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Abstract: Thermogravimetric analysis was employed to investigate the combustion characteristics
of flax shives, beech wood, hemicellulose, cellulose, lignin, and their chars. The chars were prepared
from raw materials in a fixed-bed reactor at 850 ◦C. In this study, the thermal behavior based
on characteristic temperatures (ignition, maximum, and final temperatures), burnout time and
maximum rate was investigated. The kinetic parameters for the combustion of different materials
were determined based on the Coats-Redfern approach. The results of our study revealed that
the combustion of pure pseudo-components behaved differently from that of biomass. Indeed,
principal component analysis showed that the thermal behavior of both biomasses was generally
similar to that of pure hemicellulose. However, pure cellulose and lignin showed different behaviors
compared to flax shives, beech wood, and hemicellulose. Hemicellulose and cellulose chars had
almost the same behaviors, while being different from biomass and lignin chars. Despite the difference
between flax shives and beech wood, they showed almost the same thermal characteristics and
apparent activation energies. Also, the combustion of the hemicellulose and cellulose chars showed
that they have almost the same structure. Their overall thermal and kinetic behavior remained
between that of biomass and lignin.

Keywords: biomass; combustion; thermogravimetric analysis; kinetic parameters; thermal
characteristics

1. Introduction

Biomass is one of the most environment-friendly renewable sources of energy being used for
human needs. Usually, its conversion is considered to be a carbon-free process, because the resulting
CO2 was previously captured by plants. Based on life-cycle assessment comparisons, net carbon
emissions from biomass per unit of electricity are below 10% of those from the emissions from fossil
fuels [1]. Furthermore, the use of biomass and char as alternative energy carriers in the industry
is growing as a result of the depletion of fossil energy. Biomass can be converted into heat and
electrical power through several methods, where the easiest one is the direct combustion via a steam
turbine dedicated to power production. At present, biomass is already used in several processes for
heat and power production [2]. Different criteria have been used in the literature to compare the
performance of biomass combustion power generation. Among these criteria, the more important are:
The capacity of power production [3], the technology used [4], and the composition of biomass [2].
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Also, other classifications can be addressed when comparing pollution generated by the combustion
of biomass. Indeed, this last one is becoming more important due to global warming [5].

The contribution of biomass sources in global electricity generation from renewable energy in 2014
was about 7.24% [1]. This contribution can be made directly by the combustion of biomass or one of its
derivatives. There are three main pseudo-components that constitute biomass, namely hemicellulose,
cellulose, and lignin. Hemicellulose constitutes 16 to 23 wt%, cellulose between 42 and 49 wt%,
while lignin represents 21 to 39 wt% of the biomass [6]. These last three can be thermochemically
valorized in several ways. Indeed, the pyrolysis of pseudo-components has already been studied in
the literature [7], and the interaction between these three polymers during pyrolysis has also been
investigated [8]. Moreover, the gasification of these pseudo-components has been examined at different
temperatures [9] and using supercritical water conditions [10]. The effect of cellulose and lignin content
on the combustion has also been highlighted in the literature [11].

Lignin, which is generally considered as a chemically non-recoverable residue, is usually burned to
generate the power and heat required for biomass treatment operations in simultaneous saccharification
and co-fermentation processes [12]. According to life-cycle assessments conducted by Daylan and
Ciliz [13], the heat generated by the combustion of the residual lignin satisfied and ensured the
necessary heat and power needed during the process of ethanol production from lignocellulosic
biomass. On the other hand, in the gasification process of biomass, it is the char produced by the
process which is burned to provide the heat needed by the pyrolysis and the gasification processes [14].
In the fast internally circulating fluidized bed used for biomass gasification, the residual char from the
pyrolysis and gasification processes is burnt in a separate reactor to ensure a major part of the heat
required for the pyrolysis and the gasification reactions [15].

