Vol. 45 No. 5
2019-10

R BT K A o R CH AR D

Journal of East China University of Science and Technology 711

XEHE: 1006-3080(2019)05-0711-08

DOI: 10.14135/j.cnki.1006-3080.20180716007

R M IR FRET 1 R Eh S F A IR R B

G R

kit

(AR IXFRRBRULTEZ, BRANARERCIHKFIRELLEE, Lk 200237)

WE: RABRREFRELEE, TERTHRMBEENIKKABETRBEH TR, ARG F A,
FIRA®EF M, ERB G REFE TR KRB e oy 3k TAT A AT TH R, & A Coats-
Redfern 2% % . Flynn-Wall-Ozawa(FWO) B4k, 4o WMk L3 e 2, &
R AN, MBEIS, AMa S RAM K, £400°CEIFT KR, #2693%, RETFHET
B, RMAFRERBER,; BEFERGTH, AMbILEHRE, X, khERSRER
o, #BAEZEEHCO, CO, MM, KRAIArT g LR T AL HBLARK TR, Heik K
fRfe BACI AN, EBRMRER G 1B (T~ Ty 09 A HI R4 A D3(Jander 5 42), %
28 (Toa~To) TR ALE F 5 h DA(G-B 5 #2)

KRR SIB T AR, WO AULIR R

FE 5 HES: TK6

BEHE A 2 PR PR A R, LA BEIRAY SR H
SR BRI, P T AT AR IR A i X R 05
HE IR, AT B E — R Al B AR A i T R TR
AP BORIRT, R, BOA & — R
A AR AR, 2232 BIBOK B2 RIS 1 G TR
A ) T AR 2 — ol B A I B A S R AR AR, AT
DAZRAF P | £ e R <

F [ o A0 bR A AR R O,
450 J3 I ~ 500 J7 Y, 7 0 5L SR RN T A e
A AN RE T S MR AT Ml 9 R IR ST 24 25%,
UNMARE | B T FIIAR (A SCEERR A RO ) 26
EATAR R —FB 73 Bl B B BBl 2% 5, SRR b AN AX
TR 2R P 23 Xof 1 ERR A 1S e, AR AR
Ohy — O RS 4 A ) TR DR, S e o R R AT fE
PACHI T, A2 B2 R 5, % TR - ) g FEL AR A
AH B L RIS AR BESE,  Bi T
RSt T A SRR B, A BT B M A
RSB ) R A R O BT O R R e A
HHTE (TGA) Tz T AWy B 8 3 T 22 BF 5,
THUI SN 2 WL AL RE | A8 PR T AL B e A

Y is B HA: 2018-07-16
HEWH: ERE LI ARETR(973) 3 H (2011CB201304)

RS A

Cardoso®5:" #E 5. 10, 15, 20, 25 K/min iX 5 Ff AS[A]
1) I I B T A3 AT TR R R R AT R, IR aE
25 ML PR R N AR R Ozawa i1 Starink 3 115 5 2,
e T IR AR E K /N . Gao S5 I FH A 4 BT 1k,
Ll 10 C/min A B 1& T+ Z 700 °C, K Coats—Redfern
Rk, IRYGZRMEAR Sk, 5 T 47 200 ~ 280 C
1 280 ~ 350 °CixX PR Bt fe i 14 S oy AL PR PR K

R T FR G AT FE AR R i B A R, AR SORE
I RE PR I A T AR 25 A, 1SR T BV IR
JEE XTI U R - B 7= 7 R A S R ), SR S 5
T IR R B R A 2, FFi2 FH Coats-Redfern
3 F1 FWO(Flynn-Wall-Ozawa) B3 A =, HE
2R MEAH O RBKRVIN, 456 WUSMIETE, 5 $Ai SV HL
PHPREL, 245 T MR 3h F12: 580

1 SKRuERsy

L1 SCEgRH
S FH AR U 2 ph 5 P T A RS
AP BERIRENE -, 22 R, 0 150 pm(100 H) 5

EE B B (1992-), B, ZRCRBRAN, Wi+, $H58 7 [ g L T, E-mail: bingxianglu@163.com

BIEBEERA: SKERE, E-mail: zdx@ecust.edu.cn

SIRASC: AR, SREERE. (RUCHEINT SR & 3l ) A ML R 5 [0]. 1R 2R

TR 224 (A SRR , 2019, 45(5): 711-718.

