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Abstract: For the first time, a study has been carried out on the pyrolysis of wood residues from
Pinus pseudostrobus, Pinus leiophylla and Pinus montezumae, from an area in Western México using
TGA analysis to determine the main kinetic parameters (Ea and Z) at different heating rates in a N
atmosphere. The samples were heated from 25 °C to 800 °C with six different heating rates 5-30 °C
min~L. The Ea, was calculated using different widely known mathematical models such as Friedman,
Flynn-Wall-Ozawa and Kissinger-Akahira-Sunose. The Ea value of 126.58, 123.22 and 112.72 k]/mol
(P. pseudostrobus), 146.15, 143.24 and 132.76 kJ/mol (P. leiophylla) and 148.12, 151.8 and 141.25 kJ/mol (P.
montezumae) respectively, was found for each method. A variation in Ea with respect to conversion
was observed with the three models used, revealing that pyrolysis of pines progresses through more
complex, multi-stage kinetics. FI-IR spectroscopy was conducted to determine the functional groups
present in the three species of conifers. This research will allow future decisions to be made, and
possibly, to carry out this process in a biomass reactor and therefore the production of H; for the
generation of energy through a fuel cell.

Keywords: Pinus pseudostrobus; Pinus leiophylla; Pinus montezumae; pyrolysis kinetics; TGA-DTG;
Friedman-OFW-KAS models; FT-IR

1. Introduction

Around the world, the amount of publications regarding renewable energies and biofuels accounts
for a large percentage of the total of approximately 56% [1,2]. In human history, the use of biomass
has been required to meet the energy needs. From the 20th century onwards, due to increased energy
demand and the excessive use of various fuels, the incorporation of biomass in the fuel mix has been
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seriously considered, especially in developing countries [3]. Today, biomass is considered one of
the main sources of energy, as well as one of the new alternatives that have been implemented to
try to reduce the amount of emissions of CO,, SOy, NOy and particulate matter produced during
energy production processes [4]. It is worth mentioning that, in the case of CO,, the use of oil-based
fuels, accounts for more than 70% of human related emissions of this gas worldwide, and the rest is
attributed to changes in land use. Pollution in some countries is alarming, as is the case in the United
States where about 97% of all transport energy is currently derived from oil [5]. Transport energy
consumes 63% of all oil used in this country. Because fossil fuels are not renewable and the United
States has a need for foreign energy, there is an excellent opportunity to develop renewable energy
sources. In this sense, and considering the serious consequences of the greenhouse effect and the
future depletion of fossil fuels, there is the possibility of using biomass to produce energy [6]. Given
the current scenario in which prosperity is directly related to the capacity to use energy, production
resources must be taken into account, especially those that are well distributed in the territory, which
are renewable, environmentally appropriate and contribute to reducing CO, emissions. Lignocellulosic
waste fulfils this purpose [7,8]. It is important to mention that plant biomass is distributed throughout
much of the world (except for polar ice caps and extremely dry areas) and grows in different forms
(herbaceous plants, shrubs, trees, algae, etc.). In addition, the development of agricultural techniques
has considerably increased soil fertility, leading to a greater use of agricultural land for the last 20 to
30 years.

This will allow the generation of energy in certain devices of the latest technology, such as fuel
cells, with special emphasis on solid oxides (SOFC), which can generate electricity from the use of
gases (Hp, CHy) from the combustion of biomass or from agricultural waste, industrial and even urban
waste (landfills). In this case, the process is produced from obtaining methane gas, pollutant, emitted
by organic waste or biomass combustion, which at the time of entering the cell produces electricity. It is
important to emphasize that the development of this technology opens in Mexico the access to a wider
energy market and includes electricity generation in rural areas, in addition, where the temperature is
very low in winter, these systems can work in dual form: heat and power. In winter it would work as a
heating and electric power generator, and in summer as an electric generator.

Biomass can be thermally transformed through various thermal processes such as liquefaction,
gasification and pyrolysis. Pyrolysis is a well-established route for thermal processing of biomass. The
pyrolysis process dates back to the Egyptians, when tar was produced for ship caulking and certain
embalming agents [9]. Pyrolysis leads to the conversion of biomass into non-condensable, condensable
gases and higher molecular weight compounds such as coal [10]. It is a reality that the lignocellulosic
waste pyrolysis process represents a very promising for the near future from the production of various
chemical compounds such as bio-oil [11,12]. In thermal processes for the transformation of biomass,
pyrolysis is usually the first stage [4]. Currently, there is an extensive bibliography that analyses certain
kinetic mechanisms in lignocellulosic biomass. Today, the wood industry is interested in finding a
more economical way to dispose of the various waste products from forestry and logging activities.
These products, which have been ignored in the past, can now replace oil [13].

Therefore, in order to standardize pyrolytic processes on an industrial scale for the generation
of biofuels from these forest residues, the application of modern technologies for obtaining energy
carriers and displacing the fuels obtained from fossil materials and consequently the reduction of
polluting agents, it is necessary to know in depth what happens in pyrolysis. One of the main aspects
to know is the chemical kinetics, because this will be fundamental base for the design of the reaction
zone of the process. In the development of pyrolysis, it is necessary to consider the appropriate
temperature levels and heating speed. One of the pathways that has gained great diffusion in thermal
decomposition analysis of biomass is the study of the decomposition process by thermogravimetric
analysis (TGA) [14-16]. TGA has been formally defined as a group of techniques in which a property
of the sample is controlled against time or temperature, while the temperature of the sample is
programmed in a specific atmosphere [17]. The TGA in addition to being applied to plant and animal
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studies [18], but also for the thermal decomposition of other materials such as medical waste [19],
car wrecks [20], PCB waste or sewage sludge [21]. There are also various thermoanalytic techniques
classified according to the physical property subject to measurement (see Table 1).

Table 1. Classification of thermoanalytical techniques [22].

Property Technique Parameter Measured Acronym
Mass. Thermogravimetric analysis. Sample mass. TGA
Derivative thermogravimetry. First derivative of mass. DTG
Temperature difference
Temperature. Differential thermal analysis. between sample and inert DTA

reference material.

