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Abstract: Torrefaction has been investigated to improve the desirable properties of biomass as solid
biofuel, usually used in natura as firewood in several countries. This paper has the main objective
to present a broad characterization of the biomass Prosopis juliflora (P. juliflora), investigating its
potential as a solid biofuel after its torrefaction process. The methodology was based on different
procedures. The experimental runs were carried out at 230, 270, and 310 ◦C for 30 min, using a
bench-scale torrefaction apparatus, with an inert atmosphere. In order to investigate the effect of
temperature in constant time, torrefaction parameters were calculated, such as mass yield, energy
yield, calorific value, base-to-acid ratio (B/A), and the alkaline index (AI). The physicochemical
properties of the torrefied samples were determined and thermogravimetric analysis was used
to determine the kinetic parameters at four different heating rates of 5, 10, 20, and 30 ◦C/min.
Pyrolysis kinetics was investigated using the Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-
Sunose (KAS) isoconversional methods. Highly thermally stable biofuels were obtained due to the
great degradation of hemicellulose and cellulose during torrefaction at higher temperatures. The
highest heating value (HHV) of the samples varied between 18.3 and 23.1 MJ/kg, and the energy
yield between 81.1 and 96.2%. The results indicate that P. juliflora torrefied becomes a more attractive
and competitive solid biofuel alternative in the generation of heat and energy in northeast Brazil.

Keywords: biomass; thermal treatment; pyrolysis; torrefaction; kinetics; biofuel; renewable energy

1. Introduction

About a third of the world’s population, approximately 2.4 billion people, uses fire-
wood for cooking, boiling water, and heating. Forests provide approximately 40% of global
renewable energy in the form of fuel—roughly the combined use of solar, hydro, and
wind energy [1]. Brazil is the largest producer of charcoal in the world, producing around
6.2 million tons in 2015, 12% of global production. More than 90% of the charcoal produced
is from wood and it is the metallurgical industry that uses 80% of the total, unlike other
countries where charcoal is used mainly in the food industry and in households [2]. There
is great potential in Brazil for the use of woody biomass residues that could support the
generation of energy with an installed capacity of about 6.5 GW/year, according to the
Energy Research Company [3].

Biomass is an important renewable source that can contribute to the current challenge
of reducing the use of fossil fuels, mitigating the emissions of greenhouse gases, nitrogen
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oxides, and sulfur oxide. Biomass can be energetically converted into biofuels, in general,
by the following technological routes: thermochemistry, biochemistry, and physicochem-
istry. The thermochemical route uses heat input to directly generate energy or to produce
secondary fuels with higher energy density. The different thermochemical ways of ob-
taining energy from biomass include pyrolysis, gasification, co-combustion, and others.
Among the various biomass conversion alternatives, thermochemical processes are widely
applied in the production of bioenergy, frequently using torrefaction as a pre-treatment
method for biomass [4,5].

In the past decade, various forms of biomass have been co-burned in coal-fired boilers
and gas plants worldwide [6]. However, the economic viability of biomass co-burning with
coal or natural gas is determined by the purchase and transport costs of each biomass [7].
Raw biomass usually has some undesirable characteristics, such as low energy density, high
moisture, and hygroscopic nature, which generate high costs during handling and storage.

To overcome these difficulties, biomass torrefaction is a heat treatment technology
suitable for energy purposes [8,9]. It consists of thermal pre-processing of biomass [4,5],
which occurs at temperatures between 200 and 350 ◦C, in atmospheric conditions and the
absence of oxygen. This improves some desirable characteristics of biomass, such as energy
density, hydrophobicity, milling, storage, and logistical capacity [10]. As a consequence,
the torrefied biomass retains a large part of its energy constituents, resulting in a higher
percentage of carbon, greater calorific value and greater energy density [11].

Different torrefaction routes have been applied to improve and homogenize the
physicochemical characteristics and the energetic properties of raw biomass for energy
issues, such as wet processing [12,13], dry processing [8,14], and processing with ionic
liquids [15,16]. Among them, dry torrefaction is the most used technology on a commercial
scale and has attracted great interest as a pre-treatment to improve the properties of biomass
before pyrolysis and gasification processes.

The genus Prosopis (Leguminosae, Mimosoideae) comprises about 44 species and its
natural occurrence mainly covers North and South America, but there are also reports of the
occurrence of some species in Africa and Asia. Prosopis was introduced in the northeastern
semi-arid region of Brazil in 1942, as an economic alternative to traditional crops, as it
grows on poor soils [17]. In the past few decades, different species of Prosopis have been
widely introduced in various countries around the world to provide firewood and forage.
The species include P. glandulosa and P. velutina in North America, and P. chilensis, P. juliflora
and P. alba in South America. Three other species, P. africana, P. cineraria, and P. tamarugo
are also important in their native areas [18]. The species P. juliflora currently occupies large
areas in all states in the northeast of Brazil, with estimates above 500 thousand hectares in
the semi-arid northeast [19]. This fact deserves a scientific study about the importance of
its presence in the Brazilian semi-arid region.