Citation: LU Bingxiang, ZHANG Dexiang. Characteristics and Kinetics Mechanism Function of Pyrolysis of Low-Grade Tobacco[J]. Journal of East China

University of Science and Technology, 2019, 45(5): 711-718.


http://dx.doi.org/10.14135/j.cnki.1006-3080.20180716007
http://dx.doi.org/10.14135/j.cnki.1006-3080.20180716007
mailto:bingxianglu@163.com
mailto:zdx@ecust.edu.cn

712 AR BITOR 2 o A AR B2 RO

545 3%

W, & . Tl oM #i I8 GB/T28731—2012 HEAT
m g, A FH = = Elementar 2 &) 1 Vario MACRO
cube 4= H B L K T AT e K b, | & il %

R EAR SR 1 R, B3R 1AL, Rk
JE (R 4% 43 1 35 84.45%, TN 45 HLa 25 5 P 8
SR, HE PR A 2 S B A Y

F 1 ARYIAR 19 ol A B FITTER 5347

Table I Proximate and element analysis of low-grade tobacco

w(Proximate) /%

w (Element) /%

M, Ay A FCu

Cdar‘ Hdaf Ndaf S daf Odaf

13.66 9.88 84.45 15.55

48.45 6.54 2.05 0.33 42.63

ad—Auir dry basis; d—Dry basis; daf—Dry ash free basis; M—Moisture; A—Ash; V—Volatile matter; FC— Fixed carbon

1.2 ElERAMBEE
1.2.1 %7k [ KRR BN A 1
iR o AT FH e AR (B EE S 99.999%) A Sk 2
K, WA 100 mL/min, P 4G HT SR 5 min &
e dsizas =, DA DR SE I RS AU T . HERRAR
BRI A G 2 8 g, BT B KB I PR Y A
Fr, REb RS 8 AR B B, T A S A A
Jpit H )57 P X, AR R) R 15 mine SR 4
BEER G (VKOKIRE WA 0 °C A BF) 5 7] ¥ Bk 4%
ROy STV BE, AN TR B AR A ARSI 5 RF I
122 MM EH =R 7% PRI R
[ (K 3% P 400 O o L ek AV S T R 25 A5 AR
i A R A 25 0, SR FH R R e A vk U I YA
PR OK A i AT B DL TR TC I Ry
HETHE, BARR & 777 2 B A L R s
Yo o= m; — Vi,00m,0
Pl (100 — My — Aug)/100

v _ Vi,oPu,0 —m X M,q/100
PO T (100 — Mg — Agg)/ 100

x100% (1)

x100%  (2)

Mesidues —mXAad/l()O
Yopar = 100% 3
e = 100 - Ma—Agy100 < 100% )

Ypy-gas =100- Ypy-oi] — Lpy-H,0 Ychar (4)

s Yoo A HRAE 75, % Yoo A K™
B, %5 Yo WEEIRTZHR, Y3 Yyygus NI, %3
m oSG RE S TR, @5 Miyeganes N A1 SES P [ 1A Y
VIR, g5 m BT, g5 Vio NAH=H)
K BIRER, mL; oo AZKBYREE, R, i
K EHE 0.998 g/em® T,
1.2.3 #fdih, A AR A PRI R H
Agilent 7890A/5975C ST Bk X (GC-MS) 4347, €4,
TEAE 5o HP-5MS, 5F 2R 30 mx250 pm x0.25 um,
AR TR AR N 60 °C, 1£FF 2 min, 85 U
3 °C/min FHEHE R () FFZ 150 °C, #RJ5 LA 10 °C/min
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(GC) HBIH#EFE, #EFERE 1 pL, 20 AR LR 100 ¢ 1,
A NS, WEN 1| mL/min, & &5~ 2K G
B AR IS (FID) o Uik 55 €03 1 % 42 1R Ry
280 °C, BB 7 X WML 7B (ED, BB N 70 eV,
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NISTOS.,

