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In thiis study, the oxidative py
yrolysis of la
arge pine wo
ood particles was analyseed using a MacroM
moGravimetricc apparatus (M
Macro-TGA). T
The effects of the concentra
ation of oxygenn in the surrounding
Therm
gas a
and of particle size were inv
vestigated. Th
hree different oxygen conce
entrations (0 %
%, 10 % and 20 %)
hree sizes of cylindrical pin
ne wood samp
ples (4 mm, 8 mm and 12 mm
m in diamete
ter) were teste
ed at a
and th
heatin
ng rate of 20 °C/min.
The re
esults showed
d that oxygen had a strong iinfluence on pyrolysis
p
beha
aviour. We obsserved that the
e peak
of wo
ood pyrolysis was higher and
a
appeared
d at a lower temperature with an increease in the oxygen
o
conce
entration. Whe
en the size off the particle w
ve. But
was increased, there was a short delayy in DTG curv
generrally speaking,, particle size had no signifiicant influence
e on oxidative pyrolysis at thhis low heatin
ng rate.
With tthe 4 mm diam
meter particles
s and at a hea
ating rate of 20
0 °C/min, degrradation behavviours (TG and DTG
curvess) were simila
ar and resemb
bled intrinsic d
degradation be
ehaviours: heat and mass ttransfer pheno
omena
did no
ot limit the process.

1. Inttroduction
Todayy, global conssumption of fo
ossil fuels is i ncreasing mo
ore and more with economiic development and
popula
ation growth. At the same time, pollutio
on has becom
me a concern and a majorr challenge in many
countries. In additio
on, most curre
ent oil reserve s are located in politically unstable
u
areass. Consequently, the
use off alternative sources,
s
partic
cularly of rene
ewable energie
es, is increasin
ng worldwide.. Biomass is proving
p
to be
e one of the most promis
sing choices. By 2050, ab
bout half the world’s curreent primary energy
e
umption could be met by biomass, and 6
60 % of the world’s
w
electricity market coould be supplied by
consu
renew
wable energiess, of which bio
omass is a sign
nificant compo
onent (McKendry, 2002) .
In thiss context, bio
omass gasifica
ation is a pro mising route. The gasificattion process iinvolves a se
eries of
therm
mo-chemical tra
ansformations
s. A new tech
hnology was re
ecently develo
oped: it consissts in separatiing the
s of biomass and the gasiification of ch
har are
main transformation using differrent reactors. The pyrolysis
eparate reacto
ors in a stage
ed fixed bed gasifier. Understanding and controlling py
yrolysis
perforrmed in two se
is crucial for processs optimizatio
on. One of the
e main challen
nges of this sttep in processs optimization
n is the
gy supply. One
e solution con
nsists in burnin
ng part of the
e biomass by introducing a small amount of air
energ
s type of pro
ocess is calle
ed”autotherma
al” and this ttype of pyroly
ysis is
into the pyrolysis reactor. This
d”oxidative pyrrolysis”.
called
Many studies have been conduc
cted under ine rt atmosphere
e to investigate
e the intrinsic kinetics of py
yrolysis
ecently, there has been an iincrease in stu
udies on oxida
ative pyrolysiss. Oxygen was
s found
(Di Bla
asi, 2008). Re
to mo
odify pyrolysiss behaviour and to drasttically increas
se the conversion rate. Inn thermogravimetric
experriments, DTG curves of biom
mass oxidative
e pyrolysis showed two sep
parate peaks innstead of one
e under
inert cconditions: the
e first peak was
w attributed to simultaneo
ous pyrolysis and
a oxidation of the raw materiel
m
and the second one logically to weight losss during the oxidation of char. The kinnetic mechanism of
p
by Ohlemiller
O
(Lea
00) is as follow
ws:
oxidattive pyrolysis proposed
ach et al., 200
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When large particles are used, transport phenomena need to be taken into account along with the kinetics
derived from molecular scale studies. Many studies have reported on the pyrolysis of mm size particle in
inert atmosphere. However, to the best of our knowledge, no studies have focused on the influence of
oxygen on the pyrolysis of large biomass particles.
The objective of this work was to study the influence of oxygen on biomass pyrolysis kinetics at the particle
scale.

2. Experimental
2.1 Samples
The samples consisted of a single cylindrical pine wood particle. Cylindrical samples make it possible to
obtain more repeatable results during experiments than wood chips as they are homogeneous in size and
composition. Our samples were all 15 mm long. The influence of particle size on the pyrolysis process was
studied using particles with three different diameters: 4, 8 and 12 mm. The proximate and ultimate
properties of the pine wood are listed in Table 1.
Table 1: Proximate and ultimate analysis in dry basis of biomass pine wood sample
Parameters
Moisture content (%)
Proximate analysis (wt. %)
Volatile matter
Fixed carbon
Ash
Ultimate analysis (wt. %)
C
H
N
O (by difference)
LHV (MJ/Kg)

