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The devolatilization is the basic step of thermochemical processes and requires a fundamental characteri-
zation. Three biomass residues (rice husks, olive cake, cacao shells) are studied here in a thermogravimetric
(TG) balance. The effect of the heating rate (HR) is evaluated in the range 5-100 K/min providing significant
parameters for the fingerprinting of the fuels. Kinetics are obtained by applying traditional isoconversional
methods. The activation energy as function of the conversion reveals the multi-step nature of the biomass
devolatilization. Although average values allow the reactivity of different fuels to be compared, a first

g;{r;;gf: order reaction model can hardly predict the biomass devolatilization. A VEB (Variable activation Energy
Lignin—cellulose materials model for Biomass devolatilization) model is developed, basing on the results of the kinetic analysis. A
Solid fuels good agreement is obtained for the biomass residues in all HR runs in the entire range of temperatures.

Thermal degradation Similarities in the optimized Eygp curves for the three fuels of this work suggest to pursue a generalization

Kinetic analysis
Fundamental model

in the approach, enlarging the number and variety of fuels studied.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Agricultural and food residues represent a renewable energy
source, may be abundant in specific local areas and cause dis-
posal problems. Thermochemical processes constitute interesting
options for biomass utilization [1-5]: co-combustion is a short time
opportunity for benefitting the biomass advantages (CO, neutral
fuels, low emissions of sulphur and heavy metals); gasification
is a clean and efficient alternative for converting biomasses into
upgraded fuels (syngas for direct energy generation or hydrogen
production in a mid-term scenario); pyrolysis is a versatile process
for recovering chemicals and fuels.

Devolatilization is the first step of all these thermochemical pro-
cesses. It consists in the release of volatile matter (condensable and
light gases) during the continuous heating of the solid fuel. The
thermal scission of chemical bonds in the natural polymers (cellu-
lose and lignin) causes the formation of cracked compounds (the
lighter products passing to the vapour phase), activated intermedi-
ates for further decomposition and the re-organization of the solid
matrix. Therefore, the process is a complex mechanism because
consecutive and parallel paths act in a very narrow range of tem-
peratures. The global behaviour can be studied in thermal analysis
developing procedures commonly accepted for a useful character-
ization of the fuel. The thermogravimetric (TG) technique is the
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basis for a fundamental investigation and gives the fingerprint-
ing of the fuel. It provides important characteristics (temperature
of devolatilization, volatile matter released), reaction kinetics and
significant parameters for preliminary modelling.

The subsequent phase of the fuel characterization should evalu-
ate the effect of the operating conditions to give a more detailed and
complete information on the devolatilization. In fact, the thermal
history of solid fuels influences strongly the devolatilization param-
eters [6-9]. Although different specific experimental techniques
should be compared to widening the range of conditions to those of
large scale applications, a coherent fundamental study is required
in the first phase of the characterization. Recent experimental ther-
mogravimetric analyzers can reach very high temperatures and
guarantee a negligible discrepancy between the programmed ther-
mal history and the effective sample temperature in a relatively
wide range of heating rate (HR). Nevertheless, a preliminary study
should be carried out to minimize the heat transfer problems:

- limitation of temperature gradients in the sample testing a low
amount of sufficiently fine particles,

- feed of relatively high gas flow rate to avoid secondary reactions,

- evaluation of buoyancy effects.

Therefore, the first aim of this work is to perform a fundamen-
tal study on the devolatilization of biomass residues, determine
the most suitable and representative parameters and evaluate the
effect of the operating conditions.
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From literature works, in low heating rate analyses (1-10K/
min), temperatures as low as 480K are sufficient to begin the
devolatilization of some biomasses, especially those containing
extractive species. Natural polymers actually require somewhat
higher temperatures for decomposition. Cellulose is the most stud-
ied component, with a good agreement on the devolatilization
parameters (the starting temperature is in the range 570-600K,
the temperature for the maximum reaction rate is 630-660K [10])
and the activation energy (195-213 kJ/mol [11,12] even though val-
ues in the range 50-250 can be found [10]). Hemicellulose is more
reactive than cellulose, while lignin decomposes in a very large
range of temperature (it may start at 540K and end at 700K [13]).
Even in the relatively simple devolatilization of chemical com-
pounds, the weight loss continues for temperature up to 1200K
[6,13,26]. This can be observed in the long tail of the TG curve at
high temperature and the non-zero value of the derivative weight
loss (dtg) after the main peak of devolatilization. This behaviour
is not generally ascribed to any further component. The continu-
ous release of volatile matter in the “secondary devolatilization”
can be imputed to the decomposition at higher temperature of the
rearranged structure of the solid after the primary devolatilization,
occurred at lower temperature.