Now, the design and the scale-up of combustors require several details concerning the reactivity
of the solid fuel to be used [16]. Guizani et al. [17] showed that the pyrolysis temperature of
biomass, during the production of char, affected the structure and the reactivity of produced char
in a considerable manner. Also, the behavior of biomass cannot be condensed to that of one single
pseudo-component because of the chemical and physical alterations caused by the use of acids and
bases during the separation of the different pseudo-components [18]. Indeed, the knowledge of the
reaction kinetics of the solid fuel is essential to correctly design the reactor for the combustion reaction.
Also, the more the solid fuel is burnt at a low temperature and a high conversion rate, the shorter
the burnout time is; in other words, the reactivity of the substance is higher [19]. Hence, the most
reactive substance is the one which shows the highest rate of consumption at the lowest temperature
on one hand, and the lowest activation energy on the other. In literature, several authors evaluated the
reactivity of substances from thermogravimetric (TG) curves based on; (i) the ignition temperature [20];
(ii) the maximum rate of mass loss [21]; (iii) the activation energy [22]; or (iv) a combination of different
parameters from the TG curves [19]. Indeed, El may et al. [19] estimated the reactivity of different
substances as the ratio of the maximum rate of mass loss to maximum temperature. In their case,
they did not distinguish between the different stages of the reaction. Haykırı-Açma et al. [23] reported
that the most important characteristic temperatures of the combustion reaction were the ignition
temperature and the maximum temperature, which corresponded to the maximum consumption rate.
Other researchers have compared the TG combustion profiles of different chars obtained from biomass
pyrolysis and coal [22] and found that biomass chars, based essentially on the maximum temperature,
were more reactive than coal and lignite. According to the latter paper, it seemed that the activation
energy had less influence on the reactivity compared to the maximum temperature. In this context,
a deeper analysis appears to be necessary to better understand the relationship between the different
parameters cited above.

Solid fuel combustion has widely been studied in the literature. However, to the best of our
knowledge, the combustion characteristics of cellulose, hemicellulose, lignin, and their chars have
not been deeply examined. In addition, the synergistic effect of the pseudo-components during the
combustion reaction has not been previously discussed. Consequently, the effect of the heating rates
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and the sample structure may affect not only the rate of combustion, but also important characteristics
such as ignition and final temperatures.

The aim of this work is to determine various parameters associated with the combustion reaction
(kinetic parameters, burnout time, ignition temperature, final temperature, and maximum rate of
consumption) using thermogravimetric analysis (TGA). The raw materials considered in this study are
beech wood, flax shives, cellulose, hemicellulose, lignin, and their respective chars. Also, in this paper,
the relationship between the different determined parameters of the combustion reaction of biomasses
and the pure pseudo-components has been discussed in order to better compare the reactivity of the
substances with each other. The availability of such data for kinetic and thermal parameters allows an
appropriate design of biomass and char combustor.

2. Materials and Methods

2.1. Raw Materials

“ETS Lignex” and “La Coopérative Terre de Lin” companies provided respectively the beech wood
and the flax shives used for this study. Beechwood has been chosen in order to compare our results with
the literature, while flax shives have been chosen due to their availability in Europe which represents
about 85% of the world’s production of scutched flax fibers [24]. The pseudo-components employed
were used in their pure form: Microcrystalline cellulose was provided from Merck (Kenilworth, NJ,
USA, Ref. 1.02330.0500-500G), hemicellulose was provided from Tokyo Chemical Company Co. Ltd.
(Tokyo, Japan, Ref: X0078-100G) and lignin was provided from Sigma-Aldrich (St. Louis, MO, USA,
Ref: 471003-100G). All samples were sieved with a diameter of less than 40 micrometers (µm) in order
to limit the effects of heat and mass transfer as recommended in [25].

2.2. Char

A fixed-bed reactor was used to prepare the char of the five raw materials by pyrolysis.
The pyrolysis was ensured at 850 ◦C during 2 h under a pure nitrogen flow of 500 mL·min−1. Afterward,
the samples were cooled down under nitrogen to room temperature. The device was already described
in a previous work [26]. Experiments were carried out at atmospheric pressure. The proximate and
ultimate analyses of the raw material before and after pyrolysis are given in Tables 1 and 2, respectively.
The ultimate composition of different raw materials was performed using the CHN elemental analyzer,
while the proximate composition was determined based on TG analysis [27]. Low heating value (LHV)
of different raw materials were calculated according to Channiwala’s correlation [28].

Table 1. Ultimate and proximate characterization of raw materials.

Component C (%) H (%) O (%) N (%) VM * (%) FC ** (%) Ash (%) LHV (MJ·kg−1)

Flax shives 45.7 5.77 48.12 0.41 75.47 21.77 2.76 17.71
Beech wood 47.38 6.11 46.51 0 80.15 18.92 0.92 18.91

Cellulose 41.74 6.08 52.18 0 96.26 3.74 0 16.34
Hemicellulose 41.47 6.48 52.05 0 80.18 19.57 0.25 16.72

Lignin 57.04 4.76 38.21 0 68.42 24.86 6.72 21.42

* Volatile matter, ** Fixed carbon.

