74Db 26.14+0.86Da
30 85.90+5.21Aa 42.96+2.38Bab 33.17+0.97Ca 28.39+0.69Da 25.56+0.87Da

50 85.26+6.32Aa

46.15+£5.28Ba

32.89+1.12Ca 28.37+0.58Da 26.49+0.88Da

FHR A/ (°C + min™")

RIRASRIRE T B YR K55 /%  Ash content in biochar at different pyrolysis temperatures

Heating rate 300 °C 400 °C 500 °C 600 °C 700 °C
10 7.20+0.15Da 11.03+1.21Ch 13.91+0.94Ba 15.94+1.22Aa 16.96+0.17Aab
30 7.44+0.86Da 10.79+0.72Ch 14.50+0.54Ba 15.75+0.29Aa 16.32+£0.49Aab
50 7.78+0.57Da 13.01£0.84Ca 14.15+0.33Ba 14.91+0.62Ba 17.46£0.75Aa

D [R5 HOAS ] K S B R 7 TR — TR R A R Sk 55 1] 22 572 5 2% ( P<0.05 ) Different uppercases in the same row indicate the significant ( P<
0.05) differences among different pyrolysis temperatures at the same heating rate; [[51 W R [A]/NE F5F R 78 7] — PR IR EE T AR 6] TR % i) 22

5.3 (P<0.05) Different lowercases in the same column indicate the significant (P<0.05) differences among different heating rates at the same

pyrolysis temperature.
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®2 TAERBREMFBRERTHMEEENFR pH BMESEHTN (X2SD) "

Table 2
(X+SD)V

Changes of pH value and electric conductivity of poplar branch biochars at different pyrolysis temperatures and heating rates

THE#EZR/(C - min™")

AR AR IR BT A E R Tk pH . pH value of biochar at different pyrolysis temperatures

Heating rate 300 C 400 °C 500 °C 600 C 700 °C
10 5.65+0.02Ea 7.130.10Db 8.83+0.02Ca 9.22+0.03Ba 9.72+0.04Aa
30 5.66+0.57Da 7.28+0.02Ca 8.73+0.13Ba 9.510.02Aa 9.80+0.03Aa
50 6.00+0.02Ea 7.28+0.03Da 8.31+0.05Ch 9.32+0.36Ba 9.75+0.09Aa

THEHR/(C + min™")

AN PR R B AR D R ACHE 5%/ (mS + em™!)  Electric conductivity of biochar at different pyrolysis temperatures

Heating rate 300 C 400 °C 500 C 600 C 700 °C
10 0.440.01Dec 0.57+0.05Ca 0.63+0.03Ca 0.840.05Bab 0.94:0.02Aa
30 0.48+0.01Cb 0.61+0.01Ba 0.63+0.01Ba 0.90+0.04Aa 0.88+0.01Ab
50 0.55+0.01Da 0.60+£0.01Ca 0.62+0.04Ca 0.82+0.01Bb 0.87+0.03Ab

D @47 AN [E) R E TR R TE 8] — TR 3 R T A [R B IR 3 0] 22 57 .35 (P<0.05) Different uppercases in the same row indicate the significant ( P<
0.05) differences among different pyrolysis temperatures at the same heating rate; [[51 W R [A]/NE 75 R 78 [A] — PRI EE T AR 6] TR % ] 22

5+ 8.3 (P<0.05) Different lowercases in the same column indicate the significant (P<0.05) differences among different heating rates at the same

pyrolysis temperature.
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Table 3 Changes of element composition of poplar branch biochars at different pyrolysis temperatures and heating rates (X+SD)"

THE#ER/(C + min™")

AR BHIREET AEYTR C &R/ %

C content in biochar at different pyrolysis temperatures

Heating rate 300 C 400 C 500 C 600 C 700 °C
10 49.45+0.46Db 67.26+0.09Ca 71.40+0.13Ba 74.26+0.80Aa 76.08+2.87Aa
30 50.35+0.36Da 65.940.33Ch 71.69+0.46Ba 75.53+2.08Aa 75.65+3.14Aa
50 50.92+0.07Da 64.78+0.47Cc 73.30+4.08Ba 74.99+0.85ABa 77.96:1.12Aa

FHEHR/(C » min™!)

AR IRLEE B A B N E i %

N content in biochar at different pyrolysis temperatures

Heating rate 300 C 400 C 500 C 600 C 700 °C
10 1.22+0.02Ba 1.29+0.02Aa 1.2740.01Aa 1.18+0.03Ca 0.97+0.02Da
30 1.20=0.01BCa 1.22+0.02ABb 1.24+0.03Aa 1.11+0.05Ca 0.91+0.04Da
50 1.09£0.03Bb 1.230.02Ab 1.2420.04Aa 1.12+0.01Ba 0.92:0.04Ca

THEHR/(C » min™")

