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a b s t r a c t

Biomass oxidative pyrolysis is of great interest from the point of view of large-scale bio-oil production in
autothermal regime. A study has been carried out in thermobalance with different oxygen concentrations
(5, 10 and 20 vol.%) in the inlet gas stream in order to analyze the effect of oxygen on the lignocellulosic
biomass pyrolysis process and establish a kinetic model for oxidative pyrolysis. The results have been
compared with those obtained in inert atmosphere pyrolysis. Firstly, the kinetic pathway has been deter-
mined, concluding that pinewood oxidative pyrolysis is the sum of biomass pyrolysis and heterogeneous
oxidation plus the combustion of the remaining char. A kinetic model consisting of six simultaneous reac-
tions has been developed, which allows identifying the volatiles released from the joint pyrolysis-com-
bustion of the pyrolyzable and non-pyrolyzable fractions corresponding to hemicellulose, cellulose and
lignin.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The need to find alternative raw materials to petroleum, due to
the reduction in reserves and a raising demand for energy, has in-
formed the development of technologies for the valorization of
natural gas, coal and biomass [1]. Biomass is considered to be the
most promising alternative to fossil fuels, since its rational use
does not contribute to a net rise in the level of CO2 in the atmo-
sphere. Furthermore, it is the only renewable source of fixed car-
bon that can be converted into liquid, solid and gaseous fuels, in
addition to its use for heat and power.

In recent years, an overall valorization of biomass has been sug-
gested under the biorefinery concept in order to obtain transporta-
tion fuels and valuable chemicals, by subjecting the biomass to
several processes, such as gasification, pyrolysis and hydrolysis
[2,3].

Pyrolysis is one of the technologies with best industrial per-
spectives for biomass valorization, since the process conditions
can be optimized to maximize the yields of gas, liquid and char
[4,5]. The production of a liquid (bio-oil) from lignocellulosic bio-
mass has received growing interest, as it is possible at moderate
scale in rural areas to decouple bio-oil production from its upgrad-
ing in a biorefinery, where a suitable acid catalyst can selectively
convert it into olefins [6] or aromatics [7]. Bio-oil can also generate
H2 using a bifunctional reforming catalyst [8] and be co-fed into
refinery units, such as those for fluidized catalytic cracking (FCC)

[9], or mixed with methanol in the methanol to olefins transforma-
tion process (MTO) [10].

A wide range of reactor configurations has been used to perform
biomass pyrolysis, such as fluidized bed reactors, transport and cir-
culating fluidized bed reactors, ablative reactors, auger reactors,
vacuum reactors and conical spouted bed reactors [5]. One of the
greatest challenges for scaling-up pyrolysis processes is the energy
supply, specifically the energy required to heat the raw material
and the fluidizing gas to the process temperature [5,11,12]. This
heat can be supplied only partially by the fluidizing gas due to cer-
tain limitations, such as gas bypassing in the reactor and a rather
low flexibility in the flow-rate and temperature of the inlet gas.
Furthermore, the energy supply through the reactor walls has sev-
eral limitations, since the ratio between the wall surface area and
the mass contained in the bed is very low. Finally, internal heat
transfer surfaces can be used, but these devices may affect the
hydrodynamics of the reactor and increase the complexity of the
design. Furthermore, they may undergo quick soiling due to the
tar and soot present in the bed during the pyrolysis process.

Accordingly, oxidative pyrolysis, involving the addition of a suf-
ficiently low concentration of oxygen to avoid significant effects by
combustion reactions in the process, is the step forward towards
adapting this process to industrial scale, given that the energy re-
quired is supplied in the pyrolysis process itself by the combustion
of part of the pyrolytic products. As a result, an autothermal regime
is obtained, which will facilitate energy integration and reduce
operating costs, improving process feasibility.

This paper aims to provide information about the kinetics re-
quired for the large-scale autothermal operation to be used in
the development of a technology based on the conical spouted
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bed reactor (CSBR). Although the reaction conditions are very dif-
ferent between a large scale fast pyrolysis device and a thermo-
gravimetric one (in terms of heating rate, gas residence time,
biomass particle size, etc.), this study carried out using a thermo-
balance is suitable for determining the intrinsic kinetics of biomass
oxidative pyrolysis. The conical spouted bed reactor is a suitable
technology for the production of bio-oil as it has a low production
cost, it is simple to operate and several improvements for the
scale-up of the process have been carried out in previous studies:
(i) Continuous operation [13]; (ii) vacuum operation [14], where
the N2 flow-rate to be heated to the reaction temperature is signif-
icantly reduced and bio-oil condensation is simplified; and (iii) the
use of internal devices [15].