Table 2. Ultimate and proximate characterization of char samples.

Component C (%) H (%) O (%) N (%) VM * (%) FC ** (%) Ash (%) LHV (MJ·kg−1)

Flax shives char 75.87 3.2 19.73 1.21 1.67 81.61 16.72 27.84
Beech wood char 78.24 3.13 18.63 0 1.59 93.83 4.58 28.97

Cellulose char 81.4 3.25 15.35 0 0.39 99.25 0.37 30.64
Hemicellulose char 71.19 3.2 25.61 0 0.74 98.83 0.43 25.96

Lignin char 58.04 2.65 39.3 0 2.75 71.67 25.58 18.78

* Volatile matter, ** Fixed carbon.
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2.3. Thermogravimetric Experiments

TGA is one of the most frequently used techniques for solid characterization in an inert or
oxidative atmosphere [29,30]. In this work, experiments were performed using a TG SDT Q600-TA
instruments analyzer (TA Instruments, New Castle, DE, USA). Pure synthesized air constituting of 21
vol% of oxygen and 79 vol% of nitrogen was used as oxidative gas with a flow rate of 50 mL·min−1.
The mass of the sample used in the crucible was 6.5 ± 0.2 mg for all samples. The sample was
introduced at room temperature and atmospheric pressure. In this work, experiments were performed
under non-isothermal conditions at different heating rates: 10, 20, 30 and 40 ◦C·min−1. TG experiments
were repeated three times for each heating rate to improve the accuracy of the results.

2.4. Kinetic Modelling

Several non-isothermal methods have been reported in the literature to determine the
apparent kinetics of the biomass and char combustion reactions from the TG mass loss profiles.
The kinetic parameters determined by thermogravimetric measurements are very sensitive to the
calculation methods used [19,31]. Therefore, their determination in this study was carried out
using the Coats-Redfern method by taking into consideration two different models proposed in
the literature [32,33]. Indeed, the Coats-Redfern method is considered the best approach for the
determination of kinetic parameters for a combustion reaction [21,34–36]. On the other hand and in
contrast to other isoconversional methods, the Coats-Redfern method may integrate some particular
models that take into account the effect of boundary and diffusion control [21,37].

The conversion rate, X, was calculated based on the variation of the mass loss of the sample,
as follows:

X = 1−
mt −m f

mi −m f
(1)

where mi and mf are the initial and the final masses, respectively.
The reaction rate can be expressed by the following relation:

dX
dt

= k(T) f (X) (2)

where k(T) is the rate constant and is defined as:

k(T) = A· exp
(
− Ea

RT

)
(3)

where A is the pre-exponential factor, Ea the apparent activation energy, R the ideal gas constant and
f (X) is the kinetic model used for solids conversion.

The final form of the decomposition kinetics of biomass was written as follows:

dX
dt

= A· exp
(
− Ea

RT

)
f (X) (4)

The rearrangement of the relation (4) gave rise to the Equation (5), as follows:

dX
f (X)

=
k
β

dT (5)

where β is the heating rate and is defined as:

β =
dT
dt

(6)
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The integration of the relation (5) gave the following relation:

g(X) =
∫ X

0

dX
f (X)

=
A
β

∫ T

T0

exp
(
− Ea

RT

)
dT (7)

where g is the integral function of conversion [21,37]. By using the Coats-Redfern method [38],
the relation (7) became:

ln
∣∣∣∣ g(X)

T2

∣∣∣∣ = ln
[

AR
βEa

(
1− 2RT

Ea

)]
− Ea

RT
(8)

The analytic integration of this relation is essentially governed by the form of the function “g” and
the order of the reaction considered, as already detailed in articles of interest in the literature [21,39].

3. Results and Discussion

3.1. Thermogravimetric and Differential Thermogravimetic (DTG) Characteristic Curves

The combustion of cellulose, hemicellulose, lignin, beech wood, flax shives, and their chars was
studied under the same experimental conditions and for different heating rates. Figures 1 and 2 show
the evolution of TG and DTG curves for the combustion reaction with temperature. This study was
carried out over temperatures ranging from 25 ◦C to 1000 ◦C. The mean deviation was calculated based
on the reproducibility of the experiments and was found to be between 2.68 and 5.53%. The deviation
was more pronounced at high temperatures, probably due to the very low mass in the crucible.
Humidity evaporation was observed between ambient temperature and 150 ◦C, as already mentioned
in previous works [19,31].