Derivative diff tial th 1 . .
erivative diierential therma First derivative of DTA curve.

analysis.
Heat. Differential scanning calorimetry. Heat supplied to sample or DSC
reference.
Pressure. Thermomanometry. Pressure.
Dimensions. Thermodilatometry. Coeff1c1er}t of hnea.r or
volumetric expansion.

Mechanical properties. Thermomechanical analysis. TMA
Electrical properties. Thermoelectrical analysis. Electrical resistance. TEA
Magnetic properties. Thermomagnetic analysis.

Acoustic properties. Thermoacoustic analysis. Acoustic waves. TAA
Optical properties. Thermoptical analysis. TOA

By using gases such as nitrogen, argon or helium, a TGA analysis can be performed, where the
amount of mass lost with respect to a programmed temperature is determined [23]. In this sense and
based on various mathematical models, it is possible to obtain very valuable information about the
composition of the material, reaction orders, the various stages of thermal transformation, as well
as their kinetic behaviour parameters, which is essential in the knowledge of the kinetic behaviour
of lignocellulosic materials. This information is basic when designing, building and operating an
industrial scale reactor for pyrolysis of the material being studied or for the energetic exploitation of
products that can be generated such as hydrogen, for energetic purposes, for example, in fuel cells.

For the determination of the above-mentioned kinetic parameters, non-isothermal methods can
be used, which require various heating speeds, although various thermal transformation processes can
be affected by changes in the heating rate, thus causing other reactions, which makes analysis by DTG
more difficult. [24]. Due to the wide variation in the parameters of the Arrhenius equation [25], today,
there are several mathematical models for calculating Arrhenius variables. These so-called “model-free”
methods are based on an iso-conversive basis, where an assumption is made that the rate of progression
of a reaction is constant and therefore the speed of the reaction depends only on the temperature of the
reaction. Considering the activation energy (Ea) as the main variable, iso-conversion methods do not
require prior knowledge of the reaction mechanism in thermal conversion of the biomass under study,
i.e., it is not necessary to choose a reaction model [26]. Non-isothermal iso-conversional methods
can follow a differential approach such as Friedman [27], and non-differential (integral) methods
Flynn-Wall-Ozawa (FWO) [28] and Kissinger-Akahira-Sunose (KAS) [29,30]. Considering an attractive
alternative to oil, with a zero impact of CO,, its energy capacity and amount of waste approximately
1300 m3/year (sawdust and shavings) of Pinus pseudostrobus, Pinus leiophylla and Pinus Montezumae as
the most commercial and important forest species of the industrial-wood locality of San Juan Nuevo
Parangaricutiro (Purépecha zone of the state of Michoacan, Mexico); the aim of this research and for
the first time, the mathematical models of Friedman, FWO and KAS are used to determine the most
important variables of the kinetic process (Ea and Z)in the inert atmosphere of the thermal degradation
of the three selected species of pine. It is important to mention that no articles have been found that
refer to the kinetic analysis of the thermogravimetric process for these forests” species pine.

On the other hand, that despite the fact that in recent years the main components of lignocellulosic
materials have been analysed through infrared spectroscopy (IR), it is necessary to study their primary
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composition in greater depth. Today, the analysis of the main components of plant biomass such as
cellulose, hemicellulose, lignin and other polymers is well studied and their chemical changes with
infrared spectroscopy through Fourier Transform Infrared (FT-IR). In addition to kinetic analysis, in
this paper, the results of FI-IR are presented to the three species of pine.

2. Methods

2.1. Sample Preparation and Chemical Composition Analysis

Random samples, of known origin, were taken from different workshops of San Juan Nuevo
Parangaricutiro, Michoacan, Mexico, taking precautions to avoid contamination with other types
of wood and other substances such as solvents, ensuring that only P. pseudostrobus, P. leiophylla and
P. Montezumae waste represented each sample. Pyrolysis is the term commonly used for a high
temperature treatment. The analysis of this type of treatment should include: drying, devolatilization
and mainly in the events that occur in the formation of coal, which is one of the main objectives of this
article. Each of the samples were placed in containers in a dry place at room temperature (25 °C) for 2
days to eliminate the superficial humidity with which the sample arrives. Afterwards, the fine grain
milling was carried out. Once dried, a sieve was made in order to obtain samples with a particle size
of approximately 200 um. Finally, the biomass was taken to an oven to dry at 115°C monitoring until a
constant weight was obtained.

In previous investigations, the chemical composition of P. pseudostrobus, P. leiophylla and P.
Montezumae, located in the aforementioned area of Michoacan state has already been determined [31].
In this case, the ash analysis was carried out on an X-ray spectrometer, coupled to a SEM (Jeol
JSM-6400) [32]. The minerals were calculated (UNE-EN 14775) [33]. It should be noted that due to
the high volume (1300 m3/year) of waste produced and the energy potential it represents for the
community in question, research of these woods has continued.

2.2. Thermogravimetric Analysis TGA-DTG

A Simultaneous Thermal Analyzer STA 6000 thermogravimetric analyzer (PerkinElmer, city, state
abbrev if USA, country) was taken after sample preparation and with a uniform particle size to perform
a gradual mass degradation at different heating rates (3 = 5-30 °C/min). The non-isothermal model
was carried out with each heating rate 3 (six analyses), from 25 °C to 120 °C, left in isotherm for 12 min
and then the system was brought to a temperature of 800 °C at the same heating rate to continue with
one more isotherm for 30 min, then cooling to room temperature. In the thermobalance of the TGA
equipment, a ceramic crucible was used where between 6.5 and 7.5 mg were placed of sample, in order
to reduce the effects of mass transfer and heat transfer, because the presence of temperature gradients
in the bed of the material and the particles cause that the biomass does not react homogeneously and
there are differences in the sequence of reactions, due to the conditions of transport of the primary
products of the reactions to the outside of the particles and through the bed of the material. These
transport processes are largely responsible for the secondary reactions, which are generated from
the primary products of biomass pyrolysis [4]. All thermal degradations were carried out in an inert
atmosphere of high purity (99.99%) nitrogen (N») as reaction gas with a flow rate of 50 mL/min. Before
each experiment, N, was purged for 45 min at a flow rate of 100 mL/min.

