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Abstract—Steam gasification is a thermochemical process that
is suitable for efficient biomass conversion for stationary power
production, especially in small scale applications. Steam-char
reaction result to be the one of the most relevant and con-
trolling step of the gasification process, hence a fundamental
understanding of the kinetics of this heterogeneous reaction is
needed in the design of efficient gasification systems. In this
work, the reaction kinetics of char derived from olive pomace
and steam was investigated. The kinetic study was developed
by means of thermogravimetric analysis carried out in steam-
nitrogen atmosphere, using an integral isoconversional approach.
The ultimate and proximate analysis of the parent biomass was
determined, while the char morphology was studied through
scanning electron microscopy and nitrogen isothermal adsorption
analysis for determining the specific surface area. The morpho-
logical analysis were carried out on the pristine char and the
char after 50% of conversion in nitrogen-steam atmosphere. The
results of the kinetic study showed slight variation of activation
energy with conversion, with an average value of 161 kJ/mol. The
reaction order showed an average value of 0.94, with negligible
variation during conversion.

Index Terms—Syngas, Biomass, Kinetics of steam-char reac-
tion.

I. INTRODUCTION

The need of renewable sources of energy and materials is
one of the main concerns of global community for a sustain-
able future development [1], [2], [3]. Biomass is considered
as a promising renewable source of raw materials and fuels,
because it is predictable, globally spread and it can be replaced
faster than fossil raw materials, which take different centuries
to be formed. Because of its rapid growth, biomass is able
to store and release carbon, when burned, in a short time
if compared to what happened for fossil fuels [4], [5], [6].
For this reason biomass derived fuels are considered carbon
neutral. It is trivial to state that sustainable supply chain of
bio-sources needs to be set up, in order to consider biofuels
as really sustainable energy sources [7], [8], [9]. The use
of residual biomass or wastes leads to further economic and
environmental advantages, because it is possible to solve the
problems related to its management and correct disposal [10],
[11], [12], [13]. As substitute of fossil fuels, biomass can
be exploited through different technologies, depending on the
raw bio-material and on the final application [14], [15], [16],
[17]. From lignocellulosic biomass, it is possible to produce
liquid, gaseous or solid fuels [18], [19], [20]. Among the
different thermochemical technologies, gasification is one of
the most suitable pathway for sustainable on-site stationary
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Fig. 1. α vs t reaction profiles for (1) accelerating, (2) decelerating, (3)
sigmoidal models.

power production. Indeed, it is possible to use the producer
gas (syngas) in internal combustion engines, gas turbines, fuel
cells, or gas boilers [21], [22]. Another application of syngas
is liquid fuel production through the Fischer-Tropsch process
[23], [24], [18]. The most common configuration of biomass
gasification systems are air-fed gasifiers [25], [19]. However,
air-steam gasification leads to higher efficiencies and allows
to produce a hydrogen rich syngas [25], [26], [27].

In thermal gasification systems, the lignocellulosic biomass
undergoes drying, devolatilization and char gasification [28],
[29]. The latter is one of the slowest thermochemical step and
a fundamental understanding of the heterogeneous reaction
kinetics is needed in the design of efficient gasification sys-
tems. When steam is used as gasification medium, steam-char
reaction is the most relevant and controlling step of the gasifi-
cation process [30], [31], [32], [33]. There are several reaction
models that can properly describe the kinetic behavior of a
material conversion process [34], [35], [36]. All the reaction
models can be grouped in three major classes, according to the
reaction profile of α vs t (Fig. 1): accelerating, decelerating
and sigmoidal models [37], [38].