When biomass devolatilization is studied in a thermogravimet-
ric balance, the different behaviour of the chemical components is
revealed from a composite profile in the devolatilization curve. The
contribution of each component can be recognized and this evi-
dence is the basis of summative models, based on the hypothesis
that the devolatilization proceeds independently from each oth-
ers [14,15]. Each component is assumed to decompose according to
a single first order reaction. Many modifications to this approach
improve the model: the development of complex kinetic schemes
instead of single first order reactions [6,11,16,17], the inclusion of
further components [12], the imputation of the kinetic parameters
to pseudo-components instead of chemical ones [18].

In all cases, the number of parameters in this approach is very
high. This drawback could be surmounted if component parame-
ters were valid for all biomass fuels. As a matter of fact, different
celluloses, hemicelluloses, lignins can be recognized when differ-
ent biomasses are analyzed. This depends on the chemical structure
of natural polymers, their nature (the cristallinity of cellulose, for
instance), their interconnection (that is how they are joined in the
biomass matrix). Furthermore, the ash content in the biomass is
ascertained to be crucial because it catalyzes and promotes the
involved reactions [11,13,19]. As a matter of fact, the role of ashes is
hardly modelled in summative models, while it should be quanti-
fied especially for biomass residues, having a high ash content.

Although commonly applied, the summative approach is
actually an advanced level of modelling, requiring detailed inves-
tigation. Taking a step back, a simpler kinetic model should be
directly developed from a fundamental study. Isoconversional
methods are well established for obtaining kinetics from TG analy-
sis [20]. Are they suitable for biomass devolatilization? Can they be
useful for developing a fundamental kinetic model? Although orig-
inally developed for single reactions, later improvements enlarged
the application to multi-step mechanisms and variable thermal
history [21]. They need the results from different TG runs and

allow the kinetics to be calculated without any assumption on the
devolatilization model. For multi-step mechanisms the activation
energy is not constant, being a complex sum of steps with differ-
ent reactivity. Usually, the activation energy is reported as function
of the conversion [19,22]. The average value may be considered
as a measure of the devolatilization reactivity and inserted in a
global reaction model. However, this level of approximation is not
acceptable for biomass devolatilization. The starting temperature
of devolatilization is generally overestimated with respect to the
experimental determination. The long tail in the TG curve is roughly
cut, with important errors on the final amount of volatile matter
released. Only the intermediate steps of the main devolatilization
process can be reasonably predicted.

Therefore, the second aim of this work is to perform a kinetic
study on the devolatilization of biomass residues, test different
isoconversional methods and develop a model implementing the
kinetics as function of the conversion. Three biomass residues from
food industry are studied by using a thermogravimetric balance.
The effect of the heating rate (5-100K/min) on devolatilization
characteristics is evaluated. The kinetic study is carried out to com-
pare the results from three traditional methods and comment on
their applicability to biomass devolatilization. It is also the basis for
elaborating the parameter input in the VEB model (Variable Energy
activation model for Biomass devolatilization). A good agreement
is obtained for all materials in the range of conditions studied.

2. Experimental
2.1. Materials

Three biomass fuels are studied, rice husks, olive cake
(exhausted) and cacao shells. They were crushed and sieved and
the fraction 90-125 wm used for the experimental runs. The proxi-
mate and ultimate analyses and the heating values of all materials
are listed in Table 1.

2.2. Equipment

A thermogravimetric balance (TG Q500 V6.1 of TA Instruments)
is used for all tests. The temperature range is from ambient to
1270K, with heating rate from 0.1 to 100 K/min. The isothermal
temperature precision is £0.1 K. The thermocouple is positioned
immediately adjacent to the sample. A second thermocouple is
located slightly above the principal one. The weighing capacity is
1.0 g with a sensitivity of 0.1 pg. The purge gas is metered by mass
flow controllers and set to 100 ml/min (STP). Pure nitrogen is used
for the devolatilization tests.

