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Physicochemical properties and
formation mechanism of soot during biomass burning

LU Jian-yi, SHI Xiao-bin
(School of Environmental Science and Engineering, North China Electric Power University, Baoding 071003, China)

Abstract . Cotton stalk and wood scraps were burnt in a tube furnace to generate soot under different combustion
conditions. Soot particles were sampled and detected by TEM, EDS and GC-MS to study their physicochemical
properties, then the formation mechanics of soot during biomass burning was deduced. The results show that the
typical morphological structures of soot are capsule-like, spherical, catenulated and reticular. Combustion
conditions enfluence the burning process and result in the different morphology of the soot. The soot particles
collided and coagulated during nucleation and growth of soot, which leads to formation of complicated clustered
particles. During biomass burning the soot is mainly generated from pyrolysis of cellulose, which contains
furfurans, phenols, aldehydes, furans, alkanes and alkenes. The formation mechanics of soot has been
speculated. During burning of biomass, the chemical bonds of cellulose fractured and restructured, which
generate CO, CO,, residual carbon molecule fragments, and so on. Then residual carbon goes on a series of
reactions such as reforming, dehydration, carbonization and bond-breaking to generate aldehydes and ketones.
And these compounds polymerized and cyclized to form benzene ring structure, and further converted to toluenes
and phenols.
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Scheme of soot generation and sampling
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Table 1 Table of orthogonal test and samples for detection
Flow rate Sample
Sample No. t/C g/ (Lemin')  distance d/cm TEM EDS GC-MS

Cotton stalk 1 300 1 20 Vv
2 300 2 30 Vv Vv
3 300 3 40 Vv
4 400 1 30 Vv
5 400 2 40 Vv Vv Vv
6 400 3 20 VvV Vv
7 500 1 40 Vv
8 500 2 30 vV Vv
9 500 3 20 Vv

Wood scraps 10 300 1 20 vV
11 300 2 30 Vv Vv
12 300 3 40 Vv
13 400 1 30 Vv
14 400 2 40 Vv Y4 Vv
15 400 3 20 Vv Vv
16 500 1 40 Vv
17 500 2 30 vV Vv
18 500 3 20 Vv
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Figure 2 Morphological structures of soot samples
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Figure 3 Morphological structures of soot samples at different temperatures and flow rates
(a) : cotton stalk, 300 C, 2 L/min; (b): cotton stalk, 400 C, 3 L/min; (c): cotton stalk, 500 C, 2 L/min;
(d) : wood scraps, 300 C, 2 L/min; (e): wood scraps, 400 C, 3 L/min; (f): wood scraps, 500 C, 2 L/min
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Figure 4 EDS analysis of soot samples
(a): 0:7.2% , Na: 0.4% , Si: 0.3%, S: 0.1% , K: 0.5% ;
(b): 0:8.1%, Na: 0.7%, Si: 0.2%, S: 1.9% , K. 0.5% , Ca: 3.3%
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Table 2 Compounds in No. 5 soot sample
No. tiRnT;e?/tirz?n Compound name No. tiRnT;e?/tirE?n Compound name

1 15.897 phenol 13 28. 644 3-ethenyl4-isopropylcyclohexanone
2 17.821 3-methyl-1,2-cyclopentanedione 14 28.740 2-methoxy-4-vinylphenol
3 19.791 3-methylphenol 15 28.952 2,3 ,4-trimethylhexane
4 20.33 2-hydroxyanisole 16 29.940 2-methyl-1 ,4-menzenediol
5 20.753 cyclopropyl carbinol 17 30. 107 2 ,6-mimethoxy- phenol
6 23.326 2-ethyl- phenol 18 30. 395 3 ,4-mimethoxy- phenol
7 24.314 2-methoxy-4-methylphenol 19 31.172 4-ethylcatechol
8 24.416 1,2-benzenediol 20 31.896 4-hydroxy-3-methoxy- benzaldehyde
9 25.366 ethyl cyclopropanecarboxylate 21 32.127 2-methoxy-4-( 1-propenyl) - phenol
10 26.758 3-methoxy-1,2-benzenediol 22 33.430 1,2 ,4-trimethoxybenzene
11 27.406 2-methoxy- benzeneethanol 23 33.674 2-methoxy-4-( 1-propenyl ) - phenol
12 27.816 4-methyl-1,2-benzenediol 24 34.848 1-(4-hydroxy-3-methoxyphenyl ) - ethanone
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Table 3 Compounds in No. 14 soot sample

