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K, FRREEE VLB R AL SN 11 283030 172 07 R 2 4
R NIRRT T A4 B IETEILAE E. i, A %R
T &L LA REE T & A A2

TIE X 5 A AEY RV R AT B S b, RS T
RIS R F RS Ee b, BRAIE T 5 VA R AT
AT B HER T . AR R N3G LRE £ 5 Ind A=
LML AT, HEEALZE 0.05~0.9 EL A B A Kix
R, SR K I R T R AL FE A S N IR AR B)) 71 %
SR RIR IS RE 0B 154250, TR sl 1255,
FRAR B AL T B RRAS, Sy ik B TR AR 1 2% Hp 34
FR I R I B A AOL B A — JE () Al
1 TGA RIE A ik I E R b 32
1.1 REEERESR

I H DTG-60A CEE, HED FEE DAL
AT i PR FE P I R AR . BRI R
RAGFRAES, WIHEA 100 mL/min. £ 10+ 20
30, 40. 50. 60 #1170 K/min 7 FhZ&EFHEFEFE T HRE 5
MERTEE 1200 K, FEARE 5 min.

IR FORFEFF . BB BRI, feE5 4
FARAEYD, BFEE ) TS BT KGR TNk 1 iR,
TR Mr P EICRIE Zik kS . SRR, 4 F
RAEPIEE SRR /NT 0.5 mm, FF 5L EA 6~7 mg.

F1 RBHEIHTUVSHRTESHT

Table 1 Proximate analysis and ultimate analysis of samples %

Tk gy #r TERIMT

Proximate analysis (db) Ultimate analysis (ar)

FER AR :
sample gy gy MERK ey
Moisture Volatile Ash
carbon
L 495 7928 1345 232 4537 569 4757 0.80
Corn cob

Nr=s
TR 337 7387 1198 10.78 4252 6.17 5187 1.02
Corn straw

el 235 8521 1149 095 4891 620 50.02 0.09
Sorghum straw

e 4.00 7327 18.19 454 4738 6.11 50.09 1.06
Peanut shell

T *EEEH db, TEIE; ar, B,
Note: *, difference method; db, dry basis; ar, as received basis.
1.2 REHERKEIELE

TGA 56 HRE it o7 5 A UL JEE (AR A 2 A D I ] 4 R
B AT EAL R SRIEMERTURT 2R, W
K 78 R AT R o3 RN AL L B B0 b, PLEOK A

Rl B AEAEARFEFHRER R TGA K.

HE 1A, AEIERSEE 450 K KK B,
FE S A ELK oy 2GR R, TR LN 2%; 450 K FF
HIRGE AR ELE 770 K, FFAE 600 K 2 A7 35 B i K S i
K, WHBOARERBIER 2B, FERAERMR. iR
it SERI AR AL A I DL, TR ) 80%. 2 ARG
FHEPET TR LA 4E R (470~620 KO 1O &
(570~670 KO U RRAR, T AT 3 AT B AL 98 (470~
770 KD USSR KT 770 K AR K RALI B, B 5
BRI 5% FHEHE R T AN AR B g
TGA A3, 8 i R P 2R P A EL 1 = i I (A%

In#dR

R TS
120 b BEEBUR O Heating rate/(K-min")

First mass loss platform

PRSI R 2 L
Sample mass percentage/%
[3%) P D
f=] f=] o
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a. TG curve

JIR XL B 3 5
DTG/(mgK")
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b. SR S
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B 1 FRFREETEREHAESH (TGA)
Fig.1 Corn cob TGA (thermogravimetric analysis) at different
heating rates
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AR, [ S5 A Tk B M ER K > S ML 3
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Fig.2 Corn cob kinetic analysis at different heating rates
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Wt e B PR sl g 2l R . R, BBl s T R
TG Hudfa 5K TP sh iR 22 S AR 73 3 152 7 B ANl ARy
THUFR) S ACA T A6 25 £ 5 ) ik 3 70 2 70 M ERORS 2

HT#HERER RN TG HhZ2 2 H o MRt
MERaa R, AWMAERNZH) (F4ER. PAAER
FIARBER) BAD LW A R AT 8h 12500 i) 14
INZE Sy (% B BT — e AR EE R S v RORE B, (R )
TIEESHIANEL, SRR FIRE, T 70 A e ik
PR FR P — R B P AT SR ) 35 4 8 43 A A A B2
(distributed activation energy model, DAEM) [ /347 b
e GO DANTR: ) 157 85 NS