Some works have been published on Prosopis wood torrefaction, each one using
different approaches. Patel, et al. [20] investigated the improvement of biofuels derived
from several raw materials, including P. juliflora after torrefaction at 300 ◦C, for 60 min,
using statistical analysis to compare the parameters of proximate analyses. However, they
did not report any effect of the torrefaction temperature on the physicochemical properties
of this biomass. Eseltine, et al. [21] investigated the torrefaction of Prosopis glandulosa
using thermogravimetric analysis (TG) in nitrogen and carbon dioxide atmospheres and
observed greater degradation of hemicellulose and cellulose in carbon dioxide. Although
they investigated several temperatures between 200 and 300 ◦C, and different particle sizes
in the range of 2–4 mm, for a fixed residence time of 60 min, only the effect of inert and
non-inert gases on biomass degradation was evaluated. Using surface response methods,
Natarajan, et al. [22] reported that particle size and microwave power can affect the yield,
calorific value, and energy recovery of the final product in the torrefaction of P. juliflora
biomass at 150–250 ◦C. In addition to the few studies about P. juliflora torrefaction reported
in the literature, they are also very limited to some specific conditions.
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The study of torrefaction at different temperatures and the broad physicochemical
and energetic characterization proposed here aims to present information that makes this
biomass more attractive and commercially competitive. It also assists in the diversifica-
tion of raw materials for the generation of biomass energy in more isolated regions and,
indirectly, in eventual political-technical-administrative decision-making.

As far as we know, no one has thoroughly investigated the characterization of torrified
P. juliflora. In the present work, the effect of torrefying the biomass of P. juliflora wood is
evaluated at 230, 270, and 310 ◦C, in nitrogen flow, for 30 min. The temperature effect can
be seen in the weight loss characteristics and the variation of the biomass energy profile.
The main physicochemical properties of the P. juliflora torrefied wood are determined and
the pyrolysis kinetics is studied using TG curves and isoconversional methods. In addition,
the potential to improve the properties of P. juliflora solid biofuel is evaluated.

2. Materials and Methods
2.1. Biomass and Preparation

The raw biomass of Prosopis juliflora was collected at the Irecê Campus of the Federal
Institute of Bahia (IFBA), in the northeast region of Brazil (11◦19’40” S, 41◦52’01” W).
Samples of the upper central branches, without shell, in cylindrical shapes (15–20 × 20 mm)
were used. The biomass samples were dried in the sun for 72 h, ground in a Willye mill,
sieved in a 40–50 mesh, and dried in an oven at 105 ◦C for 24 h.

2.2. Torrefaction Experiments

The torrefaction experimental runs were carried out in a fixed bed reactor (internal
diameter of 4”, length of 40 cm) with indirect heating and connected to a condensation sys-
tem (Figure 1). The torrefaction reactor has thermal insulation of rock wool, a stainless-steel
sample port and a collar type heating resistance with ceramic coating electrical resistance.
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Figure 1. Bench-scale torrefaction apparatus.

Torrefaction experiments were carried out at 230, 270, and 310 ◦C ± 10 ◦C, 40 g/batch,
the heating rate of 10 ◦C/min, 30-min isotherms, volumetric flow of 18 L/min of nitrogen,
and 2 repetitions per treatment. The residence time does not affect the mass loss and
the properties of the torrefied biomass [23]. At the end of each experiment, the samples
were cooled inside the reactor to 50 ◦C and then placed in a desiccator to cool at room
temperature. The torrefied samples were named PJ105, PJ230, PJ270, and PJ310, about
the biomass of Prosopis juliflora (PJ) and drying temperature (105 ◦C) and torrefaction
temperatures (230, 270, and 310 ◦C).
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The mass loss, mass yield, energy yield, and energy density, after torrefaction at each
temperature, were determined using Equations (1)–(4) [11,23].

Weight loss =

(
Mraw − Mtorr

Mraw

)
× 100, (1)

Mass yield =
Mtorr

Mraw
× 100 (2)

Energy yield = Mass yield × HHVtorr

HHVraw
(3)

Energy density =
Energy yield
Mass yield

(4)

where Mraw is the mass of raw biomass (kg); Mtorr is the mass of torrefied biomass (kg);
HHVraw is the higher heating value of raw biomass (MJ/kg); HHVtorr is the higher heating
value of torrefied biomass (MJ/kg).

2.3. Biomass Characterization

All the proximate analyses were carried out by ASTM—American Society for Testing
and Materials—technical standards. The moisture contents (MC), ash and volatile material
(VM), and fixed carbon (FC) were respectively determined according to ASTM E871-
82 (2019), ASTM E1755-01 (2020), ASTM E872-82 (2019), while fixed carbon (FC) was
determined by subtracting the percentages of moisture, volatile matter, and ash from a
sample. Then, MC, Ash, MV, and FC were calculated using Equations (5)–(8):

MC(%) =

(
initial mass of sample − final mass of sample

final mass of sample

)
× 100 (5)

Ash(%) =

(
mass of residue

initial mass of sample

)
× 100 (6)

VM(%) =

(
mass loss due to VM

initial dry mass of sample

)
× 100 (7)

FC = 100 − %(MC + VM + Ash), (8)

ultimate analyses were performed according to ASTM E5291 (2016), using a Perkin Elmer
2400 Elemental Analyzer (series ii; Perkin Elmer, Boston, MA, USA). The oxygen content
was calculated by subtracting the percentages of carbon (C), hydrogen (H), nitrogen (N),
and ash, using Equation (9).