PR AR AN GC126 SAH (B354 (1AL
LA BT A A BR A J A7) 48T
1.3 RAESHLE

A3 HT S50 R FH A [ T Ot STA2500 A E 43
B, B3R SE B FREURE i 29 10 mg, SR FIRE P FHIE, 43

5

—.
2 3 \‘7
Im )| I [ —

11

8 9 "

1 —Steel cylinder; 2—Valve; 3 —Rotameter; 4 —Temperature controller; 5—Tube resistance electric furnace; 6 —Thermocouple;

7—Sample; 8—Ice water mixture; 9—Cold trap; 10—Electronic refrigeration controller; 11—Gas bag
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Fig. 1 Schematic illustration of fixed-bed pyrolysis device



$sil

FREAPIAF:, 45 AERUCHR I B4R B2 5y J = A LB R 713
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Fig. 2 Effect of temperature on the yield of pyrolysis products
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Fig. 3 Scheme of the pyrolysis process of low-grade tobacco
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Fig. 4 Composition variations of pyrolysis gas against with

temperatures
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Table 2 Composition of pyrolysis oils

w/%

Category
250 °C 400 C
Ketones 19.63 15.31
Phenols 10.98 14.80
Nitrogen containing heterocycles compounds 19.12 23.64
Furans 30.49 24.88
Others 3.30 11.88

H1 & 2 FIAL 400 °C BRI R . A A A4 3R
BAL AW RSB IR E] 14.80% . 23.64%, B 5
F 250 °C B A AE R B o, ORI TTARE . A
VIR TR R IR N RS 2T . KRR EH
A ARG E 2GR A, Fa e M ar, K
T AR ME RS, T LA e B AR IR R R T I 24k
B AL
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Fig. 5 TG and DTG curves at different heating rates
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Table 3 Characteristic parameters of the TG-DTG curves of

pyrolysis
- Peak rate of mass
BI(C-min™")  TyC T C T/C
loss/(%-s™)
10 155.4 317.8 469.2 —-0.059 3
15 163.2 324.6 478.1 —0.0859
20 170.8 330.8 490.8 -0.114 3
30 178.1 339.5 515.7 —0.167 4

Ty—Initial temperature; 7,,,,—Maximum temperature; 7r—Final temperature
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Table 4 Common mechanism function of solid phase pyrolysis

Function symbol Reaction mechanism G(a)
D1 One-dimensional diffusion a?
D2 Two-dimensional diffusion, cylindrical symmetry Vanlensi equation a+(1-a)n(l-a)

112
[1—(1—11)5}

D3 Three-dimensional diffusion, spherical symmetry Jander equation
2 2
l-za-(1-a)3
D4 Three-dimensional diffusion, cylindrical symmetry Ginstling-Brounshtein equation 3
1
—-(1-a)2
R2 Phase interface reaction, cylindrical symmetry 1-(-a
1
—-(1-a)3
R3 Phase interface reaction, spherical symmetry I-(-o
1
An Random nucleation, followed by growth(n=1,2,3,4) Avrami-Erofeev equation (=In(l-a)]n

c Second-order chemical reaction

(l1-a)-1
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Table 5 Fitting results at 20 °C/min(Second sub-stage)