2.3. Experimental method

The sample is loaded and dried at 380K directly in the TG bal-
ance before each run. Usually, 5-10 min are sufficient to assure a
constant weight of the sample. Then, a constant heating rate is pro-
grammed to 1220 K. At that temperature, the gas flow is switched
to air and the carbonaceous residue is burnt. In all cases, two runs
in the same conditions are carried out to confirm the good repro-

Table 1

Proximate and ultimate analyses and heating values of the materials

Fuel Proximate analysis (% as received) Ultimate analysis (% dry ash free) HHV (M]/kg)
Moisture VM FC ash C H N S

Rice husks 10.74 59.83 15.85 13.57 51.18 7.34 0.85 0.18 15.53

Olive cake 5.64 70.74 21.41 4.95 55.13 7.43 1.87 0.23 18.47

Cacao shells 10.56 64.24 18.26 6.86 50.96 6.50 2.86 0.25 17.90
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ducibility of the results. Negligible discrepancies are observed in
the results reported here.

Seven heating rate programs are studied, 5, 10, 15, 20, 40, 60
and 100 K/min. Preliminary runs have been carried out to find the
optimal conditions. In particular, the initial amount of sample is a
crucial parameter to avoid significant heat transfer limitations in
the entire range of HR. 5-6 mg was found to be the optimal initial
sample mass.

2.4. Kinetic methods

The kinetic analysis of solid state decompositions is usually
based on a single-step kinetic equation:

Aexp (—%) f@) (1)

where « is the extent of conversion, A and E the Arrhenius parame-
ters, pre-exponential factor and activation energy, respectively, f(«)
the reaction model, that is a function of «. Generally, the triplet A, E
and f(«) are needed to define the kinetics of a reaction. Fit methods
are used adopting a model and obtaining the Arrhenius parameters,
which depend on the assumptions made. This approach may be use-
ful only for the specific conditions used, devolatilization in other
conditions (even on the same order of magnitude) being hardly
predictable (see for instance Reynolds [19]). Therefore, fit methods
are not tested here.

Model-free methods allow for evaluating the Arrhenius param-
eters without choosing the reaction model. In particular, the
isoconversional methods yield the effective activation energy as a
function of the extent of conversion. In the case of non-isothermal
runs, they require a set of experimental tests at constant heating
rate. This issue eliminates the compensation effects in determin-
ing the kinetic parameters. The knowledge of the dependence of
E on « assists in both detecting multi-step processes and drawing
certain mechanistic conclusions. Secondly, it is sufficient to pre-
dict the reaction kinetics over a wide temperature region. Three
methods (Friedman [23], Flynn and Wall [24], Kissinger [25]) have
been selected, because traditionally they have been applied to the
decomposition of solids. The main equations are described in the
following subsections.

According to Friedman [23], E/R can be obtained for a given value
of a by plotting In(dw/dt) against 1/T. This is a model-free method
that can be applied to data sets obtained at different heating rates

B:

In (ﬂ%) —InA+In f(a)— % 2)

This is a differential method, which can be applied to integral
data (e.g. TG data) only after their numerical differentiation. In
his original analysis, Friedman considered only the possibility that
there was a single nth-order reaction present. If the value of E varies
with the extent of conversion, the results should be interpreted in
terms of multi-step reaction mechanisms.

According to the method of Flynn [24], E/R can be obtained by
plotting In(8) against 1/T. This is a model-free method that can be
applied measuring the temperatures corresponding to fixed values
of  from experiments at different heating rates g:

fla) } E

da/dT) ~ RT (3)

In(8) = In [A

If E varies with «, the results should be interpreted in terms of
multi-step reaction mechanisms.

The activation energy can be determined by the Kissinger
method [25] without a precise knowledge of the reaction mech-

anism, using the following equation:

B Rl E
lnﬁ_ln[A-E]fﬁ (4)

where Ty, is the temperature at the maximum weight loss rate. This
is actually a special case of obtaining E and A by considering Ty, at
different heating rate.

3. Results and discussion

3.1. Devolatilization parameters

The derivative weight loss curves of all materials are compared
in Fig. 1 for 3 heating rates, 5, 20 and 100 K/min. Important infor-
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Fig. 1. Comparison of dtg curves for the biomass residues.
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mation can be drawn from the analysis of these curves. First of all
some parameters are defined or adopted from literature to quantify
the effect of the heating rate on the devolatilization. The temper-
ature Ty, is defined as the temperature at the maximum weight
loss rate dtgm: these parameters are useful for comparing differ-
ent materials, measure the fuel reactivity [19] and are the basis
for some kinetic analysis (e.g. Kissinger method). The value of the
conversion o, at this temperature is also provided. As a matter of
fact, different relative maxima may be observed in the dtg curves,
the absolute maximum depending on the operating conditions (see
the case of cacao shells). In these cases, a deeper investigation
is required for a better comprehension of devolatilization phe-
nomena. In general, the analysis of sub-peaks is performed (using
deconvolution procedures)and each peak ascribed to the decompo-
sition of chemical components or pseudo-components (extractives,
cellulose, hemicellulose and lignin in the case of biomass
fuels).

