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Abstract The chemical composition and reactivity of fir
(Abies bornmulleriana) wood under non-isothermal ther-
mogravimetric (TG) conditions were studied. Oxidation of
the wood sample at temperatures near 600 °C caused the
loss of aliphatics from the structure of the wood and cre-
ated a char heavily containing C—O functionalities and of
highly aromatic character. On-line FTIR recordings of the
combustion of wood indicated the oxidation of carbona-
ceous and hydrogen content of the wood and release of
some hydrocarbons due to pyrolysis reactions that occurred
during combustion of the wood. TG analysis was used to
study combustion of fir wood. Non-isothermal TG data
were used to evaluate the kinetics of the combustion of this
carbonaceous material. The article reports application of
Ozawa—Flynn—Wall model to deal with non-isothermal TG
data for the evaluation of the activation energy- corre-
sponding to the combustion of the fir wood. The average
activation energy related to fir wood combustion was
128.9 kJ/mol, and the average reaction order for the com-
bustion of wood was calculated as 0.30.

Keywords Co-firing - Combustion - Thermogravimetric
analysis - Non-isothermal kinetics - Activation energy of
combustion

Introduction

Biomass (wood, agricultural residues, forestry residues,
energy crops, etc.) is a renewable fuel and the fourth largest

A. G. Dumanli - S. Tag - Y. Yiiriim (<)

Faculty of Engineering and Natural Sciences, Sabanci
University, Orhanli, Tuzla, Istanbul 34956, Turkey
e-mail: yyurum@sabanciuniv.edu

following coal, oil, and natural gas [1]. Compared with
fossil fuels, biomass has the advantages of being harmless
in regard to the emissions of carbon dioxide, as this par-
ticipates in biomass growth through the photosynthesis
reactions, and reducing pollutant species generation, given
the low sulfur and nitrogen contents. From an economic
point of view, the possibility of co-firing of biomass with
coal in power plants can be an interesting alternative, since
it allows for the use of existing infrastructures already
equipped with proper devices for emission control, reduc-
ing simultaneously fossil fuels consumption [2]. Informa-
tion of the chemical composition and reactivity of the
biomass, the thermal phenomena occurring during solid
fuels combustion is very important for the effective oper-
ation of conversion units.

Thermal analysis methods have been extensively used in
recent years, because they offer a quick quantitative tech-
nique for the assessment of pyrolysis or combustion pro-
cesses under non-isothermal conditions and allow to guess
the effective kinetic parameters for the various decompo-
sition reactions [3—13]. Kinetics of coal-biomass combus-
tion has been investigated by many research groups
recently [14-17].

The reaction kinetics parameters of combustion of wood
under differential oxidizing conditions were calculated
with the method given in Sanchez et al. [18] as follows.
The rate of heterogeneous solid-state reactions can gener-
ally be explained by

=K1 () (1)

where ¢ is time, k(7T) the temperature-dependent constant,
and f(o) a function described the reaction model, which
expresses the dependence of the reaction rate on the extent
of reaction, «. The temperature dependence of the rate
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constant is explained by the Arrhenius equation. Thus, the
rate of a solid-state reaction can generally be illustrated by

L) @)

where A is the pre-exponential Arrhenius factor, E the
activation energy, and R the gas constant.
For dynamic data obtained at a constant heating rate

B d7 tant
= — = constan
dr

this term is inserted in Eq. 2 so the above rate expression
can be converted into non-isothermal rate expressions
describing reaction rates as a function of temperature at a
constant f3.

e ) e

Integrating up to conversion, «, Eq. 3 gives,

A“]%zgmz%je-%w )

Isoconversional methods include carrying out a series of
experiments at different heating rates [19, 20]. In this study,
activation energies from dynamic data were obtained from
isoconversional method by Ozawa [21, 22], Flynn and Wall
[23] using the Doyle’s approximation of p(x) [24], which
involves measuring the temperatures corresponding to fixed
values of o from experiments at different heating rates.

In(p) = ln{ AE
Rg(x)

From this equation, the activation energy E may be
estimated by plotting In (f) versus 1/7.