SRR AN Z TV BN A BE AL 9 e A 2 1) R UL

b R W T AR R AR R o B 22 0D M R, T A R AR
SN PR 22 25 DR A 0 5 R 4% 243 B P R A d FE A )
RN R A S R TR A AR R, B
Ik R e R R AR RN I 1) ¢ RS T (9 R4
KH 1 203N )5 5 FE R AR S BN E A RE,  PTA 0E b [
TR R 4y T AUk T 5 BORE B R BRI, B 05 A
WIRIE 3 Fis.

B S PAL L &
Class II thermodynamics equation

Achar R 575
Achar model-fitting

FWOH AL A1
FWO method

AT
Xof LU s S5 AL L B K
Calculating activation energy £
Determining reation
mechanism function

He T HLEE R BT A 1A
Solve pre-factor 4 based on
mechanism function

B3 ATUERADAFFTRORD N FHITR
Fig.3 Thermodynamic analysis steps based on class I
thermodynamic equations

2.1 BETERUEFZINDITEENGE £

LB BUH H 3R 2N 775 757 12 2 M OE iR 5 AH I B 5l
J1EE T R R, R BUEZE L k J2 Arrhenius J# T
TR A IR B 8 R AR A fe ). RS IR #uii
SRR R o AR T HIN0TE] ¢ BR 2L, 15450
(3) 1 (4> 43518 1 K8 15 7 B I FIAR 43 2 FhoAs
A% .

j—?=%exp[—%jf(a) (3)
G(a):joa%=IOT(A/ﬂ)exp[—lf—T]dT 4

K 4 NFRETH s E RWEIGEE, J/mol; R &Sk
W, J(molK); T AMIIERIE, K p NFRER,
K/s; fla)Fd G(a) 73 5l s SEATLER bR 50Tl o AR 23 T 2

LB o S~ ¢ AT RS [FIRS T8 ¢ BREL
73 11 230 15 5 BRI AR o 200N

-2l 2

Gla)=[" fd((j;)_%( _To)exp(_R_ETj (6)

Ao Ty NAR I SRR FE, BIFEALER o O 0 XS R
IR, K: TR¥AE o XRIFRE, Ko

#F Flynn-Wall-Ozawa (FWO) #EX30 (4) FAHA]
RS IR EAR 73 TUEAT — B bl s PR O 4, 19
AE
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KRN ZFERR (7)) M) HATERIERS,
Wk 4, SKEUAIE S FAL R RS AL RE . i T A KR A Y
WIS A AN, 456 SCHR[27 ] % T BER R A g X
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lgp

-1.00
a 0.05 0.95

5 1 1 1 1 1 1 1 1
000136 0.00144 000152 000160 0.00168 0.00176 0.00184 0.00192
1/7/K!
a. 1 B3 1% T7 1%
a. Class I kinetic equation

TE: To AR SVIAEE, K pONTHREEE, Kmin',

JIFTTREEET FWO GMERUME &G FEE 0.95
PAE, £ 2 AFKELHEIE AR SR8 B 1R
JEE AR 43 T AL T e 7L, 11 2Rl 12 FE T R TE AL
AE E BT 1R 1 207 R SR - HLBE R AL 2239,
1 K8 1% R E S LRE E SR AR, gk ik
I F X T R USRS OK

45

5.0

=551

-6.01

In(BAT-T,))

-6.5

-7.01

-751

0.0013 0.0014 0.0015 00016 0.0017 0.0018 0.0019
1/7/K!
b. 11 K3 71275 1
b. Class II kinetic equation

Note: T, is initial temperature, K; f is heating rate, K-min™".

B4 FWO Sk KM id 2ASE4E 2 N 3 5%
Fig.4 Linear fitting of kinetic parameters under different conversion rates based on FWO isoconversional method
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5o
2255120 o
Seé e
T2 90 i
FET o[ 1 Lelass 1 Ml class
2 %02 07 06 08 10 02 04 06 08 92 04 06 08 T 02 04 06 08 10

Ak % Conversion rate
b. 1E/E5%
b. Peanut shell

Ak Conversion rate
a. FRAEFT

a. Corn straw

AL # Conversion rate 4L Conversion rate o
c. T RREFT d. BEA

¢. Sorghum straw d. Beech wood

B5 2 X% AFHIET FWO it FeyiEfehefa
Fig.5 Activation energy of two class thermodynamic equations based on FWO method

£2 2EPNEHRET FWOERELRER R
Table 2 R? and activation energy based on FWO method by class
I and class II dynamic equations

12K3) 7172 07 72 11 K3 71°# 772
T A I thermodynamic equation 1I thermodynamic equation
R YT e
Conversion ‘/ﬁﬂé He LiEEX 731{‘ Re LiEZX 1

rate o Activation Correlation Activation Correlation
energy E/ . energy E/ .