The onset temperature Topset Of devolatilization was originally
defined as the intersection of the tangents to TG curve [10]. This
parameter quantifies the temperature at which the devolatilization
can be considered to start. For composite materials, the origin point
to draw the tangent may be non-univocal, especially for multi-peak
dtg curves. So, the definition of Gronli et al. [ 12] is adopted here: the
onset temperature is the earliest relative maximum in the second
derivative of the weight loss curve during the devolatilization of the
dry material. The “tangent definition” may be more efficacious from
a graphical point of view but to the detriment of reproducibility.
For the materials considered here, Tonset Obtained according to the
“tangent definition” is 10-20K lower than that obtained with the
second definition.

Analogously, the offset temperature Ty Of devolatilization is
defined as the latest relative minimum in the second derivative
of the weight loss curve. This definition gives value 10-40 K lower
than those obtained with the “tangent definition”. This choice is
motivated by the difficulty in defining the tangent line in the tail
zone. The parameter Ty quantifies the temperature at which
the main devolatilization can be considered complete. For higher
temperatures, a secondary devolatilization acts, responsible of a
smaller weight loss (though not negligible) with respect to the main
devolatilization [13,26]. The value of the conversion at this tem-
perature oyffer 1S also provided to quantify the amount of volatile
matter released in the main devolatilization, while the complemen-
tary value (1 — oyfrset ) defines the amount of volatiles which will be
released in the tail zone.

Weight loss, derivative and second derivative curves of cacao
shells at 60 K/min are reported in Fig. 2 for simplifying the param-
eter definition. Two relative maxima Tp,; and Ty, can be actually

Table 2
Effect of the heating rate on the devolatilization parameters
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Fig.2. Definition of devolatilization parameters (solid black curve: weight loss; solid
grey curve: derivative; dashed black curve: second derivative).

detected during the main devolatilization of this material. The dif-
ference between the values of the onset temperature using the two
definitions above is also remarked.

The devolatilization parameters obtained for the biomass
residues in the runs at 5, 20, 60 and 100 K/min are listed in Table 2
and discussed below.

The devolatilization profile of rice husks in Fig. 1 exhibits a
complex peak with a well-defined main peak, a shoulder at ear-
lier temperatures and a long tail zone. The higher the heating rate,
the higher the values of Topset, Tm and Tygser. FOr instance, the onset
temperature is 530K at 5 K/min, while it is 617 K at 100 K/min. The
trend is quite linear on a logarithmic scale (Fig. 3). This can be useful
for correlating the devolatilization parameters to the operating con-
ditions. Observing the dtg curves in Fig. 1, dtgy, slightly decreases
with HR. Vice versa, the shoulder at earlier temperatures becomes
more and more important. Furthermore, at 5 K/min it is less evident
than at 100 K/min. This means that the reactivity of the first two
components (hemicellulose and cellulose) is differently influenced
by the heating rate. At low HR, the dtg sub-peak of hemicellulose
(at lower temperature than T, thus representing a shoulder of the
main devolatilization peak) is almost incorporated in the main peak
of cellulose, while at high HR the relative distance is larger and the
separation of peaks more evident. The tail zone is confirmed by
the value of the dtg, which is different from zero for temperatures
higher than Tyer, While oo is between 66 and 70% (meaning
that more than 30% of the volatile matter will be released in the tail
zone).