O = 100 − %(C + H + N + S + Ash) (9)

The apparent particle density (BD), defined as the mass of many particles of a material
divided by the total volume they occupy, was determined according to ASTM E873-82
(2019). The total volume is the sum of the volume of the particles, the volume of the
interparticle void, and the internal pore volume. The apparent particle density (g/cm) was
calculated by Equation (10).

BD =
Weight Sample
Volume Beaker

(10)

The main oxides in the biomass ash were determined in X-ray dispersive energy
spectrometry, using analytical curves for quantitative analyses. Then, the base-to-acid ratio
(B/A) and the alkaline index (AI) were calculated using Equations (11) and (12) [24,25]:

B
A

=
Fe2O3 + CaO + MgO + K2O + Na2O + P2O5

SiO3 + TiO2 + Al2O3
(11)
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AI =
(Na2O + K2O) f uel,dry basis

HHVdry basis

(
kg
GJ

)
(12)

The highest heating value (HHV) was measured in an IKA C2000 basic calorimeter
pump, using 1.0 g of dry biomass and an oxygen atmosphere, by ASTM D2015/2000.

2.4. Thermogravimetric Analyses

The thermal decomposition of the samples was investigated in thermogravimet-
ric analysis equipment, TG-DTA Shimadzu DTG-60H (Shimadzu Corp., Kyoto, Japan),
in the range of 30–1000 ◦C, with an accuracy of ±2 ◦C and microbalance sensitivity of
0.001 mg. The experiments were carried out under an inert atmosphere, nitrogen flow of
50–100 mL/min, variable heating rate, using 10 mg of sample mass placed in a platinum
crucible. The samples were previously dried, milled, and sieved through a 0.2 mm sieve.
The temperature was initially maintained for 5 min to remove free moisture and provide a
dry basis for thermal analysis. Then, the experiment was carried out with heating rates of
5, 10, 20, and 30 ◦C/min.

2.5. Kinetic Analyses

The kinetic parameters of thermal decomposition of the biomass are based on the
determination of the triad pre-exponential factor, activation energy, and reaction order. In
general, the thermal decomposition of the biomass can be described by Equation (13),

d(α)
dt

= k f (α) (13)

where k is the reaction rate constant, f(α) is the usual kinetic model for solids conversion,
and α represents the mass loss fraction obtained through the TG/DTG curve, expressed by
Equation (14):

α =
m0 − mt

m0 − m f
(14)

where m0 is the sample initial mass, mf is the final mass, and mt is the sample mass as a
function of time (t). k is a function of temperature following Arrhenius Equation (15):

k = A exp(−Ea/RT) (15)

where A is the frequency or pre-exponential factor (s−1), Ea is the activation energy of the
decomposition reaction (kJ/kmol), R is the universal gas constant (kJ/(kmol × K)), and T
is the temperature (K).

For non-isothermal kinetics, the usual case of linear heating corresponds to a constant
heating rate. Combining Equations (13) and (15), the result in Equation (16):

dα

dt
=

A
β

exp(−Ea/RT) f (α) (16)

The Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS) isoconversional
methods were developed on the assumption of a reaction mechanism or by empirical
adjustment [26]. Isoconversional methods have the main advantage over model-fitting
and single-heating-rate methods, the absence of any reaction models for the calculation of
activation energy. The analysis of the approach is essentially free of reaction models. Thus,
for complex materials such as biomass, where the reaction occurs at different stages and
the decomposition mechanism is susceptible to variations, isoconversional methods are
ideally suited [27], accurate, and save time compared to the model-fitting method [28].
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The FWO method uses the integral form of the non-isothermal rate equation (16),
based on Doyle’s approximation, as shown in Equation (17):

log(β) = log
(

AEai
Rg(α)

)
− 2.315 − 0.4567

Ea

RTαi

(17)

Subscripts i and α denote a given value of heating rate and fractional conversion,
respectively. The activation energy (Ea) can be determined from the slope −0.4567 Ea

R and
the pre-exponential factor value (A) can be calculated from the intercept of a log (β) against

1
Tαi

plot. The g(α) is constant at a given conversion value. The KAS model is more widely
used for kinetic studies of biomass pyrolysis [29] and the solution of the mathematical
approximation for the exponential term is given by Equation (18):

ln

(
βi

T2
∝i

)
= ln

(
A∝Ea∝

Rg(∝)

)
− Ea

RT
(18)

The kinetic parameters are determined graphically by plotting ln
(

βi
T2

∝i

)
as a function

of 1/T for the fixed conversion value α, where the slope is equal to −Ea/R. In addition,
the apparent activation energy (Ea∝) can be determined by replacing the values of the
variables (g(α) and A, intercept) and the R-value as 8.3145 kJ/(kmol × K). The activation
energy is obtained for the entire conversion interval (0.1–0.8).

Although the KAS method is considered more accurate than the FWO equation [30],
the kinetic parameters obtained from different isoconversional methods show little vari-
ation [26]. Therefore, both methods were used to describe the torrefaction kinetics of P.
juliflora comparatively at the heating rates of 5, 10, 20, and 30 ◦C/min. Matlab® software
(2017b; Natick, MathWorks Inc., MA, USA) was used to estimate the pre-exponential factor
and the activation energy and fit the kinetic model to the measured experimental data.
The results provide relevant information for understanding the torrefaction of P. juliflora
biomass at different temperatures.

