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Thermal degradation behaviors and pyrolysis
kinetics of model compounds of bio-oil heavy fractions

LU Wei, ZHANG Qi, WANG Tie-jun, LI Bo-song, MA Long-long
(Key Laboratory of Renewable Energy and Gas Hydrate, Guangzhou Institute of Energy Conversion,
Chinese Academy of Sciences, Guangzhou 510640, China)

Abstract: Eugenol, vanillic aldehyde and levoglucosan were selected as the model compounds of bio-oil heavy
fractions for phenols, aldehydes and saccharides, respectively; their thermal degradation behaviors and pyrolysis
kinetics were investigated by thermogravimetric and Fourier transform infrared spectrometer analyses ( TG-FT-
IR) under non-isothermal conditions. The results indicated that the hydroxylbenzenes exhibits the greatest
tendency to decompose, followed by the aldehydes and carbohydrate. One stage thermal degradation is identified
for eugenol and vanillic aldehyde, with the formation of water, CO,, CO, alkanes, alkenes, as well as small
molecules of phenols and aromatic aldehydes. Levoglucosan pyrolysis proceeds slowly in two stages at medium-
high temperature (180 ~370 °C) ; the products are mainly composed of CO, , aldehydes, ketones, cyclic ethers,
and a small amount of water and CO. As for the mixture of the model compounds, there are three stages in the
pyrolysis process; the pyrolysis products evolved share the same compositions of three model samples besides the
formation of some low molecular acetal polymers. Compared with the single model compounds, the interaction
between the carbonyl groups and hydroxyl groups in the mixture of model compounds may produce
polycondensates at high temperature ( = 300 C), which makes a complete pyrolysis of the mixture more
difficult. The saccharide should be the key substance that dominates the pyrolysis rate of heavy fractions. By
fitting the dynamic profiles of each stage, kinetic parameters of thermal degradation were determined. For the
pyrolysis of levoglucosan, the apparent activation energy and reaction order are 115. 80 kJ/mol and 0.5 (first
stage) and 141. 19 kJ/mol 2/3 (second stage ), respectively; for eugenol, the apparent activation energy is
42.29 kJ/mol, with the reaction order of 0. 7; for vanillic aldehyde, the apparent activation energy is
36.53 kJ/mol, with the reaction order of 0. 95; for the mixture of model compounds, the apparent activation
energy and reaction order are 54. 46 kJ/mol and 1 (first stage) and 50. 67 kJ/mol 2/5 (second stage),
respectively.
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Table 1  Properties of model compounds of bio-oil heavy fractions

Model compound Molecular formula

Molecular weight Density /(g-cm™) Boiling point / C Melting point ¢/ C

Eugenol 164.20
O
H
Vanillic aldehyde 152. 14
o 3
|
O
v
O
HO
Levoglucosan 0] 162.14
HO
OH

1.06 254 -9.2~-9.1
1.06 255 80 ~81
1.60 383 182 ~ 184
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Figure 1

TG-DTG curves of model compounds
under N, atmosphere
a. eugenol; b: vanillic aldehyde; c. levoglucosan; d: mixture
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Figure 2 Typical FT-IR spectrum of eugenol pyrolysis
a: t=818s, t=166.4 C; b: t=2734s, t=443.6 C;
c: t=3970s, t=693.1 C
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Table 2 Band assignment for products of model compounds pyrolysis

Band position o/cm™

Functional group

Typical structure

3591
3570 ~3 050
3440 ~3 245

3087

3010
2960 ~2 850

2820, 2720, 1710

1740

1715

1696, 1654

1 645
1600, 1580, 1515, 1450

819.37, 730.04, 688.57

1269, 1237, 1037

O-H stretching vibration
O-H multiple strong stretching vibration
O-H strong and width stretching vibration
olefinic =C-H stretching vibration
aromatic =C-H stretching vibration
C-H stretching vibration
C=0 typical stretching

vibration of aldehyde group

C=0 stretching vibration

C=0 stretching vibration

C =0 stretching vibration

C=C stetching vibration
aromatic C=C ring breathing
aromatic C-H ring out-of-plane
vibration breathing

Ar-O stretching breathing

H,0
saccharides
alcohols, phenols
olefin
aromatics with various types of substitution
alkane

aldehydes

unconjugated alkyl
aldehydes and alkyl esters
carboxylic acids( or fatty acids) ,
aldehydes, ketones
unsaturated aldehydes, ketones,
hydroxyl unsaturated ketones, aldehydes
olefin, aromatic ring

aromatics with various types of substitution
aromatics with various types of substitution