3.1.1. Raw Materials Combustion

Figure 1 shows the TG and DTG curves of the combustion of flax shives, beech wood,
hemicellulose, cellulose, and lignin. As illustrated in this figure, the raw materials were completely
consumed at 550 ◦C, except for lignin, which required a temperature in the vicinity of 850 ◦C. Based on
the curves of Figure 1, it can be seen that the raw materials exhibited more than one stage, unlike char,
which showed a unique stage in Figure 2. Despite the difference in the composition of beech wood
and flax shives, see Table 1 for details, the two biomasses typically had the same behavior, with only
a slightly higher reactivity for beech wood. Indeed, the biomass DTG showed the existence of two
peaks—the first peak appeared in the interval from 225 to 375 ◦C, and the second peak from 375 to
450 ◦C. This indicated the existence of at least two steps, depending on the combustion mechanism.

The combustion of hemicellulose showed the presence of three peaks, two of them were completely
overlapping as seen in Figure 1c. This could be explained by the heterogeneity of hemicellulose,
which is majorly constituted of xylose along with a small part of glucuronic acid and other sugars.

As seen in Figure 1d, the combustion of pure cellulose showed only one peak. Indeed, this can be
explained by the occurrence of only the combustion of the volatile fraction of cellulose; note the low
fixed carbon content (about 3.74%) of cellulose may be the reason the peak of combustion for the latter
was not detected.

The lignin combustion showed a different behavior compared to those previously, as shown in
Figure 1e. Indeed, the combustion of lignin showed the existence of two independent stages. The first
stage was located at low temperature, between 200 and 450 ◦C, while the second was located at high
temperature, between 800 and 900 ◦C. Also, the second stage of the combustion reaction might be
accompanied by the decomposition of calcium carbonates, which happens at high temperature [22,40].
Zhou et al. [41] observed the same behavior for the pyrolysis of lignin. Surprisingly, we did not see this
behavior with both biomasses, although some experiments have been carried out up to 1200 ◦C. Indeed,
after 500 ◦C, the mass loss of the sample was almost negligible. This could probably be explained by
the fact that the combustion of char (the second stage in Figure 1e) from pure lignin was different from
the behavior of char from biomass. Pure lignin has a complex and branched structure compared to
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cellulose and hemicellulose. Also, significant interactions have been reported in the literature between
cellulose and lignin during their pyrolysis [8,9], which can modify the global structure of char.Energies 2018, 11, x FOR PEER REVIEW  6 of 17 

 

 
Figure 1. Mass loss and conversion rate of different raw materials combustion. 

The lignin combustion showed a different behavior compared to those previously, as shown in 
Figure 1e. Indeed, the combustion of lignin showed the existence of two independent stages. The first 
stage was located at low temperature, between 200 and 450 °C, while the second was located at high 
temperature, between 800 and 900 °C. Also, the second stage of the combustion reaction might be 
accompanied by the decomposition of calcium carbonates, which happens at high temperature 
[22,40]. Zhou et al. [41] observed the same behavior for the pyrolysis of lignin. Surprisingly, we did 
not see this behavior with both biomasses, although some experiments have been carried out up to 
1200 °C. Indeed, after 500 °C, the mass loss of the sample was almost negligible. This could probably 
be explained by the fact that the combustion of char (the second stage in Figure 1e) from pure lignin 
was different from the behavior of char from biomass. Pure lignin has a complex and branched 
structure compared to cellulose and hemicellulose. Also, significant interactions have been reported 
in the literature between cellulose and lignin during their pyrolysis [8,9], which can modify the global 
structure of char. 

Figure 1. Mass loss and conversion rate of different raw materials combustion.

3.1.2. Char Combustion

DTG curves of the different bio-char samples demonstrated only one single stage, as shown
in Figure 2. This was explained by the existence of only one uniform structure in each char used.
However, every char (from cellulose, hemicellulose, lignin, and biomasses) showed different behaviors
when compared to one another, as shown in Figure 2. Indeed, the chars produced from pure
pseudo-components did not have the same properties as the ones produced from biomass. This has
already been observed in the literature, where some DTG curves of biomass samples showed one or
two stages [22]. Probably, this can be explained by the importance of lignin in the biomass samples.