Accelerating models describe processes whose reaction rate
increases with conversion (curve 1), reaching the maximum at
the end of conversion process. This type of models are usually
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described by a power-law model:

f(α) = mα
(m−1)

m (1)

The decelerating models represent reactions whose conver-
sion rate reaches the maximum at the beginning of the process
and it decelerates continuously, according to the common
expression:

f(α) = (1− α)m (2)

The reaction models belonging to the sigmoidal group
represent process that are composed by the combination of
both accelerating and decelerating processes at the initial
and final stages, respectively. The Avrami-Erofeev models
typically represent the sigmoidal kinetic behavior:

f(α) = m(1− α)[−ln(1− α)]
(m−1)

m (3)

The most relevant reaction models are listed in the following
Table I, in which it is also possible to find the integral form
of the conversion model, g(α). However, the determination of
the exact reaction model involves several iterative calculation.
Furthermore, the application of model-fitting methods aims at
determining one single kinetic value of the overall process,
obtaining an average value These drawbacks can be avoided
through the application of iso-conversional methods, which
allow determining the kinetic parameters as function of conver-
sion, without making any assumption about the exact reaction
model. From the above, this work aims at investigating the
gasification kinetics of chars obtained from agro-industrial
wastes, in an atmosphere consisting of steam and nitrogen. The
kinetic study was conducted by means of isothermal thermo-
gravimetric analysis through an isoconversional method. The
thermogravimetric study was accompanied by the char by the
morphological and compositional characterization of biomass
and char.

II. MATERIALS AND METHODS

In this study, the char of olive residues is investigated. The
char was obtained through the pyrolysis of dried olive pomace
(OP) from olive oil production process.

A. Material Characterization

Proximate and ultimate analysis of OP were carried out
through a thermogravimetric analyzer (Netzsch 449ST Jupiter
F3) and a CHNS/O analyzer (Perkin Elmer CHNS/O), respec-
tively. After the biomass characterization, the dried sample
was subjected to pyrolysis in a tubular quartz reactor at 500◦

C in nitrogen atmosphere for 1 h, in order to obtain the char.
The inorganics in char sample were analyzed by an inductively
coupled plasma-optical emission spectroscopy (ICP-OES).

Morphological characterizations of chars were performed
by mean of a scanning electron microscope (SEM) and gas
adsorption isotherms, then followed by the BET (BrunauerEm-
mettTeller) analysis for calculating the specific surface area.
The morphological analysis were carried out on the pristine
char and the char after 50% of conversion in steam-nitrogen
atmosphere.

B. Thermogravimetric Analysis and Theoretical Approach

The kinetic study of the heterogeneous reactions were
performed by means of thermogravimetric analysis in steam-
nitrogen atmosphere and at isothermal conditions. The selected
temperature range for the isothermal runs were below 800◦ C
in order to guarantee as much as possible kinetics controlled
conditions. In particular, the temperature range of 650-750◦ C
was investigated, with steps of 25◦ C, and in a steam partial
pressure of 50.6 kPa. The effect of steam partial pressure
on chars gasification reactions was evaluated at isothermal
conditions (700◦ C) and varying the gasifying medium (steam)
partial pressure from 10.1 to 50.6 kPa, using nitrogen as
complement. The TG apparatus consists in a vertical and cylin-
drical reactor that can be heated up to the desired temperature
at different reactive atmospheres. The sample is kept in an inert
area at room temperature on the top of the apparatus, and then
lowered down in the reactor when the desired conditions are
reached, in order to perform the tests at isothermal conditions.
The thermogravimetric apparatus consists also in a steam
generator kept at 250◦ C, as well as the transfer line, in which
the water was fed by a HPLC pump. About 60 mg of char, with
particle size ≤ 200µm, was loaded in a cylindrical sample
holder.

The apparent activation energy (Ea) and the reaction order
(n) where determined by means of an isoconversional ap-
proach. This method allows determining the kinetic parameters
as a function of the extent of conversion without making
any assumption about the reaction model. For this reason,
it is also known as model-free method. In particular, the
integral version of the isoconversional approach was used,
because it is not sensitive to noise in the experimental data,
that is intrinsic to the experimental set-up system, since the
experimental apparatus gives only TGA data (i.e. integral) as
output result. The global reaction of char decomposition in
steam gasification conditions that was considered in this work
can be written as:

C +H2O ↔ CO +H2 (4)
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A typical equation describing a kinetic process can be
expressed as follow:

dα

dt
= Ae(−

Ea
RT )PnH2Of(α) (5)

where f() is the reaction model, n is the reaction order with
respect to steam, PH2O is the steam partial pressure, expressed
in kPa, R [J/Kmol] is the gas constant, A is the pre-exponential
factor, and is the char conversion, that is expressed according
to the following equation:

α =
mi −mt

mi −mf
(6)

where mi,mt and mf are the initial mass, the mass at time
t and the final mass, respectively. From the integration of eq.
2, the following is obtained:

ln tα,i = ln
g(α)

PnH2O
A

+
Ea
RTi

(7)

where:

g(α) =

∫ α

0

dα

f(α)
=

∫ t

0

exp(
−Ea
RT

)dt (8)

by rearranging and integrating eq. 5, it is also possible
to obtain the linear correlation between the steam partial
pressure the logarithm of conversion time. This leads to eq.
6, from which the reaction order can be obtained by plotting
ln tα,i vs ln(PH2O). The slope of the resulting straight lines
represent:

ln tα,i = ln

[
g(α)

A
+
Ea
RT

]
+ nln(PH2O) (9)

Ea is the apparent activation energy (kJ/mol) obtained at
a specific value of conversion, which can be evaluated from
the slope of ln t vs T−1. Despite the pre-exponential factor is
included in the term of the reaction model, it is possible to
obtain its values at different degrees of conversion through the
application of the compensation effect. This is based on the
consideration that activation energy and pre-exponential factor
are always linked by the following relationship:

lnAj = αEj + b (10)

a and b are coefficients that can be obtained by applying
different reaction models which allow to obtain different
Ajand Ej values at j-th reaction model. According to this
approach, it is not necessary to find the exact reaction model,
but the reaction models that are able to give back a linear
correlation between g(α) and t, as reported by the following
equation, which is obtained by integrating and rearranging eq.
5:

gj(α) = kj(Ti, P )t (11)

Where the subscript j indicates the various reaction models.
Once that the rate constant in eq. 11 is determined, from

its the logarithm expression is it possible to calculate the
activation energy and the pre-exponential factor for the j-th
model. Appling different reaction model, with this method
is possible to calculate the a and b coefficients. Then, the
isoconversional activation energy values can substituted in eq.
10 in order to calculate the isoconversional pre-exponential
factor at different values of conversion. With such approach,
the kinetics triplet can be obtained using a model-free method.

III. RESULTS AND DISCUSSION

A. Biomass and Char Characterization

The ultimate and proximate analysis are shown in table II,
expressed in dry basis (db) and semidry basis (sdb), respec-
tively. The high carbon content makes this material suitable
for energy conversion, while the high volatile matter (VM)
fraction confirms its good attitude to be converted through
gasification processes.

The inorganic composition of the olive pomace char was
determined because of the influence of the metal components
on the kinetic of char conversion in presence of steam (see
table III). Indeed, it is known the inhibiting effects of Si and
P, and the catalytic effect of K on the steam-reaction.

From table III it is possible to notice that the high con-
centration of silicon is well compensated by potassium, which
has the role to accelerate the reaction. Results of scanning
electron microscopy are shown in Fig. 2 and Fig. 3. The
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Fig. 2. SEM images of olive pomace char at 0%.

SEM images were obtained for char at 0% (Fig. 2) and
50% of conversion (Fig. 3) under steam atmosphere. It is
evident the heterogeneous structure of chars, especially before
the steam-char reaction started. At 50% of conversion it can
be noticed the formation of bigger pores in the external
surface of the material. The char’s morphology was further
investigated through the BET analysis for the surface area
calculation. This analysis revealed that the char has a low
surface area, related to its microporosity, before the steam
gasification process, showing values about 4m2/g. At 50% of
conversion in steam atmosphere, a significant increase of the
BET surface area was observed, reaching up to 500m2/g. This
implies the formation of a micro-structured network, which
is accompanied by the formation of large openings on the
external surface, as evidenced by the SEM images.