Biomass pyrolysis kinetics using an inert atmosphere has been
extensively studied by means of thermal analytical techniques
[16–18], fast heating pyrolysis reactors [19,20], and reactors oper-
ating under conditions similar to those of industrial furnaces (fast
heating and short residence times for the products) [21–24].

In general, the formation of primary volatile products in bio-
mass pyrolysis has been described using one-component [21–
23,25–28] or multi-component mechanisms [16–18,29–36]. The
multi-component mechanism generally consists of the devolatil-
ization reactions of biomass main components, i.e., hemicellulose,
cellulose and lignin [33], which are considered to be parallel and
independent, although there are important interactions between
their devolatilization [32].

The oxidation kinetics of biomass [37–57] and other solid fuels,
such as coal [58–60], tyres [61,62] and plastic wastes [40,63], has
also been the subject of several studies. The kinetic pathway of
the oxidation is different for each solid fuel and can be a result of
two competitive processes: particle ignition dominated by either
burning volatile matter (reactions A–B) or heterogeneous oxidation
(reaction C) [40,58–60], Fig. 1.

2. Material and methods

The biomass used in this study is forest pinewood waste (pinus
insignis), with a particle size smaller than 0.2 mm in order to avoid
heat and mass restrictions within the particle [38]. Its main char-
acteristics are summarized in Table 1. Three commercial products
have been taken as representative of biomass components: cellu-

lose (435236-250G, Sigma–Aldrich), xylan (X0502-10G, Sigma–Al-
drich), which is accepted as a hemicellulose equivalent [31,64], and
organosolv lignin (371017-100G, Sigma–Aldrich).

The kinetic study has been carried out by thermogravimetry in a
TGA Q5000 thermobalance. The pyrolysis experiments have been
carried out by subjecting the sample (approximately 10 mg) to a
heating ramp of 15 �C min�1 from room temperature to 800 �C.
Oxygen concentration in the carrier gas has been 5%, 10% and
20% in volume, with a total flow-rate of 100 ml min�1.

3. Results and discussion

3.1. Kinetic pathway

Prior to proposing the kinetic model for pinewood sawdust oxi-
dative pyrolysis, the reaction pathway of the process must be
established in order to determine whether volatile material burn-
ing or heterogeneous reaction dominates the oxidation (Fig. 1).
According to Senneca et al. [40] the identification of the kinetic
pathway can be carried out by analyzing the shape of the DTG
curve for solid fuel oxidative pyrolysis and comparing it with the
curve for inert pyrolysis. Fig. 2 shows the DTG curves for the inert
and oxidative pyrolysis of pinewood sawdust, with 5, 10 and
20 vol.% of oxygen.

As observed in Fig. 2, biomass oxidative pyrolysis records two
peaks, the first one is shifted to lower temperatures than that corre-
sponding to inert pyrolysis (0% O2) and the second peak at higher
temperatures is related to char combustion, as has been reported
previously by other authors [37–40,42,43,48–54,57]. This shape is
typical of a reaction pathway midway between the two extreme
cases corresponding to reactions A–B and reaction C in Fig. 1 and evi-
dences a synergistic effect of purely thermal degradation and heter-
ogeneous oxidation, occurring over comparable time scales [40].

The shape and position of both peaks in Fig. 2 depend on the
oxygen partial pressure. At higher oxygen concentrations, both
peaks appear at lower temperatures, and the peak corresponding
to the combustion of char becomes sharper. The temperature
values of the DTG peaks for different oxygen concentration are re-
ported in Table 2.

Nomenclature

ci mass concentration of i pseudocomponent
DTG differential thermogravimetry
Ei activation energy of i pseudocomponent (kJ mol�1)
(k0)i frequency factor of i pseudocomponent (s�1)
ki kinetic constant for the mass loss of each i pseudocom-

ponent (s�1)
L number of experimental data available
n, m, p, q reaction orders
PO2 oxygen partial pressure (bar)
t time (s)

W, W0, W1 mass of biomass sample at t time, at the beginning of
pyrolysis and at the end of pyrolysis, respectively (mg)

Wi, W0,i, W1,i mass of i pseudocomponent in the sample at t time,
at the beginning and at the end (mg)

X conversion of the biomass sample by mass unit of pyro-
lyzable mass

Xi, X1,i conversion of i pseudocomponent at t time and at the
end

Fig. 1. Possible mechanisms for solid conversion in an oxidative atmosphere [40].

Table 1
Biomass characterization.

Ultimate analysis (wt.%)
Carbon 49.33
Hydrogen 6.06
Nitrogen 0.04
Oxygen 44.57

Proximate analysis (wt.%)
Volatile matter 73.4
Fixed carbon 16.7
Ash 0.5
Moisture 9.4

HHV (MJ kg�1) 19.8
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