Retenti Retenti
No. . eten 10],1 Compound name No. . eten 101,1 Compound name
time #/min time #/min
1 15.877 phenol 13 24.307 2-methoxy-4-methyl- phenol
2 16. 840 3-methyl-hydantoin 14 25.340 1,4 .3 ,6-dianhydro-alpha-d-glucopyranose
2-hyd -3-methyl-
3 17.808 yaroxy-2-metily 15 25.712 5-hydroxymethylfuraldehyde
2-cyclopenten-1-one
4 18.925 2-methyl- phenol 16 26.771 3-methoxy-1,2-benzenediol
5 19.778 4-methyl- phenol 17 27.406 4-ethyl-2-methoxy-phenol
6 19.958 4-methyl-2-heptene 18 27.726 4-methyl-1,2-benzenediol
7 20.323 2-methoxy-phenol 19 28.323 2-acetylcyclopentanone
8 20.785 N-methyl-1,3-propanediamine 20 28.637 4-(3-thienyl ) -2-butanone
9 21.279 3-hydroxy-2-methyl-4-pyrone 21 28.721 2-methoxy-4-vinylphenol
10 21.491 3-ethyl-2-hydroxy-2-cyclopenten-1-one 22 30. 094 2 ,6-dimethoxy-phenol
11 22.652 2 ,4-dimethyl-phenol 23 30.376 3 ,4-dimethoxy-phenol
12 23.313 4-ethyl-phenol 24 31.127 4-ethylcatechol
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Figure 5 Formation mechanism of soot during biomass burning
AP BRI S AR P AR AE R R T2 S 4 ZR K31 HE ISR e TR ] SR R 7 44 il

R AR R OB Y TG PR LT 4R 2R T i i 47 4 2R
B R TC i K RS0 DM, 24K T AR < 50 b R R
KRR S EORET S 0T 28, B R BE /N 1 7 e
RO AR A T e R A AR

Bl B — 20 2, A2 A ZE T 1 F R P ST, Ono
ST RIS A B, R 0 e IR A AR R
P BEARME S FAEIA D, 6 St 2P e 3R Pl R 2
T P T T 2R A AR SR , P A o sl bR, ) A



1190 woBk b 2= 2 il 41 %

B 5-F2 HERE . 2% 3 IR GC-MS A2 (iR KR SR R 30t AS R  SEOWE A Al i A A
WG AL 578 RS, D3 MR G A AR ok Rl Rl A ORI B R EE T B MU S A2 Ak R
AR A Y, MR Tm e R L sSMRURR AT, GBI /T moR s TR A
AW R 5 FEHE, WESFERTH 1, C.O.Na K. Sifil S,
S-SR 0 W7 24 S 30T 38, C-0 il C-C il i 24K A= IR TR B R = B Pl 2T 4 AR
K CO CO, A PUMR > F-0E A, 0 B B 7 i, AR A Y R be R Hh (R A B 43 T AN T) , (H
Wit — RN ERE JBK Bl WS R A S A A BREE2E B R i ik M
PSS EARAE = 2R I Gz s RESIANILE Y.

B IME S ARG XA E— R AW AR R T A B R i e 7 2 R e i 5
By HARSEASYIE A, A5 GC-MS 143 pykG: B HRE K Bk Ak | 45 5 SR AR AR B i R T AR
M5 RALIRUE 1 B HERE o FEBLIERE T, 27 4 R A AL B R W R S 0 T
3 2 B HHE, 42 CO,CO, Rk IR 71 7 5, T 21 4 3R

BEIR B HRIR PPRIRAE b T LR e A o
AR B4 S W S SR A T AR R A U E

BRI S — R B EAE K BRAE | T A
JSEAE A PSS RS A5 =4y, DS RS &
ZIa)iE i 4 R I S AR R IR | i — 2D
(v kST NG S (a7

HE B R PR ORI H AR A AT SR S50 T

£ Sk

Ry

[10]

[11]

[12]

[17]