To find out the reaction order, Avrami’s theory [25-27]
was used to describe non-isothermal cases, where variation
of the degree of conversion with temperature and heating
rate can be explained as

k(T)]
ﬁn

Taking the double natural logarithm of both sides of
Eq. 6, with k(T) = Ae **7 yields

E
} — 5331 — 1052 — ®)
RT

a(T) = 1 — exp {— (6)

In[—In(1 — ()] = Ind — % ~ ning (7)

Therefore, a plot of In[—In(1 — a(7)] versus In f, which
is obtained -at the same temperature from a number of
isotherms-taken at different heating rates, should give in
straight” lines whose slope will have the value of the
reaction order or the Flynn—Wall-Ozawa exponent n [21,
28]. Extra aspects of the technique applied to examine the
process are explained by Ozawa [22].

@ Springer

The aim of this study was to determine the chemical
composition and reactivity of fir wood under non-isother-
mal thermogravimetric (TG) conditions. This study pro-
vided a kinetic evaluation of the combustion of fir wood.
The Ozawa-Flynn—Wall model was used to deal with non-
isothermal TG data to calculate the activation energy of the
fir wood combustion. The data obtained will be useful to
understand the behavior of fir wood during combustion.
The information obtained will be used in the co-firing of
the wood with low rank Turkish coals.

Experimental
Materials and characterization

The fir wood sample used in this study was a bark-free fir
(Abies bornmulleriana) sawdust sample obtained from
Bolu forests (northwest Anatolia) in Turkey. The proxi-
mate and elemental analyses of the wood sample were done
at the Instrumental Analysis Laboratory of the Scientific
and Technical Research Council of Turkey, Ankara, is
given in Table 1. The sawdust was ground and sieved to
below 175 um (—80 mesh) size. Wood sample was char-
acterized in terms of proximate analysis according to the
ASTM standards (ASTM E871, ASTM D1102-84, ASTM
D3172-89) using laboratory furnaces, ultimate analysis
using CHN-600 and S532-500 analyzers (ASTM D3176-
93, ASTM D3177-33). Calorific values of the samples were
determined with a Parr 6100 calorimeter according to
ASTM D2015-95 in our laboratories.

Thermogravimetric analysis
Wood combustion tests were performed in a Netzsch STA
449 C Jupiter differential thermogravimetric analyzer

(precision of temperature measurement 2 °C, microbal-
ance sensitivity <5 pg), with which the sample weight loss

Table 1 Proximate and elemental analyses of fir wood

Proximate analysis/% (as received)

Volatile matter 85.5
Fixed carbon 10.5
Moisture 3.7
Ash 0.3
Elemental analysis/% (daf)
Carbon 47.2
Hydrogen 6.1
Nitrogen 0.3
Oxygen (by difference) 46.7
H/C (atomic) 1.55
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and rate of weight loss as functions of time or temperature
were recorded continuously, under dynamic conditions, in
the range 25-1000 °C. The experiments were carried out
under an air atmosphere, with a flow rate of 60 mL/min,
and combustion of the samples was performed in the fur-
nace of the thermobalance under controlled temperature to
obtain the corresponding TG curves with heating rates (f5)
of 5, 10, 20, and 30 °C/min as it was also conducted in
current literature [29, 30]. Preliminary tests with different
sample masses and sizes and gas flow rates were carried
out, to check the influence of heat and mass transfer.
20-25 mg of each material, of —250 pum particle size, was
found to be optimum to eliminate the effects of eventual
side reactions and mass and heat transfer limitations, was
thinly distributed in the crucible in the experiments. The
experiments were replicated at least twice to determine
their reproducibility, which was found to be satisfactory.

The TG-FTIR runs were carried out in a Netzsch STA
449 C Jupiter TG system coupled to a Bruker Equinox 55
FTIR spectrometer under a dynamic air atmosphere. TG
analysis was done from 25 to 1000 °C at a linear heating
rate of 10 °C/min. The output of the TGA system was
connected to the FTIR spectrometer through a heated line.
The balance adapter, the transfer line, and the FTIR gas
cell can be heated until 250 °C, thus avoiding the con-
densation of the less volatile compounds. On the other
hand, the low volumes in the thermobalance microfurnace,
transfer line, and gas measurement cell permit low carrier
gas flow rates to be used and allow for good detection of
the gases evolved in the pyrolysis process. In all the
experiments, the transfer line and the gas measurement cell
were maintained at 200 °C. Online gas analyses were
performed for the detection of combustion gases fed to
FTIR spectrometer, and experimental data were stored as a
function of time.

