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Abstract The combustion characteristics of bio-oils
derived from rice husk and corn were studied by
thermogravimetry analysis. According to the thermo-
gravimetry (TG), differential thermogravimetry (DTG) and
differential thermal analysis (DTA) curves of bio-oils in air
and nitrogen atmosphere, we analyzed the combustion
characteristics of different kinds of bio-oils in different
atmospheres and worked out the combustion kinetics
parameters of the bio-oil, providing reliable base data for
the burning of bio-oil. The thermogravimetry indicated that
the combustion process of bio-oil was divided into three
stages. At the same time, the combustion process can be
described by different order reaction models, and with the
method of Coats-Redfern, the activation energy and
frequency factor of different kinds of bio-oils were
obtained.
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1 Introduction

Bio-oil is the main product of biomass pyrolysis. The
oxygen content and moisture of bio-oil are high, but its
calorific value is lower than some other oils. It has many
complex organic compounds which have large molecular
weights. The sulfur and nitrogen contents in the oil are low
and the ash is little, having a small impact on the
environment [1]. Though the complexity of the bio-oil
component gives it great potential utilization, it is also very
difficult to use. As substitutes for fossil fuels, bio-oil can
produce heat, electricity and chemicals. In the short-term it
can be used in boilers and thermal power generation, and in
the long-term it can be used in turbines and diesel engines.
It is technically feasible to upgrade bio-oil to vehicle fuels,
but this needs further development. Thus, the most direct
application of bio-oil is as boiler fuel oil.
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At present, there are few studies on bio-oil and there are
also no clear assessment standards of bio-oil quality, so it is
necessary to establish a quality evaluation standard for
different kinds of bio-oils. In this paper, the combustion
characteristics and chemical kinetics of bio-oils derived
from rice husk and corn are studied by thermogravimetry,
which can not only provide more reliable base data on the
oil’s burning but also provide reference for quality
evaluation standards for bio-oil. The bio-oils used in this
test are from the self-made small fast pyrolysis of biomass
fluidized bed installations.

2 Bio-oil

Bio-oil is a complex organic mixture with high oxygen
content, containing more or less solid carbon particles, and
its color is brown to black, having a pungent odor [2]. Most
of these compounds are large molecular weight organics,
and there are hundreds of types of the compounds, almost
including all types of oxygen-containing organics such as
organic acids, alcohols, ketones, aldehydes, ethers,
phenols, esters, etc. The density of bio-oil is 1200 kg/m?,
larger than water, and its lower pH value is useful for the
stability of bio-oil. The calorific value is smaller, for
example, the calorific value of 25% moisture content bio-
oil is about 17 MJ/kg, which is equivalent to 40% of the
same the quality of gasoline or diesel. In addition, its
viscosity is larger, and a study [3] shows that the viscosity
of bio-oil decreases with increasing temperature below
353K, and when the temperature is over 353K, the
viscosity of bio-oil increases as the temperature rises. So
the heating temperature of bio-oil should not be more than
80°C and preservation should avoid contact with light and
air.

Compared with gasoline and diesel, bio-oil is hugely
different in its physical properties and chemical composi-
tion. Bio-oil contains much water, the existence of which
seriously impacts on the calorific value and ignition
characteristics of bio-oil and limits its preheating tempera-
ture, leading to a long fire delay ignition period, as well as
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lowering the flame temperature of combustion [2]. The
high oxygen content of bio-oil (about 45%—60%) makes its
components become very complicated, leading to low
stability [2]. Compared with oil, bio-oil has low sulfur and
nitrogen content, as well as less ash, which makes less
pollution. Compared with diesel’s combustion, the cetane
number of bio-oil is low, at about 5.6 [4], and its ignition
characteristic is bad, but once ignited it could stably
combust. Its combustion flame length is shorter than
diesel’, but the width is larger. In addition, because of the
formation of large carbon particles, the flame is very bright
and the radiation heat transfer of the flame and surrounding
objects is enhanced [5].

Based on the nature of bio-oil above, the combustion
characteristics of bio-oils derived from rice husk and corn
are studied by thermogravimetry in this paper, which can
provide more reliable base data on the oil’s burning.
Thermogravimetric analysis can continuously measure the
temperature, weight, differential thermal and some other
information in the process of the combustion of bio-oil,
with advantages such as accurate measurement, good
repeatability, simple operation, facilitation of data proces-
sing, etc. and it can be operated in the impact of the
elimination of proliferation. Now, thermogravimetry has
become a powerful tool for studying the combustion
kinetics characteristics of coal and oil etc, directing large-
scale power station boilers and the engineering design of
combustion devices [6]. The thermogravimetry (TG),
differential thermogravimetry (DTG) and differential
thermal analysis (DTA) curves of different kinds of bio-
oils are studied under identical experimental conditions in
this test. We analyse and compare the combustion
characteristics of rice husk oil and corn oil, and establish
their combustion kinetics model.