3. Results
3.1. Torrefaction Process

Table 1 shows the average gravimetric yield of the torrefied products (PJ230, PJ270,
and PJ310). These results are in agreement with the literature [20,31], which reports that
the mass yield of a solid product strongly depends on the torrefaction temperature, the
reaction time, and the type of biomass.

Table 1. Yields of torrefaction tests.

Process Yield PJ230 PJ270 PJ310

Mass Yields (%) 88.2 ± 0.6 77.1 ± 1.2 64.5 ± 1.2
Liquid Yields (%) 10.3 ± 1.1 15.5 ± 1.5 23.4 ± 1.9

Bulk Density * (g/cm) 0.807 ± 0.012 0.722 ± 0.025 0.659 ± 0.029
* Apparent particle density.

The volatiles that leave the reactor pass through a condenser system where one part
is condensed and the other part is bubbled into the water before exhaustion. The mass
yields of solids obtained at 230, 270, and 310 ◦C correspond to 88.2%, 77.1%, and 64.5% of
the raw biomass, respectively. The reduction in solids yield with increasing temperature
was also observed by Acharya and Dutta [10], and the torrefaction modifies the biomass
composition. It is generally accepted that hemicellulose degradation occurs at temperatures
above 200 ◦C, lignin slowly decomposes at approximately 160–900 ◦C [32], while cellulose
decomposition occurs between 200 and 400 ◦C. The decomposition of hemicellulose was
identified as the dominant reaction during the biomass torrefaction [33], most of the
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biomass mass loss can be attributed to the decomposition of hemicellulose into volatile
compounds. Cardona, Gallego, Valencia, Martínez, and Rios [14] obtained 77 ± 5, 72 ± 5
and 55 ± 4% by weight after 40 min torrefaction of different eucalyptus residues at 250, 275,
and 300 ◦C, respectively. Natarajan, Suriapparao, and Vinu [22] obtained 15–30% by weight
of volatile yields, and 72.5%, 80% and 69.4% by weight of solids yields, after torrefaction of
2–4 mm particles of P. juliflora, using a microwave oven with values of MW power of 300,
450, and 600 W, respectively.

The apparent particle density of the samples at PJ105, PJ230, PJ270, and PJ310 corre-
spond to 0.839, 0.807, 0.722, and 0.659 g/cm, respectively. The reduction of the porosity
and humidity with the increase of the torrefaction temperature results in the increase of
the apparent densities. According to Saeed, et al. [34], with the decomposition of hemi-
cellulose and the increase in the lignin content during the torrefaction process, there is
an improvement in the biomass compaction capacity and, consequently, an increase in
apparent densities.

The color changes of torrefied P. juliflora wood at different temperatures can be seen in
Figure 2 and are related to losses of free surface moisture, internal moisture, and volatiles
in the different steps of torrefaction [35].
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In addition to the conditions of the torrefaction process, several factors affect the
final color of the torrefied biomass. The color changes of thermally treated biomass are
mainly due to hydrolysis and oxidation reactions, considering the transport phenomena
involved. Furthermore, color changes also depend on the type and density of crude
biomass [36], along with the concentration of low molecular weight sugars, sugar alcohols,
and nitrogenous compounds in wood [35].

3.2. Physicochemical Characterization

Torrefied biomass generally has more uniform physicochemical properties that are
attractive for process optimization, control, and standardization of the biomass energy
production chain [9]. The torrefaction temperature has a strong influence on the physical
and chemical characteristics of the torrefied P. juliflora. During the biomass torrefaction
process, partial removal of the hydroxyl groups (OH) is achieved by dehydration and
prevents the formation of hydrogen bonds, resulting in an increase in the hydrophobia of
the biomass particles [37]. The moisture content (air-dry basis) obtained for samples PJ105,
PJ230, PJ270, and PJ310 were 6.1%, 0.3%, 0.1%, and 0.1%, respectively. The reduction of the
moisture content and volatile material of the biomass has many positive results, such as
the reduction in the cost of transportation, stable storage for a longer period, with a low
risk of biological deterioration [7]. As shown in Figure 3, the volatile material decreases
with increasing the torrefaction temperature, producing more stable biofuels.
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Figure 3. Profiles of the volatile matter and fixed carbon of P. juliflora samples.

The increase in the torrefaction temperature to 310 ◦C led to an increase in fixed carbon
(FC) from 12.35 to 27.66%. The measured torrefaction experimental data follow those re-
ported in the literature [22,38,39]. Low VMs and ignition and combustion temperatures are
among the main advantages of biomass for thermochemical conversion and are important
criteria for the highly reactive nature of this fuel [40].

Figure 4 shows the profiles with the higher heating value (HHV) and ash from the
samples torrefied at different temperatures. The HHV for PJ105, PJ230, PJ270, and PJ310
were 18.33, 20.01, 21.14, and 23.05 MJ/kg, respectively.
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The HHV increased as a result of the increase in carbon content with an increase in
the torrefaction temperature. It was observed that even at higher torrefaction temperatures
(i.e., 310 ◦C), the coal still has a much higher HHV, in the range of 14–21 MJ/kg, mainly
due to the significantly higher oxygen content of the biomass. In the torrefaction process,
oxygen, with a negative contribution to the calorific value, is removed from the biomass
reacting with hydrogen to form mainly H2O and, with volatile carbon, to form mainly
CO2 [12]. This results in an energy-dense solid fuel with greater calorific power compared
to crude biomass.