FTIR spectra

FTIR spectra of the original and fir wood samples oxidized
under an air atmosphere at 200, 300, 350, 380, 400, 500,
and 600 °C were obtained using a Bruker Equinox 55 FTIR
spectrometer equipped with an ATR system by co-adding
20 scans over the range 6004000 cm™' performed at
1 cm™" of digital resolution. The assignment of the bands
in the FTIR spectra was according to Shevla [31].

Scanning electron microscopy

Morphology of the wood and its ashes was examined by
scanning. electron microscopy. Leo Supra 35VP Field
emission scanning electron microscope (SEM), Leo 32 and
energy dispersive X-ray spectrometer (EDS) were used for
images and analyses of the major ash-forming elements in

different ashes. Wood and ash samples were mounted on
stubs and gold-coated before analysis, to make them
electrically conductive. Imaging was generally done at
2-5 keV accelerating voltage, using the secondary electron
imaging technique.

Results and discussion
SEM-EDS analysis

Morphology of the wood and its ash obtained at 900 °C
was investigated by SEM, Fig. 1. Physical appearances of
wood and its ashes were quite different. The SEM photo-
graphs indicated that these contained material with diverse
morphology. While micro structure of the wood contained
amorphous, the ash” was consisted of some prismatic,
mainly micron-scale cubical forms of 0.2 pm size. EDS
analysis of the wood ash revealed, Table 2, that the ash
contained unburned carbon and in the order of decreasing
percentage oxides of calcium, aluminum, potassium,
magnesium, and sodium. Ash elements can exert a catalytic

g
EMl = 284 xV
Mag® S000KX j——e{ WO= 9mm

Fig. 1 SEM micrographs of a fir wood and b residue of fir wood fired
at 900 °C
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Table 2 EDS analysis results of the ash obtained at 900 °C

Element Series Net  Unnor. wt% Norm. wt% At.%

Carbon K series 293  5.9456 5.2861 10.3084
Oxygen K series 2458 39.9036 354771 51.9369
Magnesium K series 164  1.2457 1.1075 1.0673
Calcium K series 305 43.7126 38. 8635 22.7127
Sodium K series 76 0.5506 0.4895 0.4987
Aluminum K series 1035  9.3138 8.2806 7.1883
Potassium K series 197 11.8048 10.4953 6.2874

role on the reactivity of organic material during combus-
tion of the wood. Karabakan and Yiiriim [32] found that
mainly carbonates of calcium and magnesium have a mild
effect to promote the oxidation organic material in carbo-
naceous fuels.

FTIR analysis of the original and oxidized fir wood

FTIR spectra recorded in the 4004000 cm™' region of
original fir wood and oxidized fir wood are presented in

Fig. 2 FTIR spectra of

a original fir wood and fir wood
oxidized at b 200 °C, ¢ 300 °C,
d 350 °C, e 380 °C, f 400 °C,
g 500 °C, and h 600 °C

2927

3431
a

Fig. 2. FTIR spectrum of the wood, Fig. 2a, contained a
strong broad O-H stretching at 33004000 cm™', C-H
stretching at 2800-3000 cm ™', and several distinct peaks
in the finger print region between 500 and 1750 cm™'.
Most of these bands have contribution from both carbo-
hydrates (cellulose and hemicellulose) and lignin. More
specifically, the bands at 3431 and 1450 cm™' (charac-
teristic of hydrogen bonded OH groups), 2927 and
1470 cm™" (C—H stretching of methyl ‘or methylene
groups) [31]. The band at 1738 cm ! in the spectrum of
the wood is due to uranic acid and acetyl groups in the
hemicellulosic material of the wood [33]. The presence of
a sharp signal at 1643 cm™' can be attributed to the
aromatic rings in quinonic structures. Specific band
maxima in 1260-1000 cm ™' regions were related with
ring vibrations overlapped with stretching vibrations of
(C-OH) side groups and the (C-O-C) glycosidic bond
vibration, typical’ of ‘xylans. Bands at 1267 and
1057 cm™! are indicative of hemicelluloses. Bands in the
range of 1270-1050 cm™' belong to C-O and C-O-C
groups [33].
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The FTIR spectra of the wood oxidized at 200, 300, 350,
380, 400, 500, and 600 °C are presented between Fig. 2b
and h, respectively. The significant change in the spectra of
oxidized wood seemed in the intensity of C—H stretching of
methyl or methylene peaks in the zone 2930-2924 cm™',
decreased steadily until 380 °C and beyond this tempera-
ture these functionalities appeared to be lost. The other
significant change was the nascence of new absorption
bands due to oxygenated functions such as C-O distin-
guished in the zone of 1731 and 1704 cm™'. As the oxi-
dation temperature was increased from 300 to 600 °C
intensity of the C—O band increased and the peaks shifted
from 1731 to 1704 cm™" strongly suggesting a rearrange-
ment among the C-O functionalities during oxidation, the
1734 cm ™' band is characteristic of non-conjugated car-
bonyl group [34]. The third important change was sharp
increase in the intensity of the absorption bands due to
aromatic ring breathing vibrations near 1600 cm™', indi-
cating the formation of a product of high aromaticity.
Therefore, oxidation of the wood sample at temperatures
near 600 °C caused the loss of aliphatics from the structure
of the wood and created a char heavily containing C-O
functionalities and of highly aromatic character.