3 TG test

The bio-oils used in this test are from the self-made small
fast pyrolysis of biomass fluidized bed installations. The
test equipment was a TGA942 atmospheric thermogravi-
metric analyzer of France’s Setaran corporation. The main
technical parameters of this equipment were as follows: the
thermal balance precision was 0.1 pg; the biggest test
weight was 200 mg; the range of temperature was from
ambient temperature to 1600°C; the accuracy of tempera-
ture was 0.1°C; the heating rate was 0.01°C/min—
99.99 °C/min. This test used the method of non-isothermal

Table 1 Elemental compositions and characteristics of bio-oil

weights, and the testing gases were air and high purity
nitrogen of 99.999%; the velocity of the gas flow was
75 mL/min, the heating rate was 10°C/min. We raised the
temperature from room temperature to 105°C and main-
tained it for about 5 min, then continued to heat it up to
800°C and maintained it for about 3 min. A blank test
using the same conditions was needed after each test in
order to eliminate systematic errors. The elemental
compositions and characteristics of bio-oil are shown in
Table 1.

4 Results and discussion
4.1 Analysis of combustion characteristics

The TG curves, the combustion rate curves (DTG curves)
and DTA curves of the two bio-oils under the same test
conditions are show in Figs. 1, 2 and 3, respectively.

From the TG-DTG curves of the two bio-oils in air
atmosphere we can see (Figs. 1(a) and 2(a)) that the
weight-loss process of bio-oil can be divided into three
phases in air atmosphere. In the first phase, bio-oil loses its
weight fast- the weight loss is 50% in about 20 min, when
the largest weight loss rate of the rice husk bio-oil reaches
8.6%/min, and the largest weight loss rate of the corn bio-
oil reaches 10%/min or so. The buns peak, and the peaks in
front of the figures can be seen as the volatilization of water
and low boiling point compounds in the bio-oil [7], which
occur before 400 K or so, and this shows that the bio-oil
has higher moisture content and contains a lot of volatile
components. In the second phase, the weightlessness
becomes relatively slow, and the weight loss is 35% at
about 700 K, which is due to the presence of oxygen in the
air, and the decomposition of the volatilized bio-oil is
inhibited. The third stage of weightloss is a less obvious
peak at around 700K to 750K that can be seen as the
combustion stage. At this stage the remainder of the bio-oil
is fully burning and it is completely burnt at 800 K when
the amount of remaining coke is very small.

From the TG-DTG curves of the two bio-oils in the
nitrogen atmosphere we can see (Figs. 1(b) and 2(b)) that
in the nitrogen atmosphere, the early weight loss of
heating-oil is also fast, which is the same as the first phase
of bio-oil under air atmosphere, and the largest weight loss
rate of bio-oil reaches 9%/min or so in about 20 min. The
two coterminous peaks can be seen as the volatilization of
water and low boiling point compounds of the biological

bio-oil sample clement/wi-% density - viscosity HHV

P C H 0 N S /(g-mL ™) P /epA40°C  /(MJ-kg )
rice husk 32.35 8.361 58.062 1.197 0.03 1.1 2.5 20-1000 12.94
corn 33.25 9.183 56.43 1.107 0.03 1.2 2.3 20-1000 13.85
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Fig. 1 TG-DTG curves of rice husk bio-oil under 10°C/min heating rate. (a) In air; (b) in nitrogen
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Fig. 2 TG-DTG curves of corn bio-oil under 10°C/min heating rate. (a) In air; (b) in nitrogen

oil. However, the bio-o0il’s weight-loss becomes slower in
the latter heating stage, and the steady weight loss zone of
the second half could be regarded as the pyrolysis phase,
which is the volatilization and pyrolysis of macromolecule
compounds. The remaining amount of coke in rice husk-oil
is ultimately about 10%, and the remaining amount of coke
in corn-oil is ultimately about 5%.

From the DTA curves in Fig. 3 we can see that in air
atmosphere, the initial warming up stage of the two bio-
oils is an endothermic reaction, which shows that the
volatilization stage of water and low boiling point
compounds of bio-oil is endothermic. Then it is an
exothermic reaction that is the thermal decomposition
process of larger components in bio-oils. The endothermic
peak of bio-oil ends at 500 K, and its exothermic peak ends
at 800 K. Similarly, in the nitrogen atmosphere, the initial
warming up stage is also an endothermic reaction, and the
endothermic peak ends at 450 K. A study [8] indicated that
the reaction may move to a high temperature stage as the
heating rate increases, which can also speed up the
combustion rate and reduce the burning time, making the
burning more easy.