Ar-O-R R-O-CH,
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Figure 3 Typical FT-IR spectrum of
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vanillic aldehyde pyrolysis
a; t=945s, t=190.0 C; b; t=1348 s, t=256.1 C;
c: t=2258s, t=407.7 C; d: t=3819 s, t=667.9 C
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Figure 4 Typical FT-IR spectrum of levoglucosan pyrolysis
a; t=1542s, t=288.4 C; b, t=1764s, t=327.4 TC;

c: t=3163s, t=558.6 C; d: t=4423 s, t=768.6 C
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Table 3 Kinetics parameters of eugenol, vanillic aldehyde,
levoglucosan and mixture were calculated by Ozawa-Flynn-Wall analysis

Sample Stage “E/(kJ-mol™) 1gA/ (s7h) ‘t/C
Eugenol 1 42.29 2.26 97 ~264
Vanillic aldehyde 1 36.53 1.84 108 ~277
Levoglucosan 1 115.80 8.92 209 ~310
2 141.19 4.40 310 ~472
Mixture 1 54.46 3.69 124 ~263
2 50.67 3.56 263 ~398

note: “E and "lgA are represented the average of activity energy and frequency factor, resbectively, in the a rage of 0.02 ~0.98;
°t is the average of temperature region of the main pyrolysis stage under different heating rate
x4 EMHERASRBEYRELRENABNNZSHREHANIE T
Table 4 Kinetics parameters and most probable mechanism
functions of pyrolysis reaction for model compounds and its mixtures bio-oil heavy fractions

. ) Activation
Heating rate Reaction . .
Sample o energy lgA /57" R’ Mechanism function G(x)/f(x)
/(C-min™") order .
E/(kJ-mol™)
Eugenol 10 0.70 36.27 2.49 0.9929 the interfacial G(x)= x"
20 42.9 2.55 0.9997 reaction, R, fx)=1
30 49.51 3.00 0.9939
40 37.72 3.19 0.998 8
Vanillic 10 0.95 35.62 0.92 0.9902 the interfacial G(x)= x"
aldehyde 20 35.37 1.16 0.9990 reaction, R, fx)=1
30 39.89 1.06 0.996 9
40 39.81 1.36 0.996 6
Levoglucosan 10 0.50 109. 81 7.89 0.9995 n=1/2, n-2 G(x)=2[1-(1-x)"*]
20 108.71 10.57 0.9996 (two dimension) f(x)=(1-x)"?
30 114. 14 9.63 0.9993
40 112.95 7.89 0.999 6
10 n=2/3  141.78 5.58 0.979 0 random into nuclear G(x)=[-In(1-x)]**
20 159.6 5.58 0.9624  and then grow, n=2/3 f(x)=2/3(1-x)
30 148. 64 6.2 0.9773 [-In(1-x)]*?
40 129.51 5.8 0.9620
Mixture 10 1.00 41.88 2.65 0.9632 random into nuclear G(x)= -In(1-x)
20 56.55 4.14 0.998 6 and then grow, f(x)= 1=x
30 58.96 5.15 0.998 5 n=1, F , A
40 60.57 3.18 0.9992
10 2/5 66.72 2.86 0.994 0 random into nuclear G(x)=[-In(1-x) ]**
20 48.09 3.37 0.9917 and then grow, f(x)=5/2(1-x)
30 43.65 3.92 0.9893 n=2/5 [-In(1-x) ]
40 41.27 4.68 0.993 8

MR 3 MIEE 4 nl M 3G AL RER, S RORE R I TRALRERCE S A T A 412 v, 5 7 e o SR 114 44
fi&, o0t BT, X5 TG-DTG #h&k EREXE G ACRER IR EREAR . 7o e # SR 2 23 B i
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PAZH 3 ISR XERE AR e, X AR W] RRJE A B T A
Ty 7 AR F 3 A A% 40 S35 T 1 2 A R ) A
AR, EMFENRX A, i Coats-Redfern F143k 3K 15
(1) DU AL A AN TR] T 3T B s 17 ) - 2 0L
LB R BN IR T Ry E (22T SR 111. 40
144.81 kJ/mol ) >E(IRA W) 54. 49 .49. 93 kJ/mol ) >
E(T & By 41. 60 kI/mol ) > E ( & % B
37.67 kJ/mol) , 5 Ozawa-Flynn-Wall 71155 #1516
REAHIT . 2 4 R Ir s U VR by 2ok 2 0 B SR ML B
PR TRT U 7 RR A AH G R B R #4946 0.96 LU L Uk
B IR AR AT A | BN 8l ) 2 0 B AR 16 F T #4 i
SN ) A2 XI5
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FI2FE A T 22 5, T 7 W A0 A T ) AR LU 3 TR
PPN R RN Y R, N I | RN R 43) h
0.70 F10.95 , HXF 7 (AL B pR K5 A0 BT 20 RN 33 40
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