D2, D3, D4, A1, C? 2 R B, w14 i vk b ml fig
FOHLEEPREC . T T ST AN R T HR R T 3

Function symbol Y=aXtb R S, TS 0 1 e WE SR LB bR B
D1 Y=—493.356 6X — 12.574 7 0.6113 232 MIMHEEKME | BRBAMNE I HT
D2 Y=—1463.6039X—11.337 1 0.939 6 ﬁﬁ:ﬂ1§@iﬁﬁiﬂ@ﬁﬁz$%&ﬁﬁ:5ﬂ%2@ E{/‘JE”E
POV, THRAE R S B S DA —E W 22, THil
D3 Y=—3 565.669 5X — 9.055 6 0.969 8 i i ) o )
AR, 25t oo, R, SRR R AN
P T2 OL3IBOXTIL69 2 09761 R, AR EIRE S AL TIOR3 1 S8,
R2 Y=-574.281 3X — 12.595 8 0.908 6 AT TIREZIIR,
R3 Y=—1103.681 8X — 12.051 0 0.9279 Eg=a,+bB+cf (12)
Al Y=—2476.8352X —8.541 7 0.908 6 f%@] Eﬁ—>0 =da, lﬁ‘! HTJ‘, ﬁl:ll:ltj E‘J%{’t%&é{ﬁﬁ%iﬂﬁ%
SRR AR, PR AL R WA I E, AT 1S
A2 Y=-559.701 5X —11.793 3 0.685 1 ‘ e,
FFELRIRAS TS IERE. R4 Flynn-Wall-Ozawa(FWO)
A3 Y=79.343 0X—12.877 2 0.090 5 /L\JJQC[B_M]
A4 Y=1398.8653X — 13.419 2 0.8355 AE E
lgﬁzlglr—z.315—0.4567ﬁ (13)
c? Y=—9 525381 8X +3.403 1 0.814 6 (@)
7 6 D3, D4 FERRIIMPGH AT IAHC R B (38 2 BY)
Table 6 R? of D3 and D4 at different heating rates(Second sub-stage)
D3 D4
B/(°C-min™")
Y=aX+b R Y=aX+h R
10 Y=-3560.104 6X — 8.867 5 0.969 3 Y=-2089.780 0X — 11.558 5 0.974 4
15 Y=—3 630.187 6X — 8.856 5 0.969 9 Y=—2 142,128 6X — 11.546 2 0.974 8
20 Y=—3 565.669 5X—9.055 6 0.969 8 Y=—2091.318 0X — 11.694 2 0.976 1
30 Y=—3495.767 3X—9.314 9 0.962 5 Y=—2021.651 9X—11.909 3 0.978 1

#7720 C/min F MR EIUE LR B 1 B
Table 7 Fitting results at 20 “C/min(First sub-stage)

Function symbol Y=aX+b R
D1 Y=—4763.181 9X—5.501 6 0.963 1
D2 Y=—5203.478 6X—5.193 5 0.9725
D3 Y=-5704.337 6X—5.567 5 0.980 5
D4 Y=-5369.821 9X—6.322 1 0.9755
R2 Y=-2211.4259X-9.909 7 0.962 6
R3 Y=-2335.1155X-10.0359 0.968 8
Al Y=-2594.758 9X—8.352 8 0.978 3
A2 Y=-780.326 1X—11.428 5 0.9333
A3 Y=—175.5152X—-12.453 7 0.57717
A4 Y=126.890 2X — 12.966 3 0.523 5
c Y=-3471.616 0X - 6.391 4 0.989 5

ML a5, I Gl WEN, T4 lg 5 7 5
LA R, BN 0456 7 , BEHLTT R H 3 1
RNWIEILRE E,0 By —IRZ T
E, = a,+ba +c,d° + dyd’ (14)
ANEAT Eqo = an o $5cJ5, B TH I 58 R0 B fh 538 4 3
HNE R, SRASAE b 7E PO AR S AR AR E T /Y
TEALRE Egoo Il Eqo , JRF W 2 SEAT X LU, — 8 fe 42
T S Xt 07 AR AT LB b 5B Ay B A SR LB PR 0>
Zeid WAL, 5 FPHLEE pR B AN [R] R R T
B3l J1 2= S 803k 8 i, AR T 13 L RE
WME N, B a M ENE, 155 E, =
54.437 8 kJ/mol , 53 8 " 5 A HLBEL R B AMERS B Y
AL REBEAT LU, &5 D3 ML R H A A BR
FWIEALAE (51.576 5 kI /mol ) B NFEIT, IRt AT LA
B PR X (R A 1 B Y A A SR ML B R B D3
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Table 8 Kinetics parameters at different heating rates

$=10 C/min p=15 C/min

S=20 °C/min $=30 C/min

Function symbol
E/(kI-mol™") " A/min"!

E/(kI-mol™") " A/min"!