In some works in the literature, two DTG peaks can be observed during the combustion of char
from biomass, more particularly in cases where the pyrolysis temperature of the biomass is less than
600 ◦C. This can be explained by the combustion of residual unconverted biomass [17].
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3.2. Thermal Analysis

The DTG curves allowed the determination of various parameters related to the combustion
reaction, as shown in Figure 3. These parameters were determined and are discussed in the following
sections. The evolution of these parameters with the heating rate obtained from the DTG curves has
been summarized in Tables S1 and S2 of the supplementary materials.Energies 2018, 11, x FOR PEER REVIEW  8 of 17 
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3.2.1. Ignition and Final Temperatures of Combustion Reaction

The ignition temperature (Ti) is the temperature at which the combustion reaction begins, while the
final temperature (Tf) indicates the end of the combustion reaction. These temperatures are essential to
ensure the perfect design of the combustor and avoid unburned solid fuel at the outlet of the reactor [22].
It should be noted that Ti is also used to compare the reactivity of several substances [19–23,42–44].
Several methods have been reported and used in the literature to determine Ti and Tf [32,45–48]. In this
work, Ti and Tf have been determined according to the work of Grønli et al. [46], which was based
on the use of the second derivative of the mass loss curves. Tables 3 and 4 show the evolution of Ti
and Tf during the combustion reaction for different raw materials over a heating rate of 10 ◦C·min−1.
Hemicellulose presented the lowest Ti, followed by lignin and biomasses, while cellulose demonstrated
the highest Ti. At the end of the first stage, hemicellulose displayed the lowest Tf, while biomasses and
cellulose presented almost the same Tf. Furthermore, the Tf of lignin was the highest. In the second
stage of combustion, the Ti of the biomasses and hemicellulose remained close to each other. However,
the Ti of lignin remained higher.

The Ti of the char from raw materials had approximately the same behavior. These temperatures
remained higher compared to the biomasses and the pure pseudo-components. Also, hemicellulose and
cellulose chars showed almost the same Ti and Tf. As for lignin combustion, the char from lignin
showed the highest Ti and Tf.

Table 3. Characteristics of the combustion stages of raw materials (β = 10 ◦C·min−1).

Raw Materials
First Stage Second Stage

∆t (min)
Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1) Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1)

Flax shives 228 335 318 0.198 404 436 426 0.12 20.80
Beech wood 245 339 325 0.25 431 444 437 0.164 19.90

Hemicellulose 207 314 291 0.132 448 561 515 0.046 35.40
Cellulose 297 335 323 0.491 - - - - 3.80

Lignin 227 346 314 0.043 806 837 823 0.389 61.00

Table 4. Characteristics of the combustion of char samples (β = 10 ◦C·min−1).

Chars Ti (◦C) Tf (◦C) Tmax (◦C) rmax (%·s−1) ∆t (min)

Flax shives char 441 479 458 0.234 3.8
Beech wood char 441 501 468 0.282 6

Hemicellulose char 532 620 587 0.208 8.8
Cellulose char 513 627 587 0.235 11.4

Lignin char 748 801 784 0.279 5.3

3.2.2. Burnout Time

The burnout time (tR) is defined as the time between the Ti and the Tf. In this work, the tR has
been calculated taking into account the entire reaction interval through the two stages. Overall, tR of
the combustion of beech wood and flax shives was almost the same. Hemicellulose was the first to
burn, and it took more time than the biomasses. The lignin tR was the longest, since the second stage
of its combustion needed a higher temperature. The cellulose tR was not significant, since the second
stage was not visible. The tR of char samples has been shown in Table 4. The same trend as for the
tR of the raw materials was not obtained. Indeed, it seems that the char produced by holocellulose
compounds required more time than chars from beech wood, flax shives, and lignin.

3.2.3. Maximum Temperature

The maximum temperature (Tmax) is defined as the temperature where the maximum reaction
rate (dX/dt) occurs. This temperature is a very important criterion for evaluating the reactivity of
substances [19–23,42–44]. Indeed, the lower the Tmax, the higher the reactivity of the substance.
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According to Table 3, hemicellulose was the most reactive substance. The Tmax for flax shives,
beech wood, hemicellulose, and cellulose were very similar. As for the char samples, the ones
produced from biomass pyrolysis remained the most reactive, while the lignin char proved to be the
least reactive, as shown in Table 4. Also, the chars of cellulose and hemicellulose showed almost the
same behavior.