(kI-mol’") coefficient (kI-mol’") coefficient
0.05 106.73 0.99 91.17 0.99
0.1 111.43 0.99 97.78 0.99
0.15 115.10 0.99 102.43 0.99
0.2 118.38 0.99 106.38 0.99
0.25 121.50 0.99 110.03 0.99
0.3 124.31 0.99 113.29 0.99
0.35 126.89 0.99 116.26 0.99
0.4 129.20 0.99 118.92 0.99
0.45 131.09 0.99 121.12 0.99
0.5 132.16 0.99 122.44 0.99
0.55 132.50 0.99 122.97 0.99
0.6 132.51 0.99 123.13 0.99
0.65 132.89 0.99 123.65 0.99
0.7 132.86 0.99 123.76 0.99
0.75 133.52 0.99 124.58 0.99
0.8 135.55 0.99 126.85 0.99
0.85 143.40 0.99 135.31 0.99
0.9 237.28 0.97 234.40 0.97

0.95 393.69 0.96 399.38 0.96

2.2 THER NI R L
SR AL B TTVE EOOR VT e LB R B B, EAR B
TR RE E, VR E A sl 1 B . ASCRH
Achar-Brindley-Sharp-Wendworth Z& P75, # € AR
SRMFIHLER R . T E/RT>>1
”i[l_ﬁj _ET(1+RT/E)-ET, ET—ET,
T RT? RT?

RT
_ENh
RT\' T

s (5) IS

de _4 i(l_EJ exp[_i 10
f(a)dT B RT\ T RT
HRHE Achar 173, Xl (3) Ml (100 HEAER)G
[LBURSOEEE]

ln[d—anln(éj—i QED)
f(a)dT B) RT

In & =In AE)_E 12
(T-T,) f (a)dT BR) RT

9



246

A TFE2A3 Chttp://www.tcsae.org)

2019 4F

KT gt (1) Mk (12) B TERMERE,
TEARFIARA LAY S A BRI T & S i e 3, Horp
FARBEYIEI R SRECH 3, ARARSFFEYI RN HECH 4.
2 K )1F I REIET Achar BRI AEIIINEEINZ) 0.9,
BULT FWO AL RIEII A, 3R 3 NF KT Achar
M TS IS RE E M e REL.

%3 BT Achar EHENERGELARIEXRY R

Table 3 R’ and activation energy of corn cob based on

Achar method
1230 )12 7 1 1 K] )2 7 7
n#ug 2R 1 thermodynamic equation 1I thermodynamic equation
ynamic eq ynamic eq
Heatin, ELRE . A BE o
e LIPS Y SR I P "
rate/ Activation . Activation .
il Correlation Correlation
(K'min"™) energy/ . energy/ X
-1 -1
(kI-mol’") coefficient (kI-mol’") coefficient
10 131.36 0.92 123.78 091
20 134.21 0.92 124.56 0.90
30 140.75 0.91 131.75 0.89
40 147.03 0.89 137.39 0.89
50 153.02 0.9 141.07 0.91
60 151.49 091 143.06 0.89
70 152.81 0.9 143.84 0.89
2.3 KER4ERTEF

DRI G e AL AR B SR 3 7 AR R B Bl B 7 RE AT SR
MTHSRRZE, ¥ 2.2 TRE R RS R BN (6)
TR FETTN T 4, & 4 NEKSEARFEE R TR

fEBITERTIA T 4.
WA, T RIEN AT RERBARAT N T 4 etk

TR 1 KB I TTRE R GEa 3R 2 FIE 5 W kB,
B AR B BE AR AT TAE AL R KT 0.85 I 47
FEFRIEILR o T 11 IS 2 T7 RESR AR R 5 e AL R R 3l
TIEESRCEARTL IR S il Bh 1122 S 5

x4 ERCEZEAERTHEIET 4
Table 4 Pre-exponential factor 4 of corn cob under different
conversion rates