B. Isothermal Thermogravimetric Analysis

The first approach for handling the thermogravimetric data
consisted in plotting the extent of conversion as function of
time, as reported in Fig. 4. From this graph it is possible to
have a quick information about the reactivity of the analyzed
sample. In fact, the shorter is the time to reach a specific
degree of conversion, the higher is the reactivity. Furthermore,
the shape of vs time plot gives important information about
the mechanism of reaction. It is possible to notice that this
sample shows a sigmoidal conversion mode, showing both ac-
celerating and decelerating behaviors, reaching the maximum
of the reaction rate at an intermediate value of conversion.
This reaction profile can be associated to the Avrami-Erofeev
models. From Fig. 4 it is also possible to observe how the
time needed to reach a certain value of conversion is highly
influenced by the temperature increase for temperatures lower
than 700◦ C. Indeed, when the temperature is increased from
650◦ C to 675◦ C, the time that is necessary to reach 90% of
conversion decreases from 5500s to 2950s, while it is 1500s,
1138s and 770s at 700, 725 and 750◦ C, respectively.

Fig. 3. SEM images of olive pomace char and 50% of conversion.

Fig. 4. Char conversion as function of time at different temperatures at 50%
steam and 50% N2.

C. Integral Isoconversional Approach for Kinetic Parameters
Determination

Fig. 5 shows the plot of lnt as function of T−1 obtained
at different values of conversion. The results showed a good
linearity (> 0.98), which indicates good reliability of results.
Each line is representative of a specific conversion. In accor-
dance with eq. 7, it follows that from the slop of the straight
lines in Fig.5 it is possible to calculate the apparent activation
energy at various degrees of conversion, in the range between
0.2 and 0.8.

Following the same approach, Fig. 6 shows lines obtained
by plotting ln (t) as function of ln (P), Hence, the reaction
order can be obtained from the slopes of the best fitting straight
line, as indicated by eq. 9, showing also in this case a good
linearity.

The apparent activation energies expressed as function of
conversion is given in Fig. 7. The Ea values did not show
significant variation with the conversion degree. The highest
and the lowest activation energy values were obtained at 0.3
and 0.8 conversion degree, reaching 164 and 156 kJ/mol,
respectively. The reaction order showed an almost constant
trend with conversion, varying from 0.92 to 0.95 (see Fig.
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Fig. 5. Plot of ln(ti) vs 1/T at different conversion.

8). This indicates that olive pomace char conversion in steam
atmosphere is adsorption limited, and remains so since n is
very close to one.

As mentioned in section 2, the pre-exponential factor was
obtained through the application of the compensation effect.
The results of the kinetic study for the determination of the
kinetic triplets is shown in table IV. It can be observed that the

Fig. 6. Plot of ln(ti) vs 1/T at different conversion.

Fig. 7. Activation energy as function of conversion.

Fig. 8. Reaction order as function of conversion.

pre-exponential factor reach the maximum at α = 0.3, equal
to 7.4 ∗ 105s−1bar−n, while the minimum was found at the
end of process, resulting equal to 2.95 ∗ 105s−1bar−n.

IV. CONCLUSIONS

Isothermal steam gasification experiments of chars obtained
from the pyrolysis of dry olive pomace were conducted in a
laboratory scale reactor. Ultimate and proximate analysis of
the parent biomass were carried out. Furthermore, the metal
composition and morphology of the char was studied. The
specific surface area of olive pomace char before conversion
was relative low, while it increased at 50% of conversion up to
500m2/g , involving the formation of a microstructure for the
activation action of steam. This phenomenon is also followed
by the formation of larger external pores, observed by means
of SEM images.

The char showed a sigmoidal mode of conversion with time
at each investigated temperature. The effect of temperature on
time of conversion was relevant in the range 650-700◦ C, while
from 700 to 750◦ C a slighter effect was observed. Apparent
activation energy showed a slight variation with conversion,
ranging from 156 to 164 kJ/mol. Similarly, the reaction order
was almost constant, around the average value of 0.94.
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