TG-FTIR experiments

The evolution of gaseous species and products as a result of
the oxidation of wood sample was simultaneously moni-
tored by FTIR during the TG experiment at the heating rate
of 10 °C/min. The FTIR spectra of the gases evolved
during are presented in Fig. 3. The spectra were detected at
increasing times, and the corresponding temperatures at
which the spectra were recorded are denoted on the spectra.
Spectra indicated the nascence and development of certain

Fig. 3 TGA-FTIR spectra of
gases released during
combustion of fir wood heated
under a dynamic air atmosphere
from 25 to 1000 °C by a heating
rate of 10 °C/min

W

14th second, T=27.3°C

peaks. Bernstein et al. [35] who investigated the infrared
spectra of CO, indicated the following peaks were due to
CO,: 3720, 3600, 3300, 2375, 1620, 750, and 675 cm™".
Lemus [36] who studied on infrared spectra of water vapor
showed that the peaks at 3756, 3657, and 1594 cm~ ! were
due to water vapor. Spectra recorded in this study con-
tained the following peaks: 3720, 3563, 2375, and
1688 cm™' due to CO,, 3188 [37] and 1550 cm ™' due to
water vapor, and 844 cm ™' due to hydrocarbons. The large
peak at 3188 cm ™' in the spectrum obtained in the 2833rd
second that was due to water vapor indicated the com-
bustion of hydrogen content of the wood, that was also an
indication of high hydrogen content of the wood (H/
C = 1.55). On-line FTIR recordings of the combustion of
wood indicated the oxidation of carbonaceous and hydro-
gen content of the wood and release of some hydrocarbons
due to pyrolysis reactions that occurred during combustion
of the wood.

Heat treatment of wood under oxidative
and non-oxidative atmospheres

In this study, the wood sample was subjected to heat
treatment at different temperatures between 100 and
400-°C in the presence of air. The mass loss according to
the heat treatment was recorded, and calorific values of the
samples were measured using an adiabatic calorimeter. The
results were compared with the untreated wood sample.
Results are shown in Table 3. According to the calorific
value results, during the heat treatment of the wood sample
under an air atmosphere, up to 200 °C the calorific value of
the wood increased from 18746 to 19521 kJ/kg due to the
removal of the low volatile compounds. As the heat
treatment temperature was increased to 300 °C and higher

217th second, T=61.2 °C
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Table 3 Effect of heat treatment under an air atmosphere on the
calorific values of the wood

Heat treatment Mass loss/% Calorific
temperature/°C value/kJ/kg
Unheated - 18746

100 5.9 19135

200 11.0 19521

300 32.0 3149

400 99.3 -

Table 4 Effect of heat treatment under an argon atmosphere on the
calorific values of the wood

Heat treatment Mass loss/% Calorific
temperature/°C value/kJ/kg
Unheated - 18746

100 10.1 19001

200 11.7 19910

300 27.0 24210

400 97.1 -

temperatures, parallel to the pyrolytic losses of carbona-
ceous material from the structure of the wood and com-
bustion of the carbonaceous material the calorific values
decreased sharply to 3149 kJ/kg.