S
&I 5 Pre-factor 4 &I 5 Pre-factor 4

“ IRT7RE NI “ [EAVEE | Ay

1 equation 1I equation 1 equation 11 equation
0.05 2.9E+07 1.4E+05 0.55 6.3E+09 1.1E+08
0.10 7.5E+07 5.6E+05 0.60 6.8E+09 1.2E+08
0.15 1.6E+08 1.5E+06 0.65 8.1E+09 1.4E+08
0.20 3.3E+08 3.4E+06 0.70 9.3E+09 1.7E+08
0.25 6.3E+08 7.3E+06 0.75 1.3E+10 2.3E+08
0.30 1.2E+09 1.4E+07 0.80 2.3E+10 4.5E+08
0.35 2.0E+09 2.6E+07 0.85 1.3E+11 2.7E+09
0.40 3.1E+09 4.5E+07 0.90 2.7E+17 2.2E+16
0.45 4.6E+09 6.9E+07 0.95 1.1E+28 1.6E+27

e o AR, TIE.

Note: a is conversion rate.

2.4 || ERMAFFETITHES R

MG 1 20 11 SRS 7 5 07 FE SRR I &% A 4 ot HA e
S HRGHE I TG i, il 6. RHAZEME (A
ST T R 1T 0B 772 07 R 0 T S AR 36 4 )
MIRZE. ZH (A 8/, THEE SR A,
ZE (A =k (13) .

N
A=Y
i=1

T Geat; 1 Gexp; 73 AR 1 IR E RO R (R AL 28 T BELAE
FHRIGAE s N2 TR 2 N AGE 2R I B vH A S

1183 )5 07 R SR 2 15 S8 B TG 3
i SR I ZE /DT 0.09, KT 1 283480 1125 7 FE K it
H TG #dl 55 AER ZE (0.2~0.3) .

(13

acal,i -

exp,i

L6 SR g7 : [ —— 4% {f{ Experimental value 16r .
e u@!}{/_ﬂ {Experimental value 1k Class 1 4=0228 — X4 {1 Experimental value
12l ® 17§ Class1  4=0.203 . 12k b II%CI - A*OVO . ® 1ol *® I Class1  4=0.299
o | © IKClassll 4=0045 o o © o o IBXClassIl 4=0.060 * =, o o [ © IKClassll 4-0.052 S
g ¢ : = ° g 0880
% g 0.8} %5 0.8} %5 03]
iy - e e R o
24| F 204} 2 o4l
i~ = E=
o o o
O @] @]
ot 0 ot of
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
% Temperature/K i % Temperature/K i % Temperature/K
a. A b. FKFRGFF c. e 5%
a. Corn cob b. Corn straw c. Peanut shell
1.61 ‘ ) 1.6 — A4 Experimental value
—h;%ﬁExpenmental value e [ Class] 4=0.226
L ® DX Classl 40202 © 1% Class I 4=0.089 .
g 12 © IXClassil 4004340 ® o © g 12 I DU
¥ g 5 ¥ g
R z 0.8r ° =~ B
g o4f S
ot
400 500 600 700 800 450 300 550 600 650 700 750 800 850

1L Temperature/K
d. RS
d. Sorghum straw

He AR EE SRS EREE,

Note: A is the error between calculated values and experimental value.

L% Temperature/K
e. BEA

e. Beech wood

B6 JHRiFE 10 Kmin! T3hhH 54t 05 KA

Fig.6 Calculated values and experimental data of kinetic analysis at 10 K-min™ heating rate
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HIT 10 SRl Jy 207 Rt G 1 RhiE AN AT AR 0 i3k
AL, HBAA A TG $ud 5 ol E vk
. JUHMHAARRET 0.85 WL, #shhiys
KL B T e TR 3G K, 1 383 1y T AR R 5 & T
I X e A AR B R, A LAADUE (90 & P S v
P2 T 10 2830 2 e SR 11+ 2 571k, B
FIRE G 1 2REh A5 05 R AN W AR 23 ST fT AL AU AR 1)
W22, SCATIR Ny SRS R R sl o T SR R R
MR AR, B — ATk,

2.5 MER—NNEABRNRMSH

T AV, VRS2 RS B2 AL A 5T
INHGE R R RiA2 55 22 PRI, X2 K R 2 0 R 5
iR AR, NI BUE A BE R BE) .