Chandrasekaran, et al. [41], Naseeruddin, et al. [42], and Suriapparao, Pradeep and
Vinu [39] reported P. juliflora higher heating values (HHV) of 17.96, 16.90, and 17.02 MJ/kg,
respectively, while Pereira and Lima [43] reported HHV of 19.35–21.47 MJ/kg in a study of
six species of Prosopis. The behavior of increasing HHV with increasing the torrefaction
temperature is already documented in the literature. Thus, the results obtained in the
present study were expected, with pretreatment in the temperature range between 270 and



Energies 2021, 14, 3465 9 of 17

310 ◦C suggested as optimal conditions for the torrefaction of P. juliflora when considering
the improvement of the energy source as a solid fuel. The ash content of biomass is generally
small, but it can play a significant role in the use of biomass, especially if it contains alkali
metals like potassium or halides like chlorine [23]. The ash mass fraction usually remains
unchanged during torrefaction, while organic matter degrades during torrefaction and
leads to a higher ash concentration [44]. For samples PJ230, PJ270, and PJ310, ash content
values of 3.25, 3.97, and 4.41% were obtained, respectively. The composition of raw and
torrefied P. juliflora ash is discussed in the next section. The results of the physicochemical
characterization of raw and torrefied biomass samples and the Van Krevelen diagram, are
detailed in Table S1 and Figure S1, respectively, of the Supplementary Materials.

An important parameter of torrefaction is the energy yield, which indicates how much
energy remains in the torrefied biomass. In general, for improved biomass with high
HHV, a lower mass yield is necessary to generate a solid fuel with better quality [45]. The
results of energy and mass yield are shown in Figure 5. Similar to the values of mass yield
(88.2%, 76% and 64.5%), the energy yield decreases (from 96.2 to 81.1%) with increasing
torrefaction temperature.
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For all torrefied products, the energy yield was higher than the mass yield—an effect
that was more evident for the treatment with a temperature of 310 ◦C, with a 16.6% greater
difference between energy yield and mass yield. These results suggest a linear relationship
between the outputs. Bach, et al. [46] obtained a mass yield of 74% in dry torrefaction
at 275 ◦C for 60 min or through wet torrefaction at 222 ◦C for 5 min or at 210 ◦C for
30 min, for Norway spruce biomass. In another study of conventional torrefaction, for
coffee grounds and microalgae residue, Ho, et al. [47] obtained mass yields in the range of
55.43–98.20% and 56.42–92.41%, respectively. It should be noted that the lower mass yield
may be desirable if the energy yield is within an acceptable range. Comparatively, under
equivalent temperatures, the biomass of P. juliflora torrefied shows promising mass and
energy yields as a solid fuel.

The results of ultimate analyses of the raw and torrefied P. juliflora samples are
presented in Table 2. The ultimate analysis of the torrefied samples reveals changes
that occur in the chemical composition of the biomass when exposed to the torrefaction
conditions, whose carbon content increased, while decreases were observed in the content
of hydrogen and oxygen. The nitrogen content remained almost constant, considering the
statistically standard deviation.
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Table 2. Ultimate analyses of P. juliflora samples.

Samples C H N O O/C H/C

PJ105 46.30 ± 0.10 7.49 ± 0.05 0.25 ± 0.02 42.99 ± 0.50 0.70 1.94
PJ230 53.84 ± 0.15 6.45 ± 0.07 0.24 ± 0.02 36.21 ± 0.45 0.50 1.44
PJ270 61.24 ± 0.08 5.64 ± 0.10 0.10 ± 0.04 29.04 ± 0.90 0.36 1.11
PJ310 63.65 ± 0.05 5.23 ± 0.50 0.08 ± 0.04 26.62 ± 0.85 0.31 0.99

The results presented for HHV illustrate the impact that changes in elementary compo-
nents have on energy content (Figure 5). During the reactions that occur in the torrefaction,
the released compounds contain higher proportions of oxygen and hydrogen than the
carbon, reducing the relative concentration of these elements in the solid fuel.

Wang, et al. [48] proposed that dehydration and dissociation were the main reactions of
hemicellulose at lower temperatures, while depolymerization and fragmentation of residual
monosaccharides occur at higher torrefaction temperatures. In addition, Neupane, et al. [49]
observed that torrefaction causes the cleavage of aryl-ether bonds and de-methoxylation of
lignin. Thus, these reactions favor an increase in the carbon content and, consequently, an
increase in the higher calorific value.

The hydrogen-carbon (H/C) and oxygen-carbon (O/C) ratios are commonly used as
indicators of energy densification during the torrefaction process [50]. On the other hand,
the torrefied biomass becomes hydrophobic and, therefore, cannot retain or absorb free
moisture, inhibiting biological decomposition [51]. The H/C and O/C ratios decreased
with increasing temperature and with increasing carbon content.

Thus, the sample torrefied at 310 ◦C (PJ310) has an atomic composition close to that
of lignite and coal [52], while that of the sample torrefied at an intermediate temperature
(PJ270) is close to peat charcoal [6]. The H/C ratios between 0.9 and 1.9, obtained for
PJ310 and PJ105, respectively, are consistent with the H/C ratios (1.1–1.4), presented by
Suriapparao, Pradeep, and Vinu [39], for P. juliflora torrefied in a microwave oven under
different experimental conditions.