Fuel HR (K/min) Tonset (K) Tm (K) Toffset (K) Qm (%) Aoffset (%) dtgm dl’y (%/K)
5 529.8 605.5 619.0 53.8 66.3 0.798
S— 20 559.5 631.9 646.9 55.0 68.1 0.790
3 L 60 593.6 662.7 680.8 55.1 69.3 0.720
100 616.6 681.8 700.1 56.5 70.0 0.678
5 4992 577.1 591.2 469 56.9 0.616
A— 20 536.7 613.6 627.5 50.8 61.2 0.603
1ve cake 60 568.2 644.6 662.6 51.6 61.7 0.572
100 590.0 661.7 675.9 52.3 62.6 0.564
5 4483 462.7 (555.6)° 579.4 13.2 (45.0)° 53.3 0.404 (0.347)"
el 20 469.5 488.3 (586.3) 607.7 13.8 (46.4) 53.5 0.351 (0.321)
Cacao shells 60 496.7 523.0 (618.7) 640.8 16.1 (48.2) 55.5 0.323 (0.313)
100 506.4 5455 (628.9) 659.0 17.4(46.8) 56.3 0.287 (0.300)

" Values in brackets are obtained for the second sub-peak in the dtg profile of cacao shells (see Fig. 2).
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Fig. 4. Example of calculating the activation energy (reported in kJ/mol) at different conversion by the Friedman method.

Similar results can be drawn comparing the dtg curves of olive
cake at various HR. However, generally, characteristic temperatures
are lower with respect to rice husks. For instance, the onset temper-
ature is 25-30K lower for the devolatilization at the same heating
rate. Approximately, 20K is the difference of Ty, for these materi-
als. Although the peak of the main devolatilization is well defined,
the shoulder at earlier temperatures is more evident for olive cake
than rice husks, and again it becomes more evident at high HR.
The tail zone is more remarked for this material, the conversion
Uoffser Deing approximately 60% at Tysrser, Which is approximately
20K lower than that of rice husks.

The devolatilization behaviour of cacao shells differ qualita-
tively from the other two materials, a dtg peak of the main
devolatilization being not evident. At least three sub-peaks of
comparable intensity can be observed in Fig. 1. Furthermore, the
temperature range of devolatilization (which can be defined as
the difference between offset and onset temperatures) is wider
than the other two materials. In particular, the onset tempera-
ture is very low, 448K at 5K/min. Two values of Ty, are listed
in Table 2, because at low HR the first peak is the absolute
maximum, while at high HR the second peak is the absolute max-
imum. The offset temperature is not well defined, variations in the
weight loss curve being hardly detectable. Considering the rela-
tive minimum in the second derivative, a conversion of 53-56% is
achieved at Tyrer, Secondary devolatilization is hence very impor-
tant.

3.2. Devolatilization kinetics

The temperature-conversion data are elaborated according to
the specific method needs for the kinetic analysis. An example of the
graphs obtained for a material is reported in Fig. 4. Similar graphs
are obtained for all materials. For both Friedmann and Flynn meth-
ods, E varies strongly with the extent of conversion. An average
value can be calculated (in the range 0.05-0.8) for both methods
and compared with the activation energy obtained by using the
Kissinger method. The results are listed in bold in Table 3. Results
from Friedman and Flynn methods are comparable and similar val-
ues of the activation energy can be found in literature for the same
materials. Values obtained by using the Kissinger method are quite
different, usually lower than those from the other methods. In the
case of cacao shells, the activation energy is even 2 times lower
for Kissinger method with respect to the others. This result can be
explained considering how the Kissinger method works. It focuses
on the temperature at the maximum weight loss rate. The ideal
case should be a single reaction, which could be studied follow-
ing this parameter. However, as described in the previous section,
the biomass devolatilization is a very complex sum of reactions,
which can be hardly studied by following the temperature for the
maximum decomposition rate. As depicted also in Fig. 1, the dtg
profile of cacao shells is very different from a single reaction, several
sub-peaks being detectable. Even, the peak with Ty, (the tempera-
ture at the absolute maximum devolatilization rate) at 5K/min is

Table 3
Comparison of the activation energy obtained by using different isoconversional methods (low HR =5-20 K/min, high HR =20-100 K/min, overall = 5-100 K/min)
Fuel Friedman Flynn Kissinger
Low HR High HR Overall Low HR High HR Overall Low HR High HR Overall
Rice husks 182.2 118.8 135.5 169.0 110.7 128.1 140.8 101.3 112.5
Olive cake 150.0 106.5 119.1 141.6 103.2 117.8 94.4 76.4 103.2
Cacao shells 133.7 119.3 127.7 145.6 117.8 129.6 83.3(106.4)" 53.1(102.5) 65.3 (104.8)"

" Values in brackets are obtained for the second sub-peak in the dtg profile of cacao shells.
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Fig. 5. Comparison of the activation energy obtained by using different kinetic
methods for the devolatilization of the biomass residues.

different from the peak with T, at 100 K/min. Nevertheless, also
considering correspondent peaks and the respective temperatures,
the results (reported in Table 3) are questionable. Also for rice husks
and olive cake, the results are hardly reliable, even though the dtg
profiles are more similar to a single reaction profile. Finally, the
Kissinger method is hardly suitable for calculating the kinetics of
devolatilization of biomass residues.