R 2.1 A 2.3 VRIS T4 S5, WIAHELHE E

HMFERTH 1 A BA —ERAMERNY, TR E 1 Ind (A2
MERLA AR C RS =T 0.96. [N, o 7£ 0~0.85 Z ]
FIES) )15 ZHE R AR, Ik, R E A %
. UL DTG b2 5 R PRIH 2R (da/AT) o X N BE T
N ogwanm AT IR S EIBIEAG R a 72N T (o
<O(dosdDymax) &1 (0= Odaanmax) FRT (o> 0 qaanymax)
A G 3 FIE L IR R 1B 125 S E AR AR
BB 152 E M Ao B a M N E) )28 E
M ARN G HE ALV TG Hdls, W&l 7.
YIEAE o 5 BRI X AR agoarmax THAERT
HOXE RN 2 S RS TG B en ik 5 E .
DRI 17 32 B K ik 22 IR B2 AR A0 2R augsarymax TSR FRI A
fife 50 715 2 B iR A W) R B il e LB ) 2 2 Bk ]
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Construction of reaction rate equation of biomass based on integral
method improvement
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and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081, China; 3. Key Laboratory of
Energy Resource Utilization from Agriculture Residue, Ministry of Agriculture and Rural Affairs, Chinese Academy of Agricultural
Engineering, Beijing 100125, China)

Abstract: Aiming at the problem that the temperature integral term cannot be integrated in the classical Arrhenius integral
equation, a method that assumes the biomass conversion rate in the pyrolysis process as a function of time ¢ and temperature 7
was suggested, making the temperature integral term can be integrated and effectively avoiding the computational errors
caused by the simplification of the temperature integral term in the isoconversional integration method. The idea of combining
the isoconversional method and the model fitting method to analyze the biomass pyrolysis kinetics was proposed: Using the
isoconversional linear integral method to solve the reaction activation energy E based on class II thermodynamic equation, the
activation energy £ obtained by the model fitting method was compared with that obtained by the isoconversional method to
select the optimal reaction mechanism function, then the selected mechanism function was re-substituted into the class II
thermodynamic equation to obtain the value of the pre-factor 4. The above analysis method was used to analyze the pyrolysis
kinetics of five kinds biomass (corn cob, corn straw, sorghum straw, peanut shell and beech wood), verifying the feasibility of
this analysis method. Non-isothermal thermogravimetric experiments with 7 linear heating programs were performed for each
biomass, the obtained experimental data were linearly fitted based on class I and class II thermodynamic equations,
respectively. The fitting correlation coefficients of the two classes of thermodynamic equations were all more than 0.95. The
results showed that the activation energy E solved by class II thermodynamic equation was more sensitive to temperature, and
the difference between the experimental data and the calculated value obtained by the kinetic parameters, which solved by the
class II thermodynamic equation, was lower than that of the class I thermodynamic equation. Hence, the TG value calculated
by the kinetic parameters of the class II thermodynamic equation was more close to the experimental data than that of the class
I thermodynamic equation, and the accuracy of the kinetic parameters calculated by the class II thermodynamic equation was
higher. According to the characteristics of the pyrolysis reaction that the activation energy £ had a high linear fit with the
logarithm of 4 and the activation energy with a conversion rate of 0.05 to 0.9 has a little fluctuation, the pyrolysis kinetic
parameters solved by the isoconversional method can be simplified to a set of kinetic parameters corresponding to a specific
conversion rate. Taking the conversion rate corresponding to the maximum pyrolysis rate as the dividing point, the TG values
obtained from three sets of representative pyrolysis kinetic parameters (less than, equal to and higher than this point) were
compared with the experimental data. The results showed that the TG values solved by the pyrolysis kinetic parameters of the
maximum pyrolysis rate were closest to the experimental data. Using the kinetic parameters of the maximum pyrolysis rate as
the kinetic parameters of the whole pyrolysis process can reduce the number of kinetic parameters while ensuring the
calculation accuracy, thereby can reduce the computational cost of numerical simulation and provide a basis for numerical
simulation of pyrolysis reactions in engineering.

Keywords: pyrolysis; biomass; kinetic analysis; Arrhenius equation; temperature integral term; isoconversional method;
thermogravimetric analysis