3.2.4. Maximum Rate

Maximum rate (rmax) is also usually considered as a criterion to classify the reactivity of
substances [19,22]. Indeed, the higher the rmax and the lower the Tmax, the more reactive the substance.
The maximum reactivity of the different raw materials and char samples are shown in Tables 3 and 4,
respectively. In the first stage, the most reactive raw material was cellulose. However, for the second
stage, lignin appeared to be the most reactive at high temperatures.

As shown in Figure 1, these parameters, cited above, evolved by increasing the heating rate,
more particularly in the first stage of the combustion of raw materials and char. However, the effect of
heating rate was more pronounced on rmax than on other parameters.

3.3. Principal Component Analysis

As shown above, the reactivity classification of different substances varied from one criterion to
the other. The results were examined using the principal component analysis (PCA), which checks
the global behavior of the different raw materials, taking into account the different criteria discussed
above. Figure 4 shows the PCA for the first and the second stage of combustion of the raw materials.

PCA is a multivariate technique used in data processing usually presented in a table containing
variables and observations. PCA has the goal to detect the existence of similarities or inter-correlation
between variables, based on the treatment of observations. PCA is represented by only one orthogonal
variable called principal components F1 and F2. In this study, PCA was used to analyze the behavior
of raw materials and char based on the different thermal parameters discussed above [49,50].

PCA is a graphical representation of a cloud of points initially drawn in a multidimensional space.
The number of dimensions in our case represents the number of axes or variables in this space, and it
corresponds to six (Ti, Tmax, Tf, β, ∆t, and rmax). In order to facilitate the analysis of the existence of
any correlation between each of two variables separately, a projection of this cloud in an orthogonal
space (F1 and F2) is created, as previously specified. Often, these two axes have no physical meaning,
however, they ensure the maximum recovery of information from the projection of the cloud of points.
Obviously, a bad projection of a variable on this new space may not be representative, and therefore,
the information about this variable is deformed. The conclusions drawn in this case may not have a
physical meaning. The closer the segment representing this variable is to the radius of the circle in
Figure 4a (segment in red), the better the parameter is represented in this new space. In this study,
overall, all parameters were well represented, as shown in Figures 4 and 5.

Figure 4a analyses the existence of a possible linear correlation between the different parameters
considered in this study. The correlation coefficient between each two parameters is calculated from the
cosine of the angle formed between these two parameters shown by segments in Figure 4a. Tables S3,
S4, and S5 detail the values of these correlation coefficients. For example, Figure 4a shows that the
cosine of the angle formed by Ti and Tmax was about 0.798. Also, Ti and Tmax showed a positive
correlation given that they were in the same direction (the same remark can be made for Tf and β in
Figure 4a). This means that an increase in Ti implies an increase in Tmax. A negative correlation can
be shown when the correlation coefficient tends to negative values; this means that the two variables
show an opposite trend. ∆t and Tmax in Figure 4a illustrate a negative trend.

The set of four points delimited in Figure 4b for each sample represents the evolution of the
different parameters (Ti, Tf, Tmax, rmax, and ∆t) with the heating rate (10, 20, 30, and 40 ◦C·min−1)
(the evolution of the temperature Tf with the heating rate is shown in Figure 4b, as an example).

According to PCA, some qualitative conclusions can be addressed, as follows:
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Regarding the first stage of raw materials combustion:

- A strong positive dependence between Ti, Tmax, and rmax.
- A strong positive dependence between β and Tf.

- Opposite evolution between ∆t and the rest of the parameters.
- Overall, there is no dependence between Ti, Tmax, and rmax.

Regarding the second stage of raw materials combustion:

- A clear opposite trend between ∆t and β.
- ∆t and β seemed to be unrelated to Ti, Tf, Tmax, and rmax during this stage.

- A strong positive dependence between Ti, Tmax, and Tf.

Regarding the combustion of chars:

- A strong positive dependence between Ti, Tmax, and Tf.

- A strong positive dependence between β and rmax.
- Surprisingly, no characteristic temperature seemed dependent on β.