From these curves, we analyze the main combustion
parameters of bio-oil [9]: 1) the initial precipitated
temperature of volatile Ty; 2) the largest weight loss rate
of volatile (da/dr) ., that is, the peak of the DTG curve;
3) the peak temperature Tp,,x corresponding to (do./d7) yax;
4) the average weight loss rate of volatile (da/dz) pcan, that
is, the ratio of pyrolysis weight loss rate to pyrolysis time;
5) the largest weight loss of pyrolysis V. .The main
combustion characteristic parameters of the two bio-oils
are shown in Table 2.

4.2 Combustion kinetics analysis

The reaction of the bio-oil combustion process can be
abbreviated as: A (liquid)—B (gas), and its kinetic
equations can be described as follows:

& k() = e P (a), 1)

k= Aexp(f%) . )

In the equations: « is the conversion rate, denoting the
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Fig. 3 DTA curves of two bio-oils under 10°C/min heating rate. (a) Bio-oil of rice husk; (b) bio-oil of corn

Table 2 Combustion characteristic parameters of bio-oil (= 10°C/min)

bio-oil sample To/K Tnax/K (da/dt) max (%/K) (da/d7) mean /(%/K) Vo
rice husk air 365 395 —8.61 ~0.923 96.95
nitrogen 366 392 -8.93 -0.876 91.95
com air 367 393 ~10.05 ~0.938 98.45
nitrogen 368 396 -9.13 -0.927 97.34
level of decomposition, and o = o 100%, mo and da = éexp( 7£) (1-a)". €))
Mg — Mg dr p RT

mq, respectively represent the initial and final mass of the
sample; & is the constant rate of Arrhenius; £ is the
activation energy, J/mol ; A4 is the frequency factor, s '; R is
the universal constant of gas, and R =8.314 J/(mol-K); T'is
the absolute temperature.

fla) is the function relationship formula of the decom-
position of the liquid and the reaction rate [10]. Generally,
we assume that the function f{a) only has to do with the
degree of responsea, and nothing to do with temperature 7'
and time ¢. For a simple reaction fla)=(1 —a)" , and n is the

into Eq. (1):

dr

reaction order, so substituting f =

Dealing with Eq. (3) using different methods can result in
different expressions. We use the method of Coats-Redfern
[11] to deal with Eq. (3), and through separation of
variables, making integrals and taking approximations, we
can obtain equations as follows:

~In(1- AR, 2RT . E
L L L SN
1-(1-&)'™" AR, 2RT . E
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Table 3 Combustion kinetics parameters of bio-oil (5= 10°C/min)

bio-oil sample temperature range/K n fitting equation correlation coefficient In4 /min E/(kJ/mol)
rice husk 280430 n=1 Y=3.13785-5953.97144X —0.98447 14.13225 49.50132
430-655 n=2  Y=-2.28598-5093.82359X -0.92079 8.552389 42.35005
655-850 n=15  Y=27.13182-28409.65108X —-0.97921 39.68889 236.19784
cormn 280-430 n=1 Y=2.52226-5668.32353X —0.98402 13.46749 47.12644
430-655 n=2 Y=-3.03768—-4762.23117X —-0.90292 4.73338 39.59319
655-850 n=15 Y=19.60105-23126.42309X —0.98425 31.95237 192.27308

To the general reaction zone and most £, 2RT/E is much

2RT AR 2RT
less than 1, so (1 ————) =~ 1, and then In[——(1 ————)] in
E BE. E

Egs. (4) and (5) can be seen as constant. So when n = 1,
making a graph according to g(a) = 1n¥ (Y
axis) and 1/T (X axis); when n¥*1, making a graph
, 1-(1-a)'™"
according to g(a) = In 1)
axis). We can get a beeline whose slope is —R/E from the
above two graphs (for the correct value of #). Then we can
get the values of £ and A4 through the slope and intercept.
Through taking different values of n (1-3) and compara-
tive analysis, we can get that the combustion process of
bio-oil is a sub-reaction, and its reaction order and
combustion characteristic parameters are shown in Table 3.

