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ARTICLE INFO ABSTRACT

Keywords: Leucaena leucocephala is a fast-growing leguminous biomass with great energetical and value-
Leguminous added chemical compounds potential (saccharides, biogas, bio-oil, etc.). Using the thermogra-
Biofuel

vimetric and derivative thermogravimetric curves, the different trends followed by L. leucoce-
Gasification phala during pyrolysis, 0.25 equivalence ratio (ER) of gasification, 0.50 equivalence ratio of
DAEM method gasification and combustion were analyzed, and the activation energies were obtained by
TD-GC/MS Distributed Activation Energy Model (DAEM) method. Gas samples were collected through
adsorption tubes during the gasification at 0.25 ER and 0.50 ER to observe the distribution of the
main chemical products in this process by gas chromatography/mass spectrometry and were
compared with pyrolysis products. It was found that small amounts of oxygen have changes in the
kinetics of the process, leading to significant decreases in the activation energy at the beginning of
the degradation of components such as cellulose (from 170 to 135 kJ mol ! at 0.25 conversion at
0.50 ER gasification). The activation energy of lignin disintegration was also reduced (342 kJ
mol 1), assimilating the beginnings of gasification processes such as the Boudouard reaction. 0.50
ER gasification is potentially an interesting process to obtain quality bio-oil, since a large amount
of hexane is detected (44.96%), and value-added oxygenated intermediates such as alcohols and
glycols. Gasification at 0.25 ER, on the other hand, is much more similar to pyrolysis, obtaining a
wide variety of short-chain compounds resulting from the disintegration of the main lignocellu-
losic components, especially ketones such as 1-hydroxypropan-2-one (19.48%), and notable
amount of furans and anhydrosugars like d-allose (5.50%).

Pyrolysis

1. Introduction

It is estimated that the human industrial activity has increased global temperature by around 0.2 °C per decade, which in 2017 was
between 0.8 and 1.2 °C, over pre-industrial revolution levels. The Intergovernmental Panel on Climate Change (IPCC) demonstrated
that even fulfilling the current promises of the Paris agreement, the temperature will continue to rise with severe consequences for
ecosystems and the lives of people [1]. The need to drastically reduce the emission of greenhouse gases is fully accepted, reducing 25%
in 2030 would be below 2 °C pre-industrial, but the ultimate goal is net zero emissions. To achieve this goal, a change in society must be
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proposed, especially in the energy sector, which continues to be supplied mostly by fossil fuels, although it is already turning to
innovate to develop an increasingly clean sector [2]. One of the routes