The same experiment was repeated under an argon
atmosphere, and the results are shown in Table 4. In these
experiments, the calorific values steadily increased from
18746 to 24210 klJ/kg due to the removal of volatiles
producing residual matter rich in carbon. Further increase
of the temperature volatilized all the carbonaceous mate-
rial. The TG experiments gave information of the percent
material loss during heat treatment.

TG experiments

This study on reactivity of wood, useful for kinetic anal-
ysis, was mainly based on TG measurements. DTG tracings
obtained during the oxidation of wood with different
heating rates were presented in Fig. 4. The TG curves
measured from the temperature programmed combustion
of the wood samples at the heating rates (f§) of 5, 10, 20,
and 30 °C/min were illustrated in Fig. 5. As it might be
examined, on raising the temperature, combustion of the
sample occurred with a related mass loss. Once the fuel
content of the wood was consumed, the mass correspond-
ing to the ashes stayed constant. Given the small sample
amounts and the relatively slow heating rates, the weight
loss versus temperature curves showed several sequential
zones, as in the example for wood exposed to air. The
weight loss versus temperature curves showed several

@ Springer

DTG/uV/mg

-,R 5 °C/min
Mm °C/min

\"‘Mzo °C/min
100 200 300 400 500 600
Temperature/°C

—-2.041

Fig. 4 DTG tracings obtained during the oxidation of wood with
different heating rates

sequential zones, as in the example for wood exposed to
air. The first zone of weight loss, temperatures below
390 °C and conversion up to 60%, was the pyrolysis (or
devolatilization) stage, whose characteristics were affected
by the presence of oxygen in the reaction environment.
Char oxidation, adjoining solid pyrolysis, was completed at
about 875 °C.

Figure 5 shows the TG mass loss curve of the wood with
at wvarious heating rates () (5, 10, 20, and 30 K/min) to
study the effect of heating rate on non-isothermal kinetics.
There were two main temperatures for mass losses for
every heating rate (Fig. 5). The first temperature range was
339.2-381.1 °C; as the heating rate was increased the
greater mass losses were detected at higher temperatures.
The second temperature range at which more material loss
occurred was 537.9-875.7 °C; in this range, higher heating
rates caused higher losses at more elevated temperatures.
Residual masses in the range of 1.01-2.24% were obtained
at about 1009-1019 °C. So there were several steps for
mass losses; at 95 °C humidity of the wood was lost,
depending on the heating rate at about 340-380 °C,
56-62% of the volatiles were lost and in the temperature
range of 540-875 °C the total material loss reached to
96-98%. Higher heating rates caused higher material loss
compared to the loss of material at lower heating rates.
Since small masses of wood (20-25 mg) were utilized in
each experiment, and particle size of the wood was reduced
to <250 pm, mass and heat transfer limitations were
eliminated. The data obtained using different heating rates
during firing experiments, therefore, did not contain any
restrictive resistances. As the heating rate was increased,
the maximum mass loss and/or maximum rate of com-
bustion shifted to higher temperatures. This was attributed
to the changes in the rate of heat transfer with the increase
in the heating rate and the short exposure time to a par-
ticular temperature at high heating rates, as well as the
effect of the kinetics of combustion.
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Fig. 6 Curves of fitting to kinetic model proposed by Ozawa—Flynn—
Wall to various conversion percentages corresponding to the
combustion of fir wood at different heating rates for the calculation
of activation energies

Eight different percentages of conversion («) are pointed
out in each curve in Fig. 5: 10, 10, 20, 30, 40, 50, 70, 80,
and 90%. The plots of In § versus 1/T corresponding to the
several conversion degrees of the process were shown in

Fig. 6 for wood. Generally, there were linear relations for
the conversion percentages so the activation energies were
calculated from the corresponding slopes according to the
Ozawa-Flynn—Wall kinetic method, Table 5. Raising the
temperature, combustion of the sample occurred with mass
losses and related decrease in activation energies. Activa-
tion energy calculated at 10% conversion was 142.3 kJ/mol
and steadily increased until 50% conversion to a value of
169.8 kJ/mol then as the material loss increased beyond
this point, the activation energy started to decrease until to
36.4 kJ/mol at conversion of 90%. It seemed that the first
phase of reactions constituted the rate determining set of
reactions with average activation energy of 165.8 kJ/mol.
Beyond 70% conversion in combustion reactions, the
average activation energy dropped to 67.6 kJ/mol. The
overall average activation energy of the combustion of
the wood was calculated to be 128.9 kJ/mol. This value
calculated for fir wood seemed to be higher than those,
54-92 kJ/mol, calculated by Kok [38] for some Turkish