Although average values of the activation energy may be suffi-
cient for a preliminary approximation of biomass devolatilization,
the function E(«) gives a more accurate description and allows
devolatilization steps to be studied. Solid symbols in Fig. 5 rep-
resent the activation energy for all materials. Friedman and Flynn
methods give comparable results. Discrepancies can be observed
for conversions higher than 0.7 and in the very initial steps of
devolatilization (conversion around 0.05-0.1). For intermediate
values of the conversion, the results of both methods agree well
enough. The trend of these curves depends on the material. In
general, E increases in the first steps for o up to 0.2. A plateau can be
observed for values of & between 0.25 and 0.55 in the case of rice
husks, while in the case of the other materials a moderate increase

of E with the conversion can be observed in this range, instead of a
real plateau. For higher values of «, the activation energy increases
strongly up to values even twice those observed in the plateau.

In any case, the activation energy increases significantly in the
entire range of conversion. Smaller values of the average E mean a
more reactive solid, while larger values mean a less reactive solid.
This may explain the devolatilization behaviour of most biomass
fuels, which contain reactive components responsible of the initial
steps of devolatilization, while the final tail of devolatilization can
be caused by the less reactive structure of the remaining solid after
the main devolatilization.

The activation energy is a property of a specific reaction and
should not depend on the operating conditions. However, the global
value of the activation energy obtained in the case of biomass fuel
devolatilization is a complex sum of several reactions. The heating
rate of the sample may favour a reaction with respect to compet-
itive ones. For instance, as reported by Maciejewski [27] reactions
A and B, described with respective kinetics, may have identical
temperature-conversion curves at 5 K/min, while at lower HR reac-
tion A is faster, vice versa at higher HR reaction B is favoured. This
may explain the increased distance in the hemicellulose and cel-
lulose sub-peaks observed in the dtg profiles in Figs. 1 at 5 and
100 K/min, for rice husks and olive cake.

In biomass devolatilization, only a global activation energy can
be studied, which is a complex sum of more or less favoured reac-
tions, depending on the heating rate. Isoconversional methods take
into account the heating rate for non-isothermal tests, isolating the
parameter § in Eq. (2-4). Nevertheless, a sensible dependence of E
with the heating rate can be observed. In the previous kinetic analy-
sis, we used 7 tests for each material to obtain the activation energy.
More than a few tests are recommended in isoconversional analysis
to reduce errors due to experimental uncertainty and heat transfer
limitations during the test. Usually, 4 tests are sufficient in kinetic
analysis. Therefore, the results obtained so far have been divided in
two sets of data, low (5-20 K/min) and high (20-100 K/min) heating
rate, respectively. The activation energy obtained for both sets can
be compared with values obtained for the overall range of HR. An
example of calculation and a graphical comparison can be observed
inFig.4in the specific case of rice husks, Friedman method and fixed
conversion 0.6. Least squares lines giving the value of E differ signif-
icantly. The average values (for conversion in the range 0.05-0.8)
of the activation energy obtained at low HR, high HR and overall
are listed in Table 3 for all materials and methods. The value of E
is higher at low HR and lower at high HR with respect to overall
values, for all materials and using all methods.

Similar conclusions have been drawn in literature works for
the decomposition of biomass materials. Even in the case of cel-
lulose, the most simple biomass component, Milosavljevic and
Suuberg [28], reviewing the global kinetics of cellulose pyroly-
sis, recognized two sets of values: around 218 kJ/mol at low HR
(<10K/min), 140 k]/mol at high HR (>10 K/min) and isothermal runs.
The authors suggested the existence of two regimes, depending
on the conditions used. Gronli et al. [29] found a similar conclu-
sion when comparing the activation energy obtained during the
decomposition of cellulose at 5 K/min (244 k]/mol) and at 40 K/min
(222 kJ/mol). However, they commented that the thermal lag was
largely responsible for the decrease in values of E and log A at higher
heating rates.