Chandrasekaran, Ramachandran, and Subbiah [41] reported H/C ratios between
1.6 and 2.0, for dry and wet Prosopis, respectively. On the other hand, torrefied biomass
becomes mechanically more fragile when H/C and O/C ratios are reduced [45]. Thus, it
becomes a more suitable fuel for spraying in combustion systems [53] and requires less
energy for grinding compared to crude biomass, as reported by Ohliger, et al. [54].

3.3. Inorganic Composition

Table 3 shows the inorganic composition of raw and torrefied P. juliflora ash. The
predominance of Ca, K, and Fe in P. juliflora ash is characteristic of woody biomass [41,55].

Table 3. Inorganic composition of the ash of samples (%, dry basis).

Biomass SiO2 K2O CaO MgO Na2O P2O5 Al2O3 Fe2O3 SO3 Others B/A AI

PJ105 0.034 0.512 1.654 0.142 0.009 0.054 0.022 0.398 0.026 0.028 0.274 0.507
PJ230 0.043 0.547 2.128 0.124 0.008 0.042 0.025 0.318 0.012 0.011 0.382 0.391
PJ270 0.052 0.629 2.725 0.136 0.010 0.047 0.025 0.313 0.014 0.030 0.348 0.382
PJ310 0.056 0.723 3.066 0.135 0.011 0.048 0.026 0.305 0.014 0.036 0.355 0.368

Note: AI = alkali index (kg/GJ); B/A = base-acid ratio.

The formation of slag and scale in thermal systems operated with biomass is commonly
related to biomass ash. The B/A ratio is an important characteristic of solid biofuels, as
a high percentage of basic oxides reduces the melting temperature of the ash, while that
of acid oxides increases it [24]. Thus, alkalis in biomass ash contribute to the formation of
slag and scale in combustion systems. Karampinis et al. (2012), Vamvuka and Kakaras
(2011) [25,56] reported a tendency for scale formation in combustion systems when a
B/A < 0.5, the tendency to deposit is low; medium, for 0.5 < B/A < 1 and high, for ratio
B/A > 1. On the other hand, the alkali index (AI) allows a more accurate evaluation
of the tendency of slag and scale formation, such that a high trend is predicted when
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0.17 < AI < 0.34 kg/GJ [57]. Despite this, this trend strongly depends on the characteristics
of each biomass and the combustion conditions. B/A and AI of the samples were calculated
using the data presented in Table 3 and Equations (11) and (12), respectively.

As shown in Table 3, the B/A ratio increased from 0.274 to 0.355, which can be
explained by the fact that the organic matter was decomposed, thus leaving the inorganic
material. Alkaline Index (AI) decreased with increasing torrefaction temperature, from
0.507 to 0.368, decreasing the tendency for scale and slag deposition. Sample PJ105 showed
B/A < 0.5, as reported for Greek lignite, a fossil fuel, and for poplar, woody biomass [25].
In general, samples PJ230, PJ270, and PJ310 showed a low slag deposition trend, showing
B/A ratios lower than those reported by Vamvuka and Kakaras [56] for olive kernels (1.54)
and waste wood (1.06) biomasses. On the other hand, P. juliflora samples showed AI in the
range of 0.17–0.340 kg/GJ, indicating a high tendency to deposit slag.

3.4. Thermogravimetric Analyses and Pyrolysis Kinetic

It is generally accepted that the pyrolysis of biomass consists of three main steps: (i)
initial evaporation of free moisture, (ii) primary decomposition followed by (iii) secondary
reactions (oil cracking and depolymerization) [26,58,59]. Chandrasekaran, Ramachandran,
and Subbiah [38] conducted TG and DTG experiments for P. juliflora crude performed at
a maximum temperature of 600 ◦C, at six different heating rates of 2, 5, 10, 15, 20, and
25 ◦C/min in an argon atmosphere. Mythili, et al. [60], presented the thermogravimetric
curve of Prosopis wood, with no variation in the heating rate, at a maximum temperature
of 800 ◦C. Although these studies supported the analysis of crude biomass, it is important
to note the lack of information on the behavior of pyrolysis of P. juliflora torrefied at
different temperatures.

The pyrolysis of samples PJ105, PJ230, PJ270, and PJ310 was investigated using TG
curves obtained in a nitrogen flow and heating rates of 5, 10, 20, and 30 ◦C/min, as shown
in Figure 6. The range of mass loss attributed to residual moisture and adsorbed gases
was 100–120 ◦C, being more related to PJ105. In general, for the samples, the thermal
devolatilization stage started around 180–200 ◦C, followed by a great loss of mass around
200–640 ◦C, and by a flat flow zone that depends on the torrefaction temperature used (230,
270, or 310 ◦C). The thermal devolatilization events of hemicellulose, cellulose and lignin
are often observed between 220–315 ◦C, 315–400 ◦C, and 180–850 ◦C [23,27], respectively,
but some variations can occur between the different types of biomass.

It is observed that the samples show quantitative variations in the devolatilization
stage due to differences in the chemical composition caused by the temperature of the
thermal pre-treatment of the torrefaction. In general, thermograms with heating rates of
5 and 10 ◦C/min are characterized by two devolatilization zones indicated in the DTG
curves. The well-defined main peak is attributed to the primary hemicellulose zone and
incomplete cellulose decomposition, followed by the sub-peak that assigns the secondary
zone to lignin and the rest of the biomass degradation, as observed in the literature [61].

Di Blasi [62] reported that lower heating rates affect the dynamics of the components
and can generate several zones that appear on the mass loss curves. In addition, the gradual
heating of the biomass over a sufficiently long time increases the efficiency of heat transfer
to the internal portions of the biomass particles.

The mass loss of crude biomass, PJ105, was greater than that observed for samples
PJ230, PJ270, and PJ310, due to the progressive removal of hemicelluloses during the
torrefaction process. The thermogram profile reveals that less mass loss is obtained when
the temperature of the pre-treatment of the biomass is higher (230, 270, or 310 ◦C). The
amount of solid product, in a TG run at 10 ◦C/min, increased significantly from 22.4%
to 25.4%, 43.4% and 59.3% with the torrefaction temperature of 230, 270, and 310 ◦C,
respectively, as shown in Figure 6 and Table 4. As a result, more thermally stable biofuels are
obtained due to the great degradation of hemicelluloses and cellulose during torrefaction
at high temperatures.
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(a) raw biomass—PJ105; (b) PJ230; (c) PJ270; (d) PJ310.

Table 4. Devolatilization percentages of P. juliflora samples.

Devolatilization (%)

Heating Rate PJ105 PJ230 PJ270 PJ310

5 78.5 77.4 57.4 39.8
10 77.6 74.6 56.6 40.7
20 77.4 74.3 55.6 40.4
30 75.1 74.1 54.8 40.3

As a result, there is an improvement in cracking biomass, leading to increased degra-
dation and loss of mass in the form of volatile components. On the other hand, as the
heating rate increases, the peaks generated in the DTG curve increase progressively, as can
be seen in Figure 7.

The loss of mass due to devolatilization is shown in the derivative profile by the
shoulder- and peak-shaped curves, corresponding to the decomposition of hemicellulose
and cellulose, and then another small deformation at high temperature related to lignin is
reported in the literature [61,63]. The gradual disappearance of the shoulders, respectively
in samples PJ230, PJ270, and PJ310, occurring in the range of 220–320 ◦C, is an indication of
possible degradation of holocellulose and other components as the pre-treatment tempera-
ture increases [33,63]. The smoothing of the curves was observed by Cao, Yuan, Jiang, Li,
Xiao, Huang, Chen, Zeng, and Li [5].
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The gradual heating of biomass for an adequate time changes the efficiency of heat
transfer to the internal portions of the biomass particles, resulting in different biomass
degradation and mass loss as volatile components [26,59]. To be useful as a biofuel,
biomass must be depolymerized and deoxygenated [64]. References [65–68] are related to
the Supplementary Materials.

The data obtained in the TG experiments (Figure 6) were used to fit the kinetic model.
The FWO and KAS methods were used to calculate the kinetic parameters of pyrolysis of
P. juliflora samples. The activation energies for each conversion can be obtained from the
slope of log β versus 1/T graphs. The FWO and KAS methods were applied to the data sets
in the conversion range of 0.1–0.8, but the correlation values are low at conversion ranges
below 0.2 and above 0.7, leading to inaccurate kinetic data. Each regression line, derived
from Equations (17) and (18), represents the activation energy, the average of which is
shown in Table 5.

Table 5. Kinetic parameters obtained from FWO and KAS methods for samples.

Sample
FWO Model KAS Model

Ea (kJ/kmol) A (s−1) R2 Ea (kJ/kmol) A (s−1) R2

PJ105 144.8 2.70 × 1015 0.9958 142.4 4.19 × 106 0.9952
PJ230 149.7 4.16 × 1015 0.9982 147.5 6.16 × 106 0.9979
PJ270 180.2 1.17 × 1028 0.9653 179.2 1.40 × 1019 0.9616
PJ310 261.0 3.82 × 1025 0.9611 263.1 3.39 × 1016 0.9677

The kinetic parameters obtained by the two isoconversional models show little varia-
tion, which can be attributed to different approximations of the temperature integral used
as the solution, calculated by Equations (17) and (18). The obtained results, using both
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models, do not significantly differ in the conversion range of 0.2–0.7. Table 5 shows the
values of activation energy (Ea), pre-exponential factor (A), and correlation coefficient (R2).

The biomass PJ105, PJ230, PJ270, and PJ310 showed average values of Ea of 144.8, 149.7,
180.2, and 261.0 kJ/kmol for FWO and, 142.4, 147.5, 179.2, and 263.1 kJ/mol for KAS. For
dry biomass (PJ105), the values of Ea at the beginning of pyrolysis were lower than those
of torrefied biomass. The activation energy increased with torrefaction temperatures due
to changes in the internal structures of biomass, such as the degradation of holocellulose
and other components.

As observed in this work (Figure 7) and reported by Doddapaneni, Konttinen, Hukka,
and Moilanen [28], Chen and Kuo [33], the increase in activation energy can be attributed to
the depletion of hemicellulose during the torrefaction process. As the reactive hemicellulose
is completely degraded, the pyrolysis of the torrefied biomass at high temperatures (PJ310)
requires more energy to initiate the pyrolysis reactions.

The FWO and KAS methods correlated satisfactorily with the pyrolysis kinetics of
P. juliflora, with the correlation coefficients (R2) obtained higher than 0.96, and the activation
energy of the samples increased with the torrefaction temperature. The KAS graphs showed
similar behavior to those plotted for FWO, maintaining the same variation in the results
obtained. The activation energy of raw P. juliflora pyrolysis was determined using the mod-
els by Kissinger, KAS, FWO, and Friedman, reported by Chandrasekaran, Ramachandran,
and Subbiah [38], and the values reached 164.6, 204.0, 203.2, and 219.3 kJ/kmol, respec-
tively. Doddapaneni, Konttinen, Hukka, and Moilanen [28] observed for the torrefied
biomass of Eucalyptus urophylla at 250, 275, and 300 ◦C, the respective values of 183, 184,
and 196 kJ/kmol for FWO; 182, 183, and 195 kJ/kmol for KAS.

The results also indicate that the torrefaction temperature has a significant effect on
the pyrolysis kinetics of torrefied P. juliflora. Under more severe torrefaction conditions, the
biomass structure is significantly affected and, in turn, the decomposition kinetics of the
biomass components. In addition, the analysis of kinetic parameters is also influenced by
several factors, such as the temperature range of pyrolysis, mathematical analysis method,
pyrolysis techniques, particle size, and chemical composition of the biomass sample [5].

4. Conclusions

The torrefaction of P. juliflora was investigated at 230, 270, and 310 ◦C, in a fixed
bed reactor, using cylindrical samples of 15–20 × 20 mm. After torrefaction at 270 and
310 ◦C, the samples showed higher levels of fixed carbon, energy density and HHV, in
addition to low H/C and O/C ratios. This indicates that these samples are hydrophobic
and, therefore, unable to retain or absorb free moisture, inhibiting biological decomposition.
On the other hand, the ash composition led to B/A ratios and AI indexes comparable to
those reported for other woody biomasses and indicate a moderate tendency for scale and
slag formation. The kinetic parameters of pyrolysis, determined by the isoconversional
FWO and KAS methods, were comparable to those reported in the literature and varied
between 144 and 244 kJ/kmol. Figures S2 and S3 of the Supplementary Materials present
the activation energy estimation data using the FWO and KAS isoconversional methods.
The characteristics observed for torrefied P. juliflora woody biomass potentiate it as a solid
biofuel, being able to be used as an input in thermo-conversion processes, unconventional
raw material, or precursor in the production of liquid and gaseous biofuels. It is interesting
to highlight that conducting future research on the economic viability and densification of
torrefied P. juliflora biomass can undoubtedly benefit local producers, cooperatives, and
enterprises, as this research can be incorporated into a regional development plan.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14123465/s1, Table S1: physicochemical characterization of P. juliflora samples, Figure S1:
Van Krevelen diagram of the P. juliflora samples, Figure S2: Estimation of activation energy us-
ing the FWO isoconversional method, Figure S3: Estimation of activation energy using the KAS
isoconversional method.
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66. Sajdak, M.; Kmieć, M.; Micek, B.; Hrabak, J. Determination of the optimal ratio of coal to biomass in the co-firing process: Feed
mixture properties. Int. J. Environ. Sci. Technol. 2019, 16, 2989–3000. [CrossRef]

67. Grammelis, P.; Skodras, G.; Kakaras, E. Effects of biomass co-firing with coal on ash properties. Part I: Characterisation and PSD.
Fuel 2006, 85, 2310–2315. [CrossRef]

68. Tumuluru, J.S.; Wright, C.T.; Hess, J.R.; Kenney, K.L. A review of biomass densification systems to develop uniform feedstock
commodities for bioenergy application. Biofuels Bioprod. Biorefining 2011, 5, 683–707. [CrossRef]

http://doi.org/10.1016/j.biortech.2016.07.075
http://doi.org/10.1039/C4GC02383H
http://doi.org/10.1016/j.indcrop.2016.07.021
http://doi.org/10.1016/j.polymdegradstab.2005.04.042
http://doi.org/10.9790/5736-1205012633
http://doi.org/10.1016/j.egypro.2018.06.010
http://doi.org/10.1016/j.fuel.2012.06.112
http://doi.org/10.1016/j.fuel.2007.04.026
http://doi.org/10.1016/j.fuproc.2010.11.013
http://doi.org/10.1021/ef980256e
http://doi.org/10.1016/j.rser.2014.06.013
http://doi.org/10.1016/j.rser.2015.12.185
http://doi.org/10.1080/15567036.2016.1261205
http://doi.org/10.1016/j.biortech.2011.12.119
http://www.ncbi.nlm.nih.gov/pubmed/22374152
http://doi.org/10.1016/j.pecs.2006.12.001
http://doi.org/10.1016/j.jaap.2011.01.004
http://doi.org/10.1016/j.heliyon.2020.e03531
http://doi.org/10.1016/j.biortech.2017.04.037
http://www.ncbi.nlm.nih.gov/pubmed/28433908
http://doi.org/10.1007/s13762-018-1864-y
http://doi.org/10.1016/j.fuel.2006.01.036
http://doi.org/10.1002/bbb.324

	Introduction 
	Materials and Methods 
	Biomass and Preparation 
	Torrefaction Experiments 
	Biomass Characterization 
	Thermogravimetric Analyses 
	Kinetic Analyses 

	Results 
	Torrefaction Process 
	Physicochemical Characterization 
	Inorganic Composition 
	Thermogravimetric Analyses and Pyrolysis Kinetic 

	Conclusions 
	References