AFEPRRE T AW TR H &5/ %

H content in biochar at different pyrolysis temperatures

Heating rate 300 °C 400 C 500 °C 600 °C 700 C
10 5.45+0.40Aa 3.68+0.10Ba 2.35+0.02Cc 1.68+0.08Da 0.92+0.01Eb
30 5.10£0.17Aa 3.73+0.06Ba 2.43+0.04Ch 1.77+0.05Da 0.96+0.03Fab
50 5.2420.02Aa 3.84+0.12Ba 2.5020.04Ca 1.76+0.03Da 1.0120.04Ea

THEHZ/(C + min™")

AR T R ES Bk C/H b C/H ratio of biochar at different pyrolysis temperatures

Heating rate 300 C 400 °C 500 °C 600 °C 700 °C

10 9.11£0.69Ea 18.27£0.50Da 30.38+0.18Ca 44.25+1.63Ba 82.38+2.53Aa

30 9.88+0.31Ea 17.19+0.44Db 29.51£0.60Ca 42.76+1.21Ba 78.79+1.24Aa

50 9.71+£0.03Ea 17.38+0.16Db 29.35+1.27Ca 42.61+0.41Ba 77.04+4.06Aa
FHEHZ/ (C - min™) RIEAFRE TR EY TR K &/ (g - kg™') K content in biochar at different pyrolysis temperatures
Heating rate 300 °C 400 C 500 °C 600 C 700 °C

10 4.44+0.03Db 6.75+£0.09Cc 9.82+0.14Ba 9.92+0.12Bb 11.35£0.26Aa

30 5.22+0.04Ea 7.20+0.01Db 9.36+0.07Ca 9.62+0.26Bb 11.20+0.16Aa

50 5.17£0.02Ea 7.72+0.02Da 9.43+0.38Ca 10.48+0.14Ba 11.11£0.12Aa

THE#ER/(C + min™")

AFEHARIRE TR AT A Ca S/ (g - kg™!)

Ca content in biochar at different pyrolysis temperatures

Heating rate 300 °C 400 C 500 °C 600 C 700 °C
10 19.08+0.04Eb 20.46+0.18De 33.00+0.42Ba 30.53=0.33Ch 35.47=0.07Aa
30 23.96+0.33Ca 24.29+0.42Ch 30.25:0.01Bb 30.37=0.50Bb 34.91+0.01Ab

50 23.64+0.08Ca 29.76+0.60Ba

27.77+0.41Bc 34.58+0.51Aa 33.80+0.34Ac
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£33 Table 3 ( Continued)

THEHZR/(C + min™")

AR AR IR T B AP R Na 5/ ( g kgfl ) Na content in biochar at different pyrolysis temperatures

Heating rate 300 °C 400 °C 500 °C 600 C 700 °C
10 0.330.01Db 0.40+0.01Cec 0.52+0.01Ba 0.63+0.02Aa 0.62+0.01Aa
30 0.3720.01Da 0.45+0.01Ch 0.55:0.03Ba 0.55:0.01Bb 0.62+0.02Aa
50 0.37+0.01Da 0.50+0.01Ca 0.53+0.01Ba 0.59+0.03Aab 0.55+0.01ABb

FHEHE R/ (C - min™")

RIERIRE TR AEY i Mg 58/ (g - kg™') Mg content in biochar at different pyrolysis temperatures

Heating rate 300 °C 400 °C 500 °C 600 C 700 °C
10 1.3520.01De 1.88+0.01Ce 2.68+0.03Ba 2.65+0.04Bb 3.10+0.02Aa
30 1.60£0.00Da 2.00+0.01Ch 2.51x0.10Bb 2.54x0.07Bc 3.11+0.06Aa
50 1.57+0.01Eb 2.27+0.01Da 2.50:0.08Ch 2.76+0.02Ba 3.010.01Ab

D )47 Hp R ) K R 2R R A [l — THIR R T AN [ FA 7 L FE 18] 22 5 . 3% ( P<0.05) Different uppercases in the same row indicate the significant ( P<
0.05) differences among different pyrolysis temperatures at the same heating rate; []%1 FFR [l /NG 5719 3 7R 78 ] — A TR A [R] S R o 4 i) 2%
5+ 8.3 (P<0.05) Different lowercases in the same column indicate the significant (P<0.05) differences among different heating rates at the same

pyrolysis temperature.

Ll B 5 A ok B85 198 P v T 38 I, L AS ) B Ao 38 (1)
PIfFE R 25 57 BRAVEIRE 400 CF, Il o %
10 C « min”' ZFFF A R C/H B & T T+
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H 2 3 e n] UL, [l —FHEER T AP R i K
Ca Na Fl Mg 7 it G4 b Bl 45 S A ek B 1) - o i
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700 C&F F RS A K F1 Mg 25 1k B e K {H,
AHAE T AR IR B 300 °C 10 184 W& 43 51 Ry 155.63%
114.56% .114.89% 1 129.63% 94.38% 91.72% , 75 5+
I3k B F K, PRI 300 °C F1400 °C R, FHiR
10 °C - min EAE 50 °C - min~" W, 24 Y 5 A
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SRR 23 5 N 23.90% F1 45.45% , ¥ JFi % Na
SR RYREE S B R 12.12% F1 25.00% , A= W) i ik Mg
R IR 5N 16.30% 1 20.74% , 22 5343k B 3
IR, PRIEE 500 °C 1 600 °C R, Bl FHE R
B AW R X 4 FOTER S RN 5
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RN AN R2.11% . 4.71% (11.29% F1 2.90% , HAE Y
JFiR ) Ca Na Fll Mg & 1 A% R0 ik i 25 K,
2.4 FERAMEEGIT R & E W Bk Ltk REFRFA
FLBS IR RN