The effect of HR is not only observable in the average values of E.
More detailed results can be observed in Fig. 5, where E(«) curves
at low HR, high HR and overall are compared for both methods and
all materials. The largest deviations between values at low and high
HR are generally observed in the earlier steps (conversion 0.05-0.2)
and at high conversions. These deviations can be due to the sen-
sitivity of differential methods (which employ instantaneous rate
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Fig. 6. Comparison of curves obtained by using different approaches in modelling
the devolatilization as a single first order reaction and the experimental results
obtained for rice husks at 20 K/min. (E.y, Ap) are the kinetics not dependent on
the conversion, average activation energy from the Friedman method and pre-
exponential factor from the best-fit, respectively. (Ejsoc (o), Apr) are the kinetics with
the activation energy function of the conversion from the Friedman method and pre-
exponential factor from the best-fit, respectively. (Ejsoc(@), Aisoc(@¢)) are the kinetics
dependent on the conversion, both from the Friedman method.

values) to experimental noise [30]. Furthermore, the characteristic
equations of the isoconversional methods are derived assuming a
constant activation energy. This assumption introduces some sys-
tematic error in estimating E(«), especially when this latter varies
significantly.

3.3. Development of the VEB (Variable activation Energy model
for Biomass devolatilization) model

Although the kinetic values depend on the conversion, the oper-
ating conditions and the method used, can the isoconversional
methods represent the basis for a fundamental kinetic model, use-
ful for direct applications? As discussed above, a single first order
reaction model (assuming an average value E,, of the activation
energy) can give only a representation of the main devolatilization,
but hardly can give a description of the earlier devolatilization and
the long final tail. However, it is the simplest model, easy to be
included in comprehensive codes for combustion and gasification,
and therefore, some modifications may improve the approach to
benefit these features.

As a first step, the average values of the activation energy
obtained by using the three methods are input in a first order reac-
tion model (assuming fla)=1—« in Eq. (1)). The pre-exponential
factor is calculated from the best-fit with the experimental results
of all set of runs (5-100 K/min). The experimental results are com-
pared in Fig. 6 with the results of this preliminary attempt in the
case of rice husks at 20 K/min. A scarce agreement is obtained: a
difference of 25-30K can be observed at the earlier conversions,
but the most important divergence is for conversions higher than
0.7 and the final conversion. Similar qualitative considerations can
be drawn for the other cases.

In the subsequent step, let define Ejs,.(«) the activation energy
directly obtained by using the isoconversional method (from the
Friedman method in the following discussion, though the results
from the Flynn method are qualitatively similar). A model with
E variable with the conversion can be developed simply inserting
Eisoc() in Eq. (1):

Eisoc(a)

ﬁzA exp (— = )-(1—00 (5)

Although the isoconversional methods can give also the pre-
exponential factor Ajsoc(¢), the first attempt is made by considering
a fixed value of A obtained from the best-fit of the experimental
results by using Ejso.(e) in the entire range. This approach gives
results (see Fig. 6) even worse than those of the previous approach
with the average value E,y. In fact, in the earlier steps the value of
Eisoc(@) is very low giving unrealistic low onset temperatures. Vice
versa, in the tail zone, the value of Ej,(e) is very high, causing the
devolatilization to stop and underestimating the final conversion.
As a matter of fact, only at the intermediate values of the conversion
the agreement is good.

A kinetic model with both parameters variable with the conver-
sion, although quite complex, gives not more appreciable results.
Ajsoc(a) (here calculated according to the Friedman method) is a
curve qualitatively similar to that of the correspondent Ejs, (o). The
comparison of the results of this approach with the previous cases
and the experimental results is also reported in Fig. 6. In this case,
only the very final part of the curve agrees with the experimen-
tal results. Disagreements are observed also for the other materials
and HR runs.

So, as a first conclusion, the kinetic parameters obtained by
using the isoconversional methods are not directly applicable and
a further step should be elaborated. The function Ejs,.(«) in Eq. (5)
can be modified to give a more satisfying fit of the experimental
results. Bearing in mind the comments above on the systematic
errors of the isoconversional methods, the intermediate values of
Eisoc(e) can be preserved, selecting an interval [o1,¢2] of the main
devolatilization where the experimental noise is low and the acti-
vation energy is a weak function of the conversion (see the plateau
in Fig. 5). After a preliminary investigation, the best results are
obtained by using Ej,-(«) in the interval [@1,22] to calculate the
value of A from the best-fit of the experimental results, limiting
the comparison to this interval of « (see the scheme in Fig. 7).
The best-fit is calculated minimizing the sum of errors between
calculated and experimental results, extending the sum to all HR
runs (5-100K/min). Subsequently, two values of E are fixed for
o =0.05(Eon) and o = 0.8 (Ey¢). An appropriate function then should
be defined to link the points (0.05, Eon) and (0.8, Eq¢) and the points
of Ejsoc(v) in [o1,2]. A suitable function is a cubic which best inter-
polates these points. Let define this function E.,,(«) in the range
[0,1]. Finally, Eygg(¢) is defined in three intervals as shown in the
scheme of Fig. 7.