Table 3 shows that it is reasonable to describe the
combustion kinetics of bio-oil by the kinetic model
obtained through the method of sub-fitting. When the
temperature range is 280 K—430 K, the reaction order is 1;
when the temperature range is 430 K-655 K, the reaction
order is 2; when the temperature range is 655 K—850 K, the
reaction order is 1.5. The kinetics parameters through least
squares are as follows: the frequency factor A of the rice
husk bio-oil is, respectively, 1.373x10°, 5.179x10°
1.725x 10" min™! and the corresponding activation energy
E is, respectively, 49.5, 42.4, 236.2 kJ/mol; the frequency
factor 4 of the corn bio-oil is, respectively, 7.061x 10,
2.283x10°, 7.529x10”min', and the correspond-
ing activation energ FE is, respectively 47.1, 39.6,
192.3 kJ/mol. From the view point of activation energy, the
activation energy E of the third stage is higher than that of
the first two phases, because the third stage is the burning
stage, and the energy required to overcome it apparently
increases and the activation energy also increases in
performance [12]. Although the difference in organic
components of biomass raw materials makes the combus-
tion parameters of bio-oil obtained by pyrolysis slightly
different, the combustion process is roughly the same. The
activation energy F and the corresponding frequency factor
A in this experiment provide necessary base data for the
actual burning of bio-oil.

(Y axis) and 1/T (X

5 Conclusions

1) The combustion characteristic analysis of bio-oil
shows that bio-oil is easy to volatilize and burn and the
combustion process can be divided into three sections: the
volatile endothermic stage, the transition stage and the
burning exothermic stage. The corresponding DTG curve
of bio-oil is also divided into three stages: the first stage is a
narrow steamed peak, the second phase is a peak and the
third stage is a wide steamed peak.

2) Using the method of Coats-Redfern, we can calculate
the combustion kinetics parameters of bio-oil in air
atmosphere, and determine the reaction order n and the
corresponding activation energy E and frequency factor 4
in various temperature ranges. When the temperature range
is 280 K—430K, the reaction order is 1; when the
temperature range is 430 K—655 K, the reaction order is
2; when the temperature range is 655 K—-850K, the
reaction order is 1.5. In addition, the differences in
activation energy E reflects the fact that different stages
have different reaction mechanisms in the combustion
process of bio-oil [12].

Acknowledgements The authors wish to acknowledge Zeming Wang of
the Energy and Environment analysis center of Southeast University for her
help in performing the TG experiments. Financial support came from the
National Basic Research Program of China (973 Program, 2007CB210208),
National Natural Science Foundation-funded projects (50776019), Ministry
of Education to support the new century talents Scheme (NCET-05-0469).

References

1. Wu C Z, Ma L L. Modern Utilization Technology of Biomass.
Beijing: Journal of Chemistry and Industrial Press, 2003: 15-16

2. LuQ, Zhu X F, Li Q X, Guo Q X, Zhu Q S. Biomass fast pyrolysis
for liquid fuels. Progress Chemistry, 2007, 19(7): 1064-1071

3. Zhu X F, Lu Q, Guo Q X. Research on the characteristics of bio-oil
combustion. Journal of University of Science and Technology of
China, 2005, 35(6): 806-810

4. Ikura M, Stanciulescu M, Hogan E. Emulsification of pyrolysis
derived bio-oil in diesel fuel. Biomass and Bio-energy. 2003, 24:
221-231

5. Shaddix C R, Hardesty D R. Combustion Properties of Biomass



124

Front. Chem. Eng. China 2009, 3(2): 119-124

Flash Pyrolysis Oils. USA: Sandia National Laboratory, 1999: 1-71

. OUD W, Fang L, Li G, Pan W, Chi Z H. Study on using condensed

tertiary-air coal reburning reduction NOx technology. Power System
Engineering, 2003(1): 24-26 (in Chinese)

. GuoXY,Yan Y J,LiTS, Ren Z W. Thermal stability and thermal

decomposition of bio-oil before and after upgrading. Journal of East
China University of Science and Technology, 2004, 30(3): 270-276
(in Chinese)

. Cheng M Q, Wang J, Wang X Y, Zhang X C, Zhang SP, Ren Z W,

Yan Y J. Composition of bio-oil prepared in a spout-fluidized bed

reactor and its combustion characteristics. Journal of Anhui

University of science and technology (Natural Science), 2005, 25
(4): 69-73

. Cai Z Q. Thermal Analysis. Beijing: Higher Education Press, 1993

(in Chinese)

. AW Coats, J P Redfern. Kinetic parameters from thermogravimetric

data. Nature, 1964, 201: 68—69

. Hu R Z, Shi Q Z. Kinetics of thermal analysis. Beijing: Science

Press, 2001 (in Chinese)

. Zhang S P, Yan Y J.et al. Combustion characteristics and kinetics

model of biomass pyrolysis oil. Journal of East China University of
Science and Technology, 2002(2): 104—106 (in Chinese)



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