2.3. Kinetic Modeling

The kinetics of free models are based on iso-conversion methods and are mainly used for obtaining
and evaluating the activation energy, which is a function of the degree of conversion of a chemical
reaction. Such methods are widely recommended [34]. Because thermographs, TGA results, contain
partially superimposed peaks, mathematical models are generally used for deconvolution [35]. It has
been proven that the values obtained depend not only on factors such as atmosphere, gas flow, sample
mass and heating rate, but also on the mathematical treatment of the data. To evaluate such data at



Energies 2020, 13, 969 5of 25

different heating rates, this paper describes the pyrolysis process from three iso-conversional kinetic
models, one differential corresponding to Friedman [26], and two integrals, one from Flynn-Wall-Ozawa
(FWO) [36] and the other from Kissinger-Akahira-Sunose (KAS) [28]. With these methods, the kinetic
parameters that characterize the thermal degradation process of biomass can be obtained. The data
from the TGA curves were used to determine the kinetic parameters.

The general process of pyrolysis of biomass can be represented as [37]:

Volatile

+ gases

Biomass

The overall kinetics of the biomass pyrolysis reaction can be described as follows:

da
= KT)f(a) 0

Practically all the proposed kinetic models employ a law that obeys Arrhenius fundamental
velocity expression, so Equation (1) can be expressed as:

da_ A L
B

exp( - ) (@) @

where f(a) is a conversion function which, as can be seen in Table 2, represents the reaction model used
and depends on the control mechanism [38-40]; da/dt is the speed of the isothermal process; T is the
absolute temperature (K), « is the degree of conversion, A is the pre-exponential factor or frequency
factor (min~1), which is the frequency of molecular collisions, regardless of their energy level [41].
Ea, (activation energy) is the maximum energy required in a reaction to form a certain amount of
products [42], R is the universal gas constant equal to 8.314 J/(mol K) and f is the linear heating velocity
(B = dT/dt) and it’s a constant. The exponential term of Equation (2) can be considered as the fraction of
EaRT produces
the frequency of collisions that are successful [43]. It is important to mention that derived from the
exponential term of the Arrhenius equation, there is a dependence on temperature, it should also be

collisions that has sufficient kinetic energy to induce a reaction, thus the product Aexp~

noted that the variable A (pre-exponential factor) also depends on temperature behavior [44]. The
degree of conversion (@) or also called process coefficient, can be defined as the mass fraction that has
been decomposed or the mass fraction of volatile compounds and is expressed as a = (g — m)/(mg —
Me) Where m is the mass of substrate present at any time ¢, m is the initial mass of the substrate and
Moo is the final mass of solids (unreacted residue) that remains after the reaction.

The analysis of the thermal degradation of biomass is carried out with the application of a series
of diverse kinetic models, which can be applied to its degradation process in addition to the dynamic
analyses of thermal degradation. In this sense, iso-conversion methods assume a fixed value of «, thus
only the temperature is a decisive factor for the speed of reaction. Thus, it is possible to calculate the
Ea, considering «, independently of the reaction model f(x). Iso-conversion methods can be differential
or integral for the treatment of differential thermal analysis data.
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Table 2. Functions of the most common reaction mechanisms for gas solid reactions [34].

Symbol Mechanism g(c) (o)

Dy Diffusion One-way transport o? 12

D, Two-way transport o+ (1 - x)In(l - ) [-In(1 - &)] !

D3 Three-way transport [1-(1-o)BPR (3/2)1 - )?P[1 - (1 - )R] 1
G-B Ginstling-Brounshtein equation 1-2B)a—(1- ) G321 - ) =13 1)1
Zh Zhuravlev equation [(1 - o) 1R —1)2 (3/2)1 = )*P[(1 - )73 — 1] 71
A b Bidimensional [-In(t - )2 21~ l-in(t -]

Aj Tree-dimensional [-In(1 — )]¥3 3(1 — a)[-In(1 - o)]%3
P-Ty Prout-Tompkins (m = 0.5) In[(1 + «2)/(1 - &12)] (1 - o) 12
P-T, Prout-Tompkins (m = 1) In(e/(1 — )] 1-0)

Fy Chemical reaction First-order -In(1 - «) 1-«

F, Second-order 1-0)1-1 1 - «)?

R Limiting surface reaction between o 1

1 both phase One dimension.
R, Two dimension 1-(1 -l 2(1 - )2
Rj Three dimension 1-(1-)tP 3(1 - x)?P

2.3.1. Friedman Method

In the case of iso-conversional differential models, Friedman’s method is probably the most
general of the derived techniques. It is based on the comparison of the conversion velocity da/dT for a
conversion grade a determined, using different heating rates [45]. It is necessary to work with a degree
of advance range « in which the linear fit is adequate. Considering the natural logarithm on both sides
of Equation (2) and simplifying, the general equation of this method is as follows:

Zn(‘;—f) - zn[ﬁ(j—;’i)] — In[Af(a)] - If—”T 9

By analogy of the general equation of the straight line (y = mx + b), through the Friedman
method, it is possible to obtain the value of the activation energy by graphing In(da/dt) vs. 1/T, for
each conversion value, ¢, at different heating rates. The resulting graph will show several lines that,
according to Equation (3), will have a slope () equal to —Ea/R [46].

2.3.2. Flynn-Wall-Ozawa Method (FWO)

The FWO method is one of the most common and widely accepted methods in the scientific
community for calculating thermokinetic parameters from experimental data. This method uses
a correlation between the heating rate of the sample, the activation energy and the temperature
inverse [47]. It is an integral and iso-conversional technique that assumes that Ea is constant in every
reaction process considering time from ¢ = 0 until ¢, where f« is the conversion time of « [48].