As shown in Figure 4b, flax shives and beech wood exhibited behavior closest to the hemicellulose
(overlapped segments), out of the three pseudo-components. Lignin was less reactive and took more
time to be completely consumed. The Figure 5b shows that the chars produced from beech wood
and flax shives were more reactive than the chars from pseudo-components. Also, the char from
holocellulose was more reactive than that from lignin. This analysis also showed that the cellulose,
hemicellulose, and lignin contents can modify the co-combustion of pseudo-component/biomass or
pseudo-component/char blend. Indeed, in the case of a cellulose/biomass blend, an increase in Tmax

and rmax can be expected; while increasing the lignin content can reduce Tmax and rm.Energies 2018, 11, x FOR PEER REVIEW  11 of 17 
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3.4. Mechanism and Kinetic Parameters of Combustion

3.4.1. Mechanism

Usually, the mechanism of biomass combustion is composed of two stages, as shown in Figure 1.
Some authors reported that the first stage illustrated the combustion of the holocellulose component,
while the second stage concerned the combustion of lignin according to mechanism 1 [20,34].

Mechanism 1
Holocellulose + O2 → Ash + CO2 + H2O

Lignin + O2 → Ash + CO2 + H2O

Other authors reported that the mechanism of combustion followed the combustion of volatile
matter (1st stage) and then fixed carbon (2nd stage), according to mechanism 2 [21,51,52].

Mechanism 2
Volatiles + O2 → Ash + CO2 + H2O

Char + O2 → Ash + CO2 + H2O

In light of the results shown above, it seems that both hemicellulose and lignin showed two
independent stages. Therefore, the first stage is explained by the combustion of volatile matter derived
from the pyrolysis of biomass, while the second stage can be explained by the combustion of residual
char produced in the first stage. Cellulose showed only one stage given its low fixed carbon content,
as shown in Table 1 (3.75 wt%). Moreover, the second stage of combustion of hemicellulose and lignin
corresponded approximately to the same stage of combustion of char produced by hemicellulose
and lignin pyrolyzed in the fixed-bed reactor. This observation favored the plausibility of the
second mechanism.

In some works in the literature, the reactivity of substances was classified according to the
activation energy of their combustion reaction [20]. Therefore, in our case, the activation energy for
the combustion reaction was determined for different materials. The combustion of different raw
materials was successfully modeled by using two independent reactions (Mechanism 2), with the
exception of cellulose (which was modeled using one single reaction, given its low fixed carbon content,
as discussed above). The combustion of char samples was modeled assuming one single reaction,
according to the DTG curves, see Figure 2.

3.4.2. Kinetic Parameters

The plot of ln|g(X)/T2| of relation (8) versus 1/T gave a straight line with a slope of −Ea/R.
Relation (8) was applied in the range of temperatures between Ti and Tf of each combustion stage
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for different heating rates. The term 2RT/Ea can be neglected (compared to 1 in this case) [37]. The Ea

was calculated from the slope of relation (8), while A was calculated from the y-intercept. Since this
relation was supposed to be independent of the heating rate, the Ea and A were calculated as average
values based on the four heating rates.

Several models that take into account the effect of boundary and diffusion control have been tested
in order to establish the linearity of relation (8) [21,53,54]. Indeed, flax shives, beech wood, cellulose,
lignin, and their char samples followed the first-order kinetics model according to model 1 (relation (9)).
The first order is usually considered for combustion reactions [55–58]. The latter model has been
the most frequently used in literature and takes into account only the chemical reaction. However,
the best fit for hemicellulose combustion was model 2 (relation (10)). In this model, the kinetics of the
combustion reaction were fully controlled by the diffusion of oxygen inside the hemicellulose particles.
The diffusion limitation has already been observed in the combustion of the pine samples as reported
by [52].

Kinetic model function 1:
g(X) = (1− X) (9)

Kinetic model function 2:
g(X) =

[
1− (1− X)1/3

]2
(10)

The activation energy and the pre-exponential factor for different raw materials are shown in
Table 5. A detailed table of kinetic parameters for the raw materials and the char samples has also
been provided in Table S6 of the supplementary materials. The deviation of the regression on Ea

and A reported in Table 5 has been calculated with respect to the different heating rates. Therefore,
the variation in the value of Ea with the different heating rates can be explained by the experimental
error on one hand, and, on the other, by the limitations of heat transfer, which tended to increase with
high heating rates, as shown in Table S6.

The values of the activation energies shown in Table 5 were globally close to those found in the
literature, see Table S7. However, some authors have found much lower values of activation energies
for biomass combustion reactions, such as Senneca [59], Sahu et al. [60], and Kumar et al. [61]. For the
activation energy of the char combustion, they were globally close to those found in the literature,
as shown in Table S8.