AN [ A fifp ek B 0 YL 3 T A RS 2% A 0 I o
He R AR AL BR 2544 A AR 4k 4 S L% 4, 3R 4 7]
D [ — TR R T AR 0T ok b 2% AR R R LA B
A R T v SR SR R R R A Bl AR

FE R T, THREEZR 10 A1 30 °C - min™' 44 F A4
Py o - H AL AR AR S S R sl N e T il
K50 °C -+ min”' A MF T B AE W5 T B FL AR R U
IN—HER—I/ N R, B IR EE 300 C T, 3 FP
FHEH RS T A R B AR IR L At B
PRI B T, FHR R 10 1050 °C - min' 5%
17T B4 A= 4 o AL T AR LA B 2 51 8 K ik

x4 AREMFBREMABEE THRREEMRKLRERMILER
el p A
Table 4 Changes of specific surface area and pore structure of
poplar branch biochars at different pyrolysis temperatures and
heating rates!)

AR T W E B LR TR (m? - g7h)
Specific surface area of biochar at different
pyrolysis temperatures

PARITEL
HK/(C »min™")

Heating rate

300 C 400 C 500 C 600 C 700 C

10 1.10 1.22 19.12 74.33 154.59
30 1.29 1.63 2.46 169.64 217.65
50 1.57 2.50 2.23 79.78 140.23
. AN TRV RSl B T 1 A ) BTk - 4L AR/ nm
Thili Average pore width of biochar at different

HR/(C »min™)

Heating rate

pyrolysis temperatures

300 C 400 C 500 C 600 C 700 C

10 4.141 9.463 3.893 3.563 2.669
30 3.526 5.589 3.145 2.029 2.392
50 5.523 1.482 3.133 3.082 2.755

NI LT B9 A BOSAL IR (em® - g7")
Micropore area of biochar at different
pyrolysis temperatures

PARITELS
HK/(C »min™)

Heating rate

300 C 400 C 500 C 600 C 700 C

10 — 2.02 2.98 172.17 103.75
30 — 0.01 3.24 146.54 158.18
50 — 1.11 2.60 129.08 82.26
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4%k 4 Table 4 ( Continued)
N R B 1 2R T SRR (em® - g71)

FHih s Micropore volume of biochar at different
£/ (c - min™! ) pyrolysis temperatures
Heating rate
300 C 400 C 500 C 600 C 700 C
10 — 0.0013 0.0015 0.0912 0.0551
30 — 0.0000 0.0016 0.0713 0.0839
50 — 0.0006 0.0014 0.0610 0.0439
- AR T A B B ALA/ (m? - g7
Thif i Total pore volume of biochar at different
£/ (c - min”~! ) pyrolysis temperatures
Heating rate
300 °C 400 C 500 C 600 C 700 C
10 0.001 0.003 0.019 0.069 0.103
30 0.001 0.002 0.015 0.086 0.130
50 0.002 0.003 0.016 0.061 0.097
D—. THIE No datum.

INHAE FE PR IR 600 °C R ik B B R TR HE
K30 C - min~ ZAFF 0 A9 5 e L T BRI AL
TRFR 2 R MR K
2.5 ARARBEGFHHEEEYRRRAHERN
A

AN ) AR T 0 TR R A WA 2% 2E W I e
AR B I 1, PR 1 AT O A A Ak AR W TR
P KA FLBRZE ), AL B Bt 2 AR A 18 B 1)
FhE T, AR 300 °CF , AN [ FHi 5 451
A I T RLRE D R IR IR 5
RIS ALBREE ) 5 AR 400 C T, B i
T ZURY TR D, B — SRR 25 S T T
12 500 °C 1 600 °C A, A= 49 o J2 AR 4 A HH i,

A,B,C: 435N FHEH 10 .30 150 °C - min~' Heating rate of 10, 30, and 50 °C - min™",

respectively; 1,2,3,4,5: 2059 AR EE 300 C |

400 °C ,500 °C 600 °C 1 700 C Pyrolysis temperature of 300 C., 400 °C, 500 °C, 600 °C, and 700 °C , respectively.

1 ARABEENFRERTHMREEN RN AMERE

Fig. 1 Scanning electron micrographs of poplar branch biochars at different pyrolysis temperatures and heating rates
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Fig. 2  Fourier transform infrared spectrum of poplar branch
biochars at different pyrolysis temperatures and heating rates
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