E/(kJ-mol™") " A/min"!

Eﬁ_,o
E/(kI-mol™")  A/min~!

D2 43.956 8 684.365 1 43.1410 476.009 8 43.2617 577.850 3 48.954 8 2653.1659 50.799 9
D3 47.5851 458.162 5 47.170 8 350.702 9 474258 435.813 5 51.2141 1908.984 5 51.576 5
D4 43.009 0 68.738 4 44.479 5 157.668 1 44.644 7 192.902 0 47.369 8 830.474 1 41.8890
Al 20.129 5 4.868 5 204351 9.0559 21.5728 12.233 5 24.4472 33.6572 20.2897
c’ 29.102 6 201.356 2 28.474 8 86.218 3 28.863 0 116.362 2 31.8472 307.6185 32.6424
£9 AFEFEAET IR B2k
Table 9 Activation energy at different conversion rates
o E/(kJ-mol™") [1] SHENDK, JIN W, HU J, et al. An overview on fast pyro-
01 50363 3 lysis of the main constituents in lignocellulosic biomass to
valued-added chemicals: Structures, pathways and interac-
0.2 75.8870
tions[J]. Renewable and Sustainable Energy Reviews, 2015,
03 81.476 6 51: 761-774.
0.4 102.597 6 [2] KABIR G, HAMEED B H. Recent progress on catalytic
0.5 113,736 4 pyrolysis of lignocellulosic biomass to high-grade bio-oil
and bio-chemicals[J]. Renewable and Sustainable Energy
06 119.8408 Reviews, 2017, 70: 945-967.
[3] BISWAS B, PANDEY N, BISHT Y, ef al. Pyrolysis of
3 4 i/lf\, agricultural biomass residues: Comparative study of corn
=A
cob, wheat straw, rice straw and rice husk[J]. Bioresource
" — 46 Technology, 2017, 237: 57-63.
N 72 327 [0 yH BE =x SR
(l)ﬂ(mfzipﬁ“%&ngﬂﬁ% E'j(}ﬁﬁlj\’ [4] HUNGX,CAOIJP,ZHAO XY, et al. Pyrolysis kinetics of
~ = N . V=873 NE|
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Characteristics and Kinetics Mechanism Function of Pyrolysis of
Low-Grade Tobacco

LU Bingxiang, ZHANG Dexiang
(Key Laboratory of Coal Gasification and Energy Chemical Engineering of Ministry of Education, Department of
Chemical Engineering for Energy Resources, East China University of Science and Technology,
Shanghai 200237, China)

Abstract: Biomass is considered to be a promising renewable energy source and has attracted increasing attentions
from researchers. Biomass pyrolysis is a promising thermochemical conversion technology, which can generate
pyrolysis oil, bio-char and pyrolysis gas. In this paper, the effects of pyrolysis temperature on the yield and composition
of low-grade tobacco pyrolysis products were investigated on the basis of a fixed-bed tubular reactor. The weight loss
behavior of low-grade tobacco was studied by thermogravimetric analyzer at different heating rates. The kinetics
mechanism function was determined by Coats-Redfern and FWO integral method combined with double extrapolation
method. The results showed that the yield of pyrolysis oil underwent an initial increase with increasing the temperature,
reaching the maximum value of 26.93% at 400 °C. Further increase in temperature led to a decrease in the yield of
pyrolysis, a increase in the yield of pyrolysis gas, and continuous decrease in the yield of bio-char. Pyrolysis oil is
mainly composed of ketones, phenols, furans and nitrogen-containing heterocycles compounds. Pyrolysis gas is mainly
composed of CO and CO,. The pyrolysis process of low-grade tobacco can be divided into three stages: dehydration
and drying stage; rapid pyrolysis stage; and carbonization stage. The main stage of pyrolysis can be divided into two
sub-stages, the most probable mechanism function of the first sub-stage (74— T}.y) is D3 (Jander equation), while the
most probable mechanism function of the second sub-stage (7,,,,,—75) is D4 (G-B equation).

Key words: low-grade tobacco; pyrolysis; double extrapolation method; mechanism function
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