Despite the different nature of flax shives and beech wood, their Ea remained similar to each
other in the first stage (82.54 ± 2.49 and 99.26 ± 3.10 kJ·mol−1, respectively). Also, hemicellulose and
cellulose showed Ea in the same range, with a slight elevation for cellulose (172.33 ± 15.14 and
212.21 ± 8.23 kJ·mol−1, respectively). However, cellulose and hemicellulose showed high Ea compared
to the biomasses. Lignin had the lowest Ea in this stage (45.97 ± 0.82 kJ·mol−1). In the second
stage, the Ea of both biomasses and those of the holocellulose components were mostly the same
(between 66.08 ± 3.00 and 79.51 ± 1.90 kJ·mol−1); unlike lignin, which showed a high Ea in this stage
(348.43 ± 15.57 kJ·mol−1) and reacted only at high temperatures.

Table 5. Kinetic parameters of the combustion reaction of different raw materials.

Samples

Raw Materials Char Samples

First Stage Second Stage Only One Stage

Ea (kJ·mol−1) logA Ea (kJ·mol−1) logA Ea (kJ·mol−1) logA

Flax shives 82.54 ± 2.49 9.06 ± 0.51 66.89 ± 2.73 5.26 ± 0.32 134.90 ± 22.32 17.33 ± 0.63
Beech wood 99.26 ± 3.10 11.53 ± 0.32 79.51 ± 1.90 10.17 ± 0.67 151.68 ± 26.3 14.86 ± 6.21
Hemicellulose 172.33 ± 15.14 24.55 ± 2.08 66.08 ± 3.00 1.67 ± 0.08 180.32 ± 15.26 30.19 ± 1.14

Cellulose 212.21 ± 8.23 33.43 ± 2.30 - - 218.37 ± 7.11 20.54 ± 2.61
Lignin 45.97 ± 0.82 1.36 ± 0.11 348.43 ± 15.57 25.09 ± 7.72 263.91 ± 32.49 20.54 ± 3.92
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The flax shives and beech wood char samples showed almost the same range of Ea (134.90 ± 22.32
and 151.68 ± 26.3 kJ·mol−1, respectively). The same remark for hemicellulose and cellulose can be
made with respect to their Ea (180.32 ± 15.26 and 218.37 ± 7.11 kJ·mol−1, respectively). Lignin char
showed the highest Ea (263.91 ± 32.49 kJ·mol−1) compared to other chars. This observation coincides
with the PCA, shown in Figure 5. As reported by several authors, this can be explained by a porous
and highly disordered carbon structure of lignin [22,62].

4. Conclusions

In this study, the combustion of flax shives, beech wood, pure pseudo-components, and their
chars has been investigated based on TGA. During the combustion reaction, biomass (despite
being essentially comprised of cellulose, hemicellulose, and lignin) exhibited a different behavior
compared to its pure pseudo-components. This means that the physical interactions between the
pure pseudo-components present in biomass cannot be neglected. It also demonstrated that biomass
with a higher cellulose content showed faster conversion rates, higher hemicellulose contents in the
biomass led to a lower Ti, and higher lignin content implied a higher Ea and a higher Tf. This study
also confirmed that the combustion reaction of biomass could be modeled as two independent
reactions. Indeed, the first reaction concerned the combustion of the volatile content, while the
second corresponded to the combustion of the fixed carbon component. It is therefore important for
the design of the combustor to take into account the substance limiting the process.

As this study showed, char produced from flax shives and beech wood had the same behavior both
thermally and kinetically. Also, the same remark can be made for char produced from hemicellulose
and cellulose. However, the char from lignin behaved differently from those from biomass and the
holocellulosic pseudo-components.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/8/2146/s1.
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Nomenclature

A Pre-exponential factor (s−1)
dX/dt The first derivative of conversion rate with respect to time
DTG Differential thermogravimetry
Ea Activation energy (kJ·mol−1)
mf Final mass (kg)
mi Initial mass (kg)
mt Mass at temperature T (kg)
n Reaction order (-)
R Gas constant (8.314 J·K−1·mol−1)
R2 Correlation coefficient (-)
T Temperature (K)
Tf Final temperature (K)
TG Thermogravimetry
TGA Thermogravimetry analysis
Ti Ignition temperature (K)
X Conversion degree (-)
Greek symbols
β Heating rate (K·min−1)
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