TUR, BUKAS, W8, AR, SR, ARSI AR T AL S G IE SOR I AT [ 1], PREERL 222440, 2009, 29(2) : 243-
251.
(YU Na, WEI Yong-jie, HU Min, ZENG Li-min, ZHANG Yuan-hang. Characterization and source identification of ambient organic carbon in
PM2.5 in urban and suburban sites of Beijing[ J]. Acta Scientiae Circumstantiae, 2009, 29(2) . 243-251.)
LIGHTY J S, VERANTH J M, SAROFIM A F. Combustion aerosols; Factors governing their size and composition and implications to human
health[ J]. J Air Waste Manage Assoc, 2009, 50(9) : 1565-1611.
DAVID M B, RAVID R. Deposition of fractal-like soot aggregates in the human respiratory tract[ J]. J Aerosol Sci, 2011, 42(6) : 372-386.
RICHTER H, HOWARD J B. Formation of polycyclic aromatic hydrocarbons and their growth to soot-A review of chemical reaction pathways
[J]. Prog Energy Combust Sci, 2000, 26(4/6) ;: 565-608.
B, FTE e IR/ 2 U UK T ARG B R BRI R R B A A RE [ T ] AR, 2011, 69(8) : 1011-1016.
(LU Jian-yi, WENG Qing-long. Distribution characteristics of gas temperature and soot fraction volume in ethylene/air inverse diffusion flame
[J]. Acta Chim Sinica, 2011, 69(8) : 1011-1016. )
SOMMERSACHER P, BRUNNER T, OBERNBERGER 1. Fuel indexes: A novel method for the evaluation of relevant combustion properties
of new biomass fuels[ J]. Energy Fuels, 2012, 26(1) : 380-390.
FITZPATRICK E M, JONES J M, POURKASHANIAN M, ROSS A B, WILLIAMS A, BARTLE K D. Mechanistic aspects of soot
formation from the combustion of pine wood[J]. Energy Fuels, 2008, 22(6) ; 3771-3778.
MARICQ M M. Physical and chemical comparison of soot in hydrocarbon and biodiesel fuel diffusion flames: A study of model and commercial
fuel[J]. Combust Flame, 2011, 158(1) : 105-116.
B KN, REE, Wk, BOBMRBE SR XD R R SR RIAT R [ 1], RBERLE SR, 2009, 15(1) ; 74-81.
(ZHUO Jian-kun, LI Shui-qing, Song Qiang, YAO Qiang. Structure and behavior of soot in pulverized-coal flame[ J]. Journal of Combustion
Science and Technology, 2009, 15(1): 74-81.)
STANMORE B R, BRILHAC J F, GILOT P. The oxidation of soot: A review of experiments, mechanisms and models[ J]. Carbon, 2001,
39(15) : 2247-2268.
TERESA B M, JACQUELINE M W, EMMA M F, JENNY M J, ALAN W. In situ study of soot from the combustion of a biomass pyrolysis
intermediate-eugenol-and n-decane using aerosol time of flight mass spectrometry[ J]. Energy Fuels, 2010, 24(1) . 439-445.
TG, = B A A R R P AN R A AAT N T E [ D] AR PR R 183, 2010 1-151.
(FU Peng. Study on gas release characteristics and char structural evolution duing pyrolysis and gasification of biomass[ D ]. Huazhong
University of Science and Technology, 2010 1-151. )
DEMIRBAS A. An overview of biomass pyrolysis[ J]. Energy Sources, 2002, 24(5) ; 471-482.
KILZER R J, BROIDO A. Speculations on the nature of cellulose pyrolysis[ J]. Pyrodynamics, 1965, 2; 151-163.
ANTAL M J, FRIEDMAN H, ROGERS F E. Kinetic of cellulose pyrolysis in nitrogen and steam[ J]. Combust Sci Technol, 1980, 21(3/
4). 141-152.
VRN, BUMEE, 2230E, A, BRI, LY BRI AT (1) —4: 9 SRR LA T 28 [ 1], ke S5 TR, 2007, 24
(12): 14.
(XU Jie, YAN Yong-jie, LI Wen-zhi, WANG Jun, CHEN Ming-qiang. Review of mechamism and model of bioss pyrolysis ( I)-mechanism
and technical patterns of biomass pyrolysis[ J]. Chemistry and Bioengineering, 2007, 24(12) . 14.)
ONO H, YAMADA T. Cellulosic materials-potential source for adhesive[J]. Chem Adhesion, 2000, 74 44-49.