Table 5 Slopes and correlation coefficients (R%) corresponding to linear fittings to kinetic model proposed by Ozawa—Flynn—-Wall to various
conversion percentages corresponding to the combustion of wood at different heating rates together with the resultant activation energy

(E) values
Conversion/% R? Slope Activation Average activation
energy/kJ/mol energy/kJ/mol
10 0.953 —18.01 142.3 Rate determining phase 165.8
20 0.987 —22.51 177.9
30 0.988 —21.07 166.5
40 0.997 —21.83 172.5
50 0.993 —21.48 169.8
70 0.936 —13.44 106.2 Fast reactions 67.6
80 0.959 —7.61 60.1
90 0.951 —4.61 36.4
Overall average activation energy/kJ/mol 128.9
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Fig. 7 Straight lines fitting to Ozawa—Flynn—Wall kinetic model for
various conversion percentages corresponding to the combustion
of wood at different heating rates for the determination of reaction
order n

Table 6 Reaction order (n) as a function of temperature for the
combustion of wood

T/°C Reaction order/n
300 0.38
400 0.10
500 0.32
600 0.39
700 0.36
800 0.25
Average n 0.30

low rank coals using Coats and Redfern method [39], but
lower than those calculated for the combustion of biomass
using the Ozawa-Flynn—Wall kinetic method, 140 kJ/mol
[18]. Otero et al. [40] using the Ozawa—Flynn—Wall kinetic
method with a semianthracite coal calculated the average
activation energy of combustion as 67.3 kJ/mol.

For the computation of the reaction order, the plots of
In[—In(1 — «(7)] versus In-f have been represented in
Fig. 7. The n values as a function of temperature for wood
combustion are shown in Table 6. The values changed
from very close to zero to around 0.3 and are dependent on
the extent of the reaction, i.e., not constant during the
reaction, which was an evidence of the multiple step pro-
cesses such as devolatilization and combustion. The lowest
value for n was measured at 400 °C at which the slope of
the % TG wversus_ temperature curves changed sharply
indicating a change in the combustion regime. After this
temperature, the order of the reaction again raised to values
close to the average value of 0.30.

@ Springer

Conclusions

EDS analysis of the wood ash revealed that the ash con-
tained unburned carbon and in the order of decreasing
percentage oxides of calcium, aluminum, potassium,
magnesium, and sodium. Oxidation of the wood sample at
temperatures near 600 °C caused the loss of aliphatics from
the structure of the wood and created a char heavily con-
taining C-O functionalities and of highly aromatic char-
acter. On-line FTIR recordings of the combustion of wood
indicated the oxidation of carbonaceous and hydrogen
content of the wood and release of some hydrocarbons due
to pyrolysis reactions that occurred during combustion of
the wood. Heat treatment of the wood sample under an air
atmosphere, up to 200 °C, caused the calorific value of the
wood to increase from 18746 to 19521 kJ/kg due to the
removal of the low volatile compounds. As the heat
treatment temperature was increased to 300 °C and higher
temperatures, parallel to the pyrolytic losses of carbona-
ceous material from the structure of the wood and com-
bustion of the carbonaceous material the calorific values
decreased sharply to 3149 kJ/kg. The weight loss versus
temperature curves showed several sequential zones, as in
the example for wood exposed to air. The first zone of
weight loss, temperatures below 390 °C and conversion up
to 60%, was the pyrolysis (or devolatilization) stage, whose
characteristics were affected by the presence of oxygen in
the reaction environment. Char oxidation, adjoining solid
pyrolysis, was completed at about 875 °C. It seemed that
the first phase of reactions constituted the rate determining
set of reactions with average activation energy of 165.8
kJ/mol. Beyond 70% conversion in combustion reactions,
the average activation energy dropped to 67.6 kJ/mol. The
overall average activation energy of the combustion of the
wood was calculated to be 128.9 kJ/mol. The value of
order of reaction changed from very close to zero to around
0.3 and are dependent on the extent of the reaction, i.e., not
constant during the reaction, which was an evidence of the
multiple step processes.
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