10.5 ± 0.2
83.3 ± 0.5
15.4 ± 0.7
1.3 ± 0.2
52.2 ± 0.5
6 ± 0.25
0.1 ± 0.05
41.7 ± 0.75
19.6 ± 0.12

2.2 Experimental device
The study was carried out using a macro-thermo-gravimetric apparatus (macro-TGA) at CIRADMontpellier. Figure 1 is schematic diagram of the experimental setup. The mass loss of a sample (TG) and
temperature were simultaneously recorded over time. Temperature was measured using a thermocouple
installed directly below the crucible.
The equipment consisted of a micro-balance, a furnace, and a thermocouple. Nitrogen 4.5 (99.995%
purity) and synthetic air 80:20 (80 % nitrogen, 20 % oxygen) were each connected to a Brooks Mass Flow
Meter Controller with a range of 0-400 NmL/min enabling exact control of flow rates of the incoming gas
and hence the desired oxygen content in the flowing gas. Three oxygen concentrations (0 %, 10 % and
20 %) were tested. Several tests were carried out to determine the minimum flow rate needed to prevent
stoichiometric limitation. A total gas flow rate of 400 NmL/min was selected. All measurements of mass
loss, temperatures and flow rates were performed using a slow acquisition system (0.2 Hz).
Thermocouples and flow-meters were connected to an ISK 200 converter/amplifier located upstream from
the computer. If the samples are placed directly in the crucible, the degradation of the samples can be
influenced by heat transfer from the crucible, and in addition, the sweeping gas cannot attack the entire
sample. To avoid the effect of the crucible on degradation, the samples were placed in a basket
suspended above the crucible, as shown in Figure 1. The crucible was kept to serve as ballast. In the
experiments, the samples were heated from room temperature to 120 °C with a plateau of 30 min (drying
phase), and from this temperature to 800 °C with a plateau of 30 min (degradation phase). All the
experiments were carried out under a constant heating rate of 20 °C/min.
Testing demonstrated good reproducibility of the TG curves with a maximum error of around 3 % between
the three experiments.
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In the second stage, two 0.5 mm thermocouples were imbedded in a particle 12 mm particle to record the
internal temperature at the centre and at 2 mm from the particle surface in an oxidative atmosphere with
10 % of oxygen concentration.

Figure 1: Schematic diagram of the experimental setup

3. Results and discussion
For each experiment, TG and DTG curves were drawn as a function of temperature. TG curves represent
the ratio of the weight of the sample (w) to the initial weight (wi) after drying phenomena. To clearly
analyse and compare the results, DTG curves were obtained by taking the time derivative of TG curves
(the time difference between two recorded mass is 5s). As the noise of the mass loss signal is amplified by
derivation, DTG curves were numerically smoothed using the 10-point moving average technique.
3.1 Effect of oxygen on thermal degradation
Figure 2 shows that in an oxidative environment, three stages can be distinguished in the mass loss
curves, as already reported in literature (Amutio et al., 2012). These stages have been defined as
dehydration, oxidative pyrolysis, and char oxidation. The differences between the curves obtained during
the dehydration phase are due to variations in the initial moisture content between the particles.
Figure 2 shows the mass loss (TG) and conversion rate (DTG) under different atmospheres (inert, 10 %
and 20 % vol. % O2), for the 4 mm diameter particles, as a function of temperature. It can be seen that
oxygen greatly affected pyrolysis. Oxidative pyrolysis (2nd stage) occurred at a lower temperature range
when the oxygen concentration in the sweeping gas was increased. Moreover, the peak in the oxidative
pyrolysis stage was higher and appeared at a lower temperature when the oxygen concentration in the
atmosphere was increased. In an atmosphere with 20 % oxygen, the peak was about 1.5 times higher
than in an inert atmosphere. These results are in a good agreement with those obtained by Anca-Couce
(Anca-Couce et al., 2012) at the molecular scale. Generally the presence of oxygen enhances the
pyrolysis phase. In the kinetic scheme proposed by Ohlimiller (Leach et al., 2000), oxidative pyrolysis
consists of the two first equations Eq (1) and Eq (2): wood pyrolysis and wood oxidation. The wood
oxidation reaction speeds up pyrolysis.
Many authors consider that woody biomass has three main components (hemicellulose, cellulose and
lignin) and smaller amounts of extractives and ash. Branca (Branca and Di Blasi, 2004) associate the
shoulder that appears at the beginning of the DTG curve with, hemicellulose degradation and the peak
with cellulose degradation. In an oxidative atmosphere (10 % and 20 % oxygen), our results showed that
the hemicelluloses shoulder was less clear than in an inert atmosphere, as can be seen in figure 2. Anca-
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Couce (Anca-Couce et al., 2012) puts this down to an overlap of the cellulose and hemicellulose peak,
responsible for a higher maximum reaction rate in presence of oxygen.
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Figure 2: TG and DTG curves for the different atmospheric components (0 %, 10 % and 20 % vol. % O2)
for the 4 mm diameter wood particle
3.2 Effect of particle size on thermal degradation
Figure 3 shows TG and DTG curves for the different particle diameters (4, 8 and 12 mm) in the two
atmospheres (0 % and 20 % oxygen concentration). In the inert atmosphere, the same peak in DTG
curves was obtained with the three particle sizes. In the oxidative environment, a smaller peak was
obtained with particles of 8 and 12 mm in diameters than with particles 4 mm in diameter. The differences
between the TG and DTG curves among the three particle sizes can be attributed to the effect of transfer
phenomena on degradation behaviour.
The biggest difference in the TG and DTG curves was obtained between the 4 mm particle and the two
other particle diameters (8 and 12 mm). The curves obtained for the 4 mm particle are similar to those
reported by Su (Su et al., 2012). In this case, the degradation behavior of the whole 4 mm particle
resembled degradation behavior at molecular scale and transfer phenemona can be considered to be
neglegible. For a 4 mm particle, the temperature field can be considered as uniform within the particle.
In the oxidative environment, the DTG curve peak was greater for the 12 mm particle than for the 8 mm
particle. This can be explained by the fact that the energy released from the biomass oxidation reaction Eq
(2) is higher in the case of the bigger particle since the particle mass is higher. As reported in the literature,
at molecular scale, in the oxidative environment, two peaks appeared in the DTG curves: the two stages of
pyrolysis (char forming and char oxidation) were separated over time. Contrary to results reported in the
literature, in our study. , the second peak did not appear in DTG curves in the case of large wood particles
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as shown in Figure 3. This can be attributed to char oxidation beginning before the end of oxidative
pyrolysis. The particle size thus clearly affected the char oxidation stage: an interaction between oxidative
pyrolysis (2nd step) and char oxidation (3rd step) can occur. Moreover, the char oxidation phase was
clearly less pronounced and became slower with an increase in the size of the particle. This can be
explained by the fact that at particle scale, the effect of heat and mass transfer can not be neglected in the
char oxidation phase.