Integrating Equation (3) with respect to the variables @ and T results:

*da A (Te —Ea
gla) = ; m—gﬁ exp(ﬁ)d”f 4)

where T is equal to the conversion temperature a. Considering the value of E4/RT equal to x,
Equation (4) is transformed into:

AE Cexp™  AE
— o [ = S )

8l@) = TR 2 PR

where p(x) represents the integrand on the right side of Equation (4) and is known as the temperature
integral. This integral does not have an exact analytical solution [49], however, as noted below, it can
be approximated through an empirical interpolation formula proposed by Doyle [50]:

log p(x) = —2.315 — 0.4567x, for a range x: 20 < x > 60 6)
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Considering this approximation to the right member of Equation (4) and applying the natural
logarithm on both sides of the equation the final form of the OFW model is obtained:

E, Ea

logB = log| A=——]—2.315-0.4567 — 7

oo =) RT 7

According to Equation (7) and when graphing the logf versus 1/T at different heating rates, parallel

straight lines are obtained for each degree of conversion a. The value of the apparent activation energy

is calculated across the slope of those lines. Such slope is proportional to the expression —0.4567E,/R.
The value of logA is given by the intercept (logf) of each line with the vertical axis of the graph.

2.3.3. Kissinger-Akahira-Sunose Method (KAS)

The KAS method is a non-isothermal iso-conversional technique which, like the previous method,
is widely used. The KAS method uses the Arrhenius equation using a differential method. This method
does not require knowledge of the exact thermal degradation mechanism [51]. The KAS method is
derived from Equation (2), which is integrated from specific conditions (x = 0, T = Ty), to get the

following expression:
Y iy A (T E AE (E
g(x>fo o Efn exp( - 1T = ﬁ—RP(R—T) ®)

As can be seen from Equation (8), the frequency factor A, the function f(x) and the activation
energy Ea, are temperature-dependent T, however Ea and A are independent of x. By re-integrating
Equation (8), an expression is obtained as a function of natural logarithms:

In(g(a)) = ln(%) —Ing+In (p%) )

Considering the approximation of Coats-Redfern [52] where:

E,
(E) | | (10)
G
RT
Combining Equations (9) and (10) and simplifying gives the main expression of the KAS method:
B AR E,
Inh— =1 - — 11
"2 T " Eg(a)| RT ()

From Equation (11) the apparent activation energy can be obtained by graphing In(/T?) versus
1/T where the value of the slope of the line obtained is equal to —Ea/R for a constant value of the degree
of conversion, «.

2.3.4. Frequency Factor (Z)

Because the vast majority of thermal analyses are carried out at a constant heating rate, a more
useful approach for the Arrhenius integral has been implemented under experimental conditions of
a linear temperature program and to extend these results of the unequivocal determination of the
Arrhenius kinetic parameters by establishing the iso-conversional method whose final expression
is [53]:

B (Ea+2+R*Ty) +efs

7 =
R=*T?2

(12)
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where: Z, is the frequency factor (min~!), B, is the heating speed (°C/min), Eg, is the activation energy
(kJ/mol), T is the temperature (K), where the maximum conversion is reached («).

2.4. Fourier Transform Infrared Analysis (FT-IR)

The infrared spectroscopy technique will identify the main gaseous products produced during the
pyrolysis of the three forest species. The The FT-IR values of the lignocellulosic materials were obtained
using the PerkinElmer ATR 400 model resolution 4 cm~!. The biomass was prepared with methods
well established in the literature for IR analysis. All the spectra were acquired (16 scans/sample) in the
range of 6504000 cm™! with 4 cm™~! resolution.

3. Results and Discussion

3.1. Chemical Analysis

Table 3 shows the results of the elementary analysis of P. pseudostrobus, P. leiophylla and P.
montezumae previously obtained by some of the authors who collaborated in this research [30]. A low
ash content (0.13-0.23%) can be observed in all three species of pine, which is very significant and
attractive in the thermal degradation processes of lignocellulosic biomass [22]. A high degree of ash in
the fuel can damage combustion equipment and users when they have to do cleaning work [54]. With
regard to the mineral composition of the ash, the elements, calcium, potassium, magnesium, silicon
and aluminium, were the elements that were presented in greater quantity. It should be noted that the
content of potassium (12.23-21.1%) and sodium (2.17-5.74%), help reduce the melting point of the
ash [55,56]. A high content of magnesium (Mg), allows an increase in the melting point of the ash. It
should also be mentioned that the high amount of calcium (25.48-42.46%) reduces the amount of ash,
although it can increase its melting point [22]. Silicon, is fixed in silicates. In this case the amount of
silicon (4.57-17.46%) helps to significantly reduce the melting point of the ash [57].

Table 3. Chemical analysis of P. pseudostrobus, P. leiophylla and P. montezumae wood sawdust [27].

Parameter P. pseudostrobus P. leiophylla P. montezumae
Ash (%) 0.19 (+0.1) 0.23 (+0.06) 0.13 (+£0.01)
Elemental ash composition of forest residues the three conifers (%)

Ca 25.48 (+0.5) 42.46 (+0.98) 42.44 (+0.54)

K 12.23 (+0.77) 13.16 (+0.78) 21.1 (+0.66)
Mg 10.82 (+0.44) 21.64 (+0.31) 13.08 (+0.47)

P 9.35 (+0.54) 5.37 (+0.20) 4.06 (+0.16)

S 1.70 (+0.21) 3.8 (£0.18) 2.59 (+£0.09)
Na 2.17 (+0.37) 5.74 (+0.61) 2.33 (+£0.29)
Si 17.46 (+0.70) 4.57 (+0.43) 4.89 (+0.61)
Al 12.70 (+0.69) 3.22 (+£0.51) 6.26 (+£0.28)
Fe 7.01 (+0.33) no detected 3.21 (x0.24)

Ti

0.5 (+0.1)

no detected

no detected

3.2. Thermogravimetric Analysis

Figure 1A-C, illustrate the P. Pseudostrobus, P. leiophylla and P. montezumae curves with respect
to mass loss and temperature (TGA) for heating rates of 5, 10, 15, 20, 25 and 30 °C/min in nitrogen
inert atmosphere. The curves show the typical appearance of pyrolysis of lignocellulosic materials
and from them the thermal phases for each of the 3 can be located. The main reactions consist of
broken glycosidic bonds with the consequent partial depolymerization of the cellulosic component of
the wood.
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Figure 1. TGA curves and percent mass loss of P. pseudostrobus (A), P. leiophylla (B) and P. montezumae

(C) under N at different heating rates.
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According to several researchers, hemicellulose decomposes in a range between 180-340 °C, which
is less than cellulose when decomposing between 230450 °C and the latter less than lignin, which is
thermally transformed at a temperature greater than 500 °C [53,58]. Cellulose decomposition occurs
in two ways. First, the bonds are divided into monomers at a lower temperature and form CO, CO,
and carbonaceous gases. Then, at a higher temperature, liquid formation occurs. In stage three, lignin
decomposes at a temperature above 500 °C and at a slower rate due to an association with a hydroxyl
phenolic group. At this stage there is the presence of high molecular weight carbonaceous products.

The thermograms of Figure 1A-C, can be divided into four distinct zones, zone 1 (T < 50 °C), which
corresponds to an increase in mass which is attributable to condensation of water and the formation of
intermediate compounds which are subsequently decomposed. Zone 2 (T ~ 135 °C), where moisture
evaporation takes place and the release of CO, CO;, and extractable materials. According to the
literature, between 180 and 400 °C the highest devolatilization occurs, which has been designated as
the zone of active pyrolysis [59]. At a temperature higher than 200 °C and up to approximately 400 °C,
zone 3 is present, where the maximum degradation of hemicellulose, cellulose and lignin is reached
about 80% of the total mass. During this stage most of the volatiles were released and the evolution of
the secondary gases was practically completed at 400 °C, which led to the formation of carbon [60]. In
the passive zone, there is no decomposition but the carbon and ashes are part of the final solid waste. It
is worth mentioning that from 400 to 700 °C the condensed system grows gradually, but all peripheral
atoms are bonded by chemical bonds to hydrogen atoms or hydrocarbon groups, substances that have
high electrical resistivity. It is important to mention that high heat flows in the highest heating zone
decrease the viscosity level in the material, while increasing the reactions that form the volatiles. This
behavior has been previously described for several biofuels [61,62]. The highest mass loss is identified
at the maximum peak in the thermo-differential analysis (DTG) curves. DTG is shown in Figure 2A-C.
As predicted, the graphs show three main areas. First peak is observed due to the elimination of
moisture and light volatile matter when heated from 50 to approximately 135 °C. The main stage of
thermal decomposition is carried out in a temperature range between 200-400 °C at heating rates
between 5-30 °C/min. Two peaks are observed that are evidence of hemicellulose and cellulose
decomposition, while there is no indication of any peak derived from lignin decomposition [63]. The
second (280-340 °C) and third peak (350—400 °C) appear when hemicellulose and cellulose compounds
are transformed. In the final part, the lignin has been transformed at a lower speed, so that a maximum
carbonization has been carried out. A comparison between the peaks of hemicellulose, cellulose
and lignin shows that they have different height and position, which indicates the influence of the
distribution of organic and inorganic compounds in the thermal degradation process of P. pseudostrobus,
P. leiophylla and P. montezumae.

It is observed that as the heating rate increases, so does the temperature at the beginning and end
of pyrolysis. The region where the moisture is volatilized does not show a greater variation with the
change of the heating rate. Another important aspect is that the maximum points of the TGA curves
and the minimum points of the DTG curves move towards higher temperatures. This is related to
the heat transfer concept, where at a lower heating rate, there is locally greater thermal energy, which
promotes that the balance with the inert atmosphere takes longer. In parallel, and in the same heating
range, there is an increase in the heating rate which promotes a decomposition of the sample at a
higher temperature, causing the curve in this heating zone to move in a rightward direction [64]. This
phenomenon has also been observed by other researchers [65,66].
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Figure 2. DTG of P. pseudostrobus (A), P. leiophylla (B) and P. montezumae (C) under N, at different
heating rates.

3.3. Kinetic Analysis

The kinetic parameters have been studied in a distributed manner according to the possible values
by careful sampling. The distribution of the kinetic parameters is reported for each model used. From
the data obtained from the thermogravimetric analysis and for a given fractional conversion value (x),
the three iso-conversional kinetic methods mentioned above from Friedman, FWO and KAS were used
to determine the values of the main kinetic parameters such as activation energy (Ea) and frequency
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factor (Z) for each value from «, during pyrolysis of the P. pseudostrobus, P. leiophylla and P. montezumae.
Equations (3), (7) and (11) were used for each method. Figure 3A-C, shows the conversion change,
o, with respect to temperature at different heating rates for each pine species and it can be seen that
activation energy is a function of fractional conversion, this is because most lignocellulosic biomass
pyrolysis reactions do not represent a single-step global mechanism, on the contrary, it follows a
multi-stage reaction, which means that pyrolysis of P. pseudostrobus, P. leiophylla and P. montezumae, is a
complex process consisting of several reactions.

To determine the kinetic parameters, values have been selected from « where the calculated
squares of the correlation coefficient, R?, were greater than 0.90 for all curves at different heating rates
and locating the corresponding temperature. The graphs of the Friedman methods, In[d«/dt] versus
1/T; Flynn-Wall-Ozawa (FWO), Inf3 versus 1/T; and Kissinger-Akahira-Sunose (KAS), In(3/T 2) versus
1/T, for different conversion values, «, are shown in Figure 4A-C, Figure 5A-C, and Figure 6A-C, for
P. pseudostrobus, P. leiophylla and P. montezumae, respectively. The apparent activation energies, Ea,
were obtained from the slopes in each model (see Table 4) and the average frequency factors from
Equation (12), which can be seen in Table 5.

The Friedman, OFW and KAS models adjust to the degradation of P. pseudostrobus, P. leiophylla and
P. montezumae since the correlation coefficient, R?, is close to 1 in the conversion range (x) of 0.20, 0.25,
0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.65 and 0.70. It is important to mention that, using the available
experimental data and during the adjustment of the data in each model, low correlation was observed
for conversion values lower than 0.20 and higher than 0.70, which means that the R? values showed a
low correlation value [34,67]. Iso-conversional methods (model-free) allow to estimate the activation
energy as a conversion function without a previous assumption in the reaction model and allow to
detect almost unequivocally the kinetics of multiple steps as a dependence of the activation energy (Ea)
with respect to the conversion («), in contrast to methods like Kissinger’s, which produces a single Ea
value for the whole process and the complexity of the system may not be accurately revealed [68].

The average of the activation energies (Table 4) calculated from the Friedman, OFW and KAS
methods was 126.58, 123.22 and 112.72 kJ/mol respectively with regard to P. pseudostrobus; 146.15,
143.24 and 132.76 kJ/mol respectively for P. leiophylla and 148.12, 151.80 and 141.25 kJ/mol respectively
for P. montezumae, checking the compatibility of the data obtained in the thermal transformation of
biomass by TGA, being compatible with the proposed mathematical models when conversion values
between 0.20 and 0.70 are used.

Similar results have been reported in other kinetic studies of thermal processes in forest residues
for several pine species. For example, Pinus insignis, a change in Ea energy in the range of 62-206
kJ/mol was found [69]. Da silva et al., reported the kinetic mechanism of Pinus elliottii and calculated
an average Ea of 145.24 kJ/mol [10]. Dominguez et al. reported Ea values for pyrolysis of Pinus radiata
residues in the range of 117.7-135.5 k]J/mol [70]. As can be seen there are some differences in the Ea
values obtained in this investigation, however, it should be noted that the results for the apparent
activation energy reflect contributions from various stages where reactions occur that contribute to
changing the speed of the overall reaction process. The previous behaviour, in processes of thermal
transformation of lignocellulosic materials, presents variations both in temperature and in the reaction
level or degree of reaction, frequently observing an overlapping of such parameters [71,72]. On the
other hand, the activation energy depends on the pyrolysis reaction mechanism. As mentioned above,
the Ea is the minimum required to carry out an alteration in the bonds of each atom involved in the
reaction, therefore as the activation energy is higher, the speed of the reaction will be lower. Generally,
variables such as the degree of speed of the entire reaction, as well as the system’s reaction level, will
be governed by this parameter.

Several authors state that the reactivity of fuels derived from the pyrolysis of biomass can be
calculated from the calculated activation energy of a thermal process [73]. Fuel reactivity is of great
importance when planning the design and development of a pyrolytic reactor for lignocellulosic
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biomass. It is worth mentioning that the current research is directed at the three main constituents of

vegetal biomass, such as cellulose, hemicellulose and lignin.
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Figure 4. Determination of activation energy by the Friedman method of Pinus pseudostrobus (A), Pinus
leiophylla (B) and Pinus montezumae (C).
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Figure 5. Determination of activation energy by the FWO method of Pinus pseudostrobus (A), Pinus

leiophylla (B) and Pinus montezumae (C).
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Figure 6. Determination of activation energy by the KAS method of Pinus pseudostrobus (A), Pinus
leiophylla (B) and Pinus montezumae (C).
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Table 4. Ea (kJ/mol) and R? for P. pseudostrobus, P. leiophylla and P. montezumae by Friedman, FWO and
KAS methods, R? corresponding to linear fittings in Figure 4A—C, Figure 5A-C and Figure 6A-C.

Conversion (x) Ea, Friedman R? Ea, FWO R2 Ea, KAS R?

0.20 139.60 0.9698 105.24 0.9822 95.48 0.9784

0.25 138.62 0.9693 112.02 0.9873 102.04 0.9846

0.30 85.72 0.9873 116.79 0.9885 106.65 0.9861

0.35 125.29 0.9936 120.66 0.9876 110.36 0.985

PP 0.40 128.95 0.9925 124.18 0.9864 113.75 0.9837
0.45 141.33 0.9806 127.37 0.9863 116.80 0.9835

0.50 143.34 0.9471 125.76 0.9888 115.082 0.9866

0.55 119.56 0.9896 130.52 0.9891 119.75 0.9869

0.60 144.58 0.9942 130.97 0.9897 120.11 0.9876

0.65 102.50 0.9801 131.34 0.989 120.41 0.9867

0.70 122.88 0.9194 130.58 0.9806 119.55 0.9767
Average 126.58 0.9748 123.22 0.9868 112.72 0.9841
0.20 126.63 0.9487 124.86 0.9990 115.09 0.9989

0.25 97.06 0.9795 130.28 0.9992 120.31 0.9991

0.30 96.81 0.9546 135.02 0.9980 124.88 0.9976

0.35 185.14 0.9589 139.99 0.9965 129.70 0.9959

PL 0.40 201.07 0.9971 144.75 0.9950 134.32 0.9941
0.45 146.74 0.9624 147.59 0.9951 137.03 0.9942

0.50 139.45 0.9891 148.89 0.9965 138.23 0.9960

0.55 182.75 0.9907 149.14 0.9974 138.40 0.9970

0.60 161.10 0.9883 149.53 0.9976 138.71 0.9972

0.65 143.94 0.9666 150.64 0.9968 139.73 0.9963

0.70 126.93 0.9261 154.96 0.9806 143.94 0.9774
Average 146.15 0.9692 143.24 0.9956 132.76 0.9948
0.20 85.16 0.9534 138.33 0.9872 128.45 0.9850

0.25 115.97 0.9878 142.98 0.9927 132.89 0.9915

0.30 190.20 0.9962 147.80 0.9951 137.57 0.9943

0.35 114.47 0.9802 152.57 0.9961 142.19 0.9955

PM 0.40 218.99 0.9919 155.63 0.9970 145.12 0.9965
0.45 124.45 0.9934 155.93 0.9977 145.31 0.9974

0.50 115.32 0.9916 155.09 0.9980 144.38 0.9977

0.55 115.27 0.9935 153.93 0.9977 143.12 0.9973

0.60 196.31 0.9759 153.69 0.9976 142.81 0.9972

0.65 147.50 0.9763 154.74 0.9977 143.79 0.9974

0.70 205.71 0.9712 159.129 0.9864 148.12 0.9844
Average 148.12 0.9828 151.80 0.9948 141.25 0.9940

PP: Pinus pseudostrobus; PL: Pinus leiophylla; PM: Pinus montezumae.

The Ea value of such biochemical components can vary in amounts from hundreds (cellulose and
hemicellulose) to tens (lignin) of kJ/mol. This means that depending on the type of lignocellulosic
material being studied, variations in the activation energy will result in the whole thermal process
of biomass transformation [74]. The values of the apparent activation energies for the KAS and
OFW methods vary approximately from 95 to 131 kJ/mol (P. pseudostrobus); from 115 to 143 KJ/mol
(P. leiophylla) and from 128 to 148 kJ/mol (P. montezumae), respectively, and for the Friedman method
from 85 to 144 kJ/mol (P. pseudostrobus); from 96 to 200 k]/mol (P. leiophylla) and from 85 to 200 kJ/mol
(P. montezumae).

In this way, it can be considered that the pyrolysis process of the three selected pine species
maintains different reaction mechanisms in its transformation, besides, Ea is positively a function of «.
Most variations occur in the early stages of decomposition in the range of 0.20-0.30. In the later stages
(o =0.40-0.70), degradation is controlled by an almost stable activation energy due to the superposition
of secondary decomposition reactions. Secondary reactions derived from various constituents of
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the lignocellulosic material, as well as their relationship with other compounds produced, have a
reaction rate that is directly related to Ea, which will generally describe the thermal transformation. It
is important to note that some activation energy values (P. montezumae) reappears ending the thermal
decomposition process which can be influenced by the possible formation of slag that can occur at
elevated temperatures. Comparing the results of the Ea through the OFW and KAS models, it can be
clearly seen that the values per OFW are higher, which can be explained due to the considerations that
were taken into account in the calculations for the temperature integral and the corrections during
the process. With respect to the activation energies, it is worth mentioning the excellent concordance
between the results obtained with deviations of less than 10% between the OFW and KAS methods.
These results demonstrate that the OFW and KAS methods are highly reliable for predicting activation
energy in pyrolysis processes.

Table 5. Average frequency factor Z (s~1) calculation results as a function of a (0.70 < a > 0.20) and
(°C/min) for Pinus pseudostrobus, Pinus leiophylla and Pinus montezumae obtained by Friedman, FWO

and KAS kinetic models.
B 5 10 15 20 25 30

FRIEDMAN 6.28 x 10° 6.48 x 10° 4.46 x 10° 4.73 x 10° 3.87 x 10° 3.72 x 10°

PP OFW Z 1.69 x 108 1.89 x 108 1.71 x 108 1.79 x 108 1.50 x 108 1.55 x 108
KAS 1.95 x 107 2.29 x 107 2.15 x 107 2.30 x 107 1.98 x 107 2.08 x 107
FRIEDMAN 1.06 x 1014 8.90 x 1013 6.24 x 1013 6.16 x 1013 5.62 x 1013 4.71 x 1013

PL OFW Z 9.04 x 107 9.66 x 10° 8.24 x 10° 8.69 x 107 8.62 x 10° 8.10 x 10°
KAS 1.07 x 10° 1.19 x 10° 1.06 x 10° 1.13 x 10° 1.14 x 10° 1.09 x 10°
FRIEDMAN 2.65 x 101° 1.78 x 10%° 1.59 x 10%° 1.50 x 1015 1.22 x 10%5 1.09 x 10%°

PM OFW Z  3.88x10%0 3.58 x 1010 3.64 x 1010 3.82 x 1010 3.45 x 1010 3.34 x 1010
KAS 4.61 x 10° 447 x 10° 4.66 x 10° 497 x 10° 459 x 10° 450 x 10°

PP: Pinus pseudostrobus; PL: Pinus leiophylla; PM: Pinus montezumae. OFW: Flynn-Wall-Ozawa;
KAS: Kissinger-Akahira-Sunose.

As can be seen in Table 4, the average values of the correlation coefficient (R?) for the three
methods and for each of the pine species were found to be greater than 0.96. In this case the results
obtained from the three models presented an excellent correlation for a value of « = 0.20-0.70. For
Friedman, OFW and KAS methods such values of R? very close to the unit were 0.9748, 0.9868 and
0.9841 with regard to P. pseudostrobus. A variation of R? from 0.9692, 0.9956 and 0.9948 for P. leiophylla
respectively and finally to P. montezumae the range of R? presented a variation of 0.9828, 0.9948 and
0.9940 in every method employed.

According to Table 5, the average frequency factor (Z) for each heating speed () in the
Friedman, KAS and OFW methods varies from 6.28 x 10°-3.72 x 10%; and 1.69 x 108-1.55 x 10%; and
1.95 x 107-2.08 x 107 for P. pseudostrobus, respectively. On average, a variation of Z was found for P.
leiophylla from 1.06 x 10'4-4.71 x 10'3; and 9.04 x 10°-8.10 x 10%; and 1.07 x 10°~1.09 x 10° respectively.
finally, to P. montezumae the results of Z, were 2.65 X 101°-1.09 x 10%5; and 3.88 x 1010-3.34 x 1019;
and 4.61 x 10°-4.50 x 10° respectively. A low Z value represents the surface reactions, however,
if the surface is not involved, a low Z value means the presence of a more compressed material,
and conversely, if a high Z value is present, it means that the material is more relaxed. If surface
corrections can be made, high values of the frequency factor can be achieved, as long as the complexes
present can be moved on the surface. It is important to consider the Z factor as an indicator of
molecularity, because it is not easy to control high concentrations in solids. For low values of Z
around 109 s~! or lower, it is possible to have such behavior. However, the reactions present will
be bimolecular if they are elementary [75]. It is important to mention that the frequency factor
calculated from the iso-conversational methods has no physical importance; it is only considered as an
adjustment parameter [34]. It should be noted that, according to the literature review, this research is
the first attempt to describe a detailed thermokinetic process considering each stage of pyrolysis of P.
pseudostrobus, P. leiophylla and P. montezumae forest residues.
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Figure 7A-C show the behaviour of the degree of advance with respect to the activation energy of
the P. pseudostrobus, P. leiophylla and P. montezumae, where the high dependence of the activation energy
with respect to the degree of conversion is first observed. Due to different reaction mechanismes, it is
observed that the activation energy increases proportionally to the degree of conversion in the three
Friedman, FWO and KAS models, reaching a maximum value when « is in the range of 0.55 to 0.70.
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Figure 7. Behavior of Ea as a function of a for the three kinetic models applied of Pinus pseudostrobus
(A), Pinus leiophylla (B) and Pinus montezumae (C).
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It is also observed that in the FWO and KAS methods, the higher activation energy values in
the pyrolysis process occur at higher heating rates, which can be explained by the shorter residence
time, with the higher activation energy needed to overcome the activated complex of various chemical
reactions such as depolymerization and repolymerization.

3.4. Fourier Transform Infrared Analysis (FT-IR)

The species of the wood samples, which were analyzed in this study, are P. pseudostrobus, P.
leiophylla and P. montezumae. The FT-IR spectrum of the three pine species is shown in Figure 8.
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Figure 8. FT-IR of Pinus pseudostrobus, Pinus leiophylla and Pinus montezumae.

The following main absorption regions may be highlighted. Firstly, bands in the range 3000
to 3500 cm™! are observed due to the O-H stress of the intermolecular hydrogen bonded. Such
a region is defined for hydroxyl groups according to a certain frequency value, for example the
indicated maximum of 3336 cm™~!. According to literature when an inter-intra-molecular combination
of Hj bonds is present, it is possible to cause an increase in the OH band of the IR [76]. In the
band range between 3000 and 2700 cm ™! symmetrical and non-symmetrical vibrations are associated
according to the presence of methylene, methoxyl C-H and methyl groups, which are constituents
of hemicellulose [77]. In the band range from 2170 to 2000 cm~! there is the presence of gases such
as CO, and CO. When observing all the spectra, it can be observed that there is a concentration of
peaks that stands out in the determined region between 800 and 1800 cm~'. Such peaks represent
some bands that stretch and deform to various groups and vibrational values that correspond to
the constituents of the lignocellulosic material. This range represents very valuable information in
lignocellulosic materials regarding changes (stretching and deformation vibrations) in the components
of cellulose, hemicellulose and lignin [78]. Then, there are some absorption peaks between 1646 and
1740 cm™! corresponding to the vibrations of the carbonyl groups C=0, acetyl and carboxyl groups
present in hemicellulose and cellulose [77]. The band of absorption between 1514 and 1646 cm™! is
attributed to the vibrations of the groups C-O-C of the ring of the 3-glucopyranosa that constitutes
the cellulose. There are bands in the range of 1430~1602 cm™! corresponding to the vibration of the
structure of the aromatic rings (C = C) characteristic of cellulose and lignin. When identifying the loss
of acetyl-type groups, usually there is a reduction in the band with a value of 1253 cm~! as can be
seen in Figure 8, which represents the vibration in C-O bonds of Ph-C, that is an important part of
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both the lignin aromatic ring and the xyloglucan [79]. The band present in 1154 cm™~! represent the
vibrational behavior of C-O-C bonds of the esters characteristic of hemicellulose and cellulose. The
1022 cm™! signal to the C-O vibration of alcohols is attributed to hemicellulose, cellulose and lignin.
Finally, the bands in the range 800-895 cm™! are those corresponding to the vibration of the structure
of the aromatic rings (C-C) characteristic of lignin degradation. It is important to mention that, the
wavelength value equal to 1514 cm™~! corresponds to the structure of the aromatic ring of the lignin, i.e.,
the C-C bonds [80,81]. According to those reported by other authors, glucose ring stretching vibration
is found at wave number 1111 cm™! [82], which is also shown in Figure 8.

4. Conclusions

For the first time, the kinetics of the pyrolytic process of P. pseudostrobus, P. leiophylla and P.
montezumae in an inert atmosphere has been studied by thermogravimetric analysis to determine its
most representative kinetic parameters, such as activation energy and frequency factor. According to
the TGA analysis, the most important quantitative phase of pyrolysis of the three pine species studied
takes place in the 150 to 400 °C range. Approximately up to 250 °C a loss of 10 to 15% of mass occurs,
corresponding to the first stage, i.e., loss of water and extractives. From 250 °C to 400 °C most of the
volatile substances are released, mainly hemicellulose and cellulose being decomposed, with a loss of
mass of about 80%. A rapid reduction of volatile compounds was observed at high temperatures (T >
400 °C) as well as coke formation.

The average activation energy determined by the Friedman, OFW and KAS methods was 126.58,
123.22 and 112.72 kJ/mol respectively with regard to P. pseudostrobus; 146.15, 143.24 and 132.76 kJ/mol
respectively for P. leiophylla and 148.12, 151.80 and 141.25 kJ/mol, respectively, for P. montezumae,
respectively, resulting in similar values in magnitude for the three methods and maintaining a tendency
to increase with increasing heating velocity. For the range « = 0.20-0.70 and according to the results, it
was possible to observe an optimal correlation (average R? > 0.97) in practically all the experimental
data used in the mathematical models applied in this investigation to determine the Eg, in this sense,
the non-consideration of some data for the calculation and analysis of Eg, it does not affect the veracity
and quality of the results.

The average frequency factor (Z) for each heating rate () in the Friedman, KAS and OFW methods
varies from 6.28 x 10°-3.72 x 10%; and 1.69 x 10%-1.55 x 108; and 1.95 x 107-2.08 x 107 for P. pseudostrobus,
respectively. On average, a variation of Z was found for P. leiophylla from 1.06 x 10'4-4.71 x 10'3; and
9.04 x 10°-8.10 x 10%; and 1.07 x 10°~1.09 x 10%, respectively. Finally, to P. montezumae the results of
Z, were 2.65 X 1015-1.09 x 10%5; and 3.88 x 101°-3.34 x 10'%; and 4.61 x 10°—4.50 x 10°, respectively.
When performing the kinetic analysis and taking into account the error values and the determination
coefficient, it is established that the FWO and KAS models are best suited to the thermal degradation
of P. pseudostrobus, P. leiophylla and P. montezumae. The variability of the Ea values when applying these
methods confirm the complexity of the degradation process. Finally, it should be mentioned that the
low ash content of P. pseudostrobus, P. leiophylla and P. montezumae make them good candidates for the
production of biochemical products such as methane and its subsequent processing for the production
of hydrogen. According to FI-IR analysis, it was observed that all relative intensities in all bands
were higher for P. montezumae, followed by Pinus leiophylla and finally P. pseudostrobus. The band is
mainly distinguished in the maximum peak of 1022 cm~!. The differences between the IR values in the
softwoods used in this research may be related to the amount of the main biochemical components of
the lignocellulosic material, i.e., cellulose, hemicellulose and lignin.
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