Eisoc(e) is then substituted with Eygg(er) in Eq. (5), which is
numerically integrated and the results compared with the exper-
imental curves. The procedure is optimized by considering the
widest interval [«1,02] for each material and varying Eon and Eyg
till the characteristic temperatures (Tonset and Tygfser, Tespectively)
obtained during the previous characterization are matched for all
HR runs.

Theresulting function Eygg() and the correspondent values of A
are reported in Fig. 8 for all materials. The optimal interval [oe1,02]
is [0.2,0.55] for rice husks, [0.2,0.45] for olive cake, [0.25,0.5] for
cacao shells, respectively. The deviations with respect to Ejsoc()
reported in Fig. 5 are remarkable at the earlier conversions and in
the tail zone, Eygg() exhibiting milder variations. For all materi-
als, Eop results between Ejs,-(0.05) and Ejgoc(ce1), while Eqg results
between Ejgoc(r2) and Ejsoc(0.8).

Finally, the comparison of the experimental results and the
results of the VEB model is reported in Fig. 9 for all materials. The
agreement is good for all runs. Also reported is the deviation defined
according to the following equation:

E ’aVEB — Uexp

dev(%) = N x 100 (6)

N
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Fig. 9. Comparison of the experimental results and results of the VEB model for the
biomass residues in four HR runs. dev is defined in Eq. (6).

where N is the number of results considered. The procedure
described in Fig. 7 is repeated to minimize the sum of all dev(%)
in the range 5-100 K/min.

It is worth noting that the specific behaviour of the material
in the devolatilization curves is guaranteed by adopting Ejsoc(@)
in the main devolatilization interval [o1,&2], which is a result of
the fundamental study reported in the previous section. This is not
really constant, but varies weakly with the conversion allowing
the composite shape of the main devolatilization to be well-
predicted.

The results of the VEB model are good and derive mainly from
a fundamental study. A simple kinetic scheme is adopted with-
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out assuming any chemical or pseudo-components, even though
the multi-step mechanism can be studied. Moreover, although the
trend of Eygg for cacao shells is a little steeper than the other
residues, many similarities can be observed in the curves of Fig. 8.
So, a generalization of the approach could be pursued: it would
require to enlarging the number of biomass studied and maybe
grouping those of the same origin and nature.

4. Conclusions

The devolatilization is the basic step of thermochemical
processes and requires a fundamental characterization. The
devolatilization of three biomass residues (rice husks, olive cake,
cacao shells) was studied in a TG balance. Significant parameters
were defined for giving the fingerprinting of the fuel and compar-
ing different cases. The effect of the heating rate was evaluated
in the range 5-100K/min. Graphical correlations were provided
for the onset temperature and the temperature at the maximum
devolatilization rate. Traditional isoconversional methods were
applied to all residues and the kinetics obtained as functions of
the conversion. The trend of E(«) curve is an index of the multi-
step nature of the biomass devolatilization. In particular, the main
devolatilization was characterized by a quite constant value of the
activation energy, while it is lower at earlier conversion. Higher val-
ues of E (with respect to the average value) explained the long tail in
the curve typical at high conversion. As previously reported in liter-
ature works, the activation energy was found to depend also on the
HR, considering the average values as well as the entire curve E(«).
Although average values allowed the reactivity of different fuels to
be compared (E=135.5Kk]J/mol for rice husks, 119.1 for olive cake,
127.7 for cacao shells), a first order reaction model can hardly pre-
dict the biomass devolatilization. A VEB model has been developed,
basing on the results of the isoconversional methods. The value of
E at onset and offset conversions were optimized and linked to E(co)
limited to the main devolatilization interval. A good agreement was
obtained for the biomass residues in all HR runs in the entire range
of temperatures. Similarities in the optimized Eygg curves for the
three fuels of this work suggested to pursue a generalization in the
approach, enlarging the number and variety of fuels studied.
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