1.2
4 mm
8 mm
12 mm

1

TG

0.8
0.6

0 % O2

0.4

20 % O2

0.2
0
0

200

400
Temperature (°C)

600

800

0.008
4 mm
8 mm
12 mm

0.007

20 % O2

DTG (s-1)

0.006
0.005
0.004

0 % O2

0.003
0.002
0.001
0
0

200

400
Temperature (°C)

600

800

Figure 3: DT and DTG curves for the different particle diameter (4, 8 and 12 mm) for the two atmospheres
with 0 % and 20 % of oxygen concentration
3.3 Temperature inside a thick particle
Figure 4 shows the temperature measured inside the particle at the centre and at 2 mm from the particle
surface. The temperature first increased until it reached the inflexion point, then increased strongly during
oxidative pyrolysis until reaching a small plateau. Two thermal regimes during wood pyrolysis have also
been noticed by Gauthier (Gauthier et al., 2013). Subsequently the temperature increased linearly
throughout the char oxidation phase.
Similar temperatures were observed during particle heating and at the beginning of oxidative pyrolysis. At
the end of oxidative pyrolysis, a difference between the two temperatures appeared: the temperature at
the centre of the particle was always 30 to 40 °C higher than the temperature 2 mm from the surface
during the 20 °C/min heating rate phase. This was due to the source term linked to exothermic char
oxidation. Differences between the two temperatures were only observed after the exothermic reaction
began.
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Figure 4: Temperatures profiles inside the particle with a diameter of 12 mm (at the centre and 2 mm from
the particle surface) and the TG curve for an atmosphere containing 10 % O2 at a heating rate of 20
°C/min

4. Conclusions
Oxidative pyrolysis of large wood particle was performed in a macro-thermogravimetric apparatus.
The results showed that oxygen had a strong influence on pyrolysis, even in the case of large particles.
The peak oxidative pyrolysis phase was higher and appeared at a lower temperature when the oxygen
concentration in the atmosphere was increased. The hemicellulose shoulder in the DTG curves was less
clear when the oxygen concentration in the atmosphere was increased.
When the size of the particle was increased, a short delay was observed in TG and DTG curves. In the
oxidative environment, a smaller peak appeared with the 8 and 12 mm particles than with the 4 mm
particles. This was due to transfer phenomena involved in large wood particles. With the 4 mm particles
and a heating rate of 20 °C/min, TG curves resembled intrinsic degradation behaviours reported in the
literature. In this case, we can say that transfer phenomena can be ignored.
The temperature measurements inside the particle revealed an inflexion point and a marked increase in
temperature at the end of the oxidative pyrolysis stage. A difference of 30 to 40 °C was observed between
the temperature measured at the centre and 2 mm from the surface.
Particle size had no significant influence on the oxidative pyrolysis stage at this low heating rate. Transfer
limitations only appeared when exothermic reactions began. To clearly demonstrate the effect of particle
size on oxidative pyrolysis, experiments with high heating rate will be conducted in another device that can
achieve heating rates of up to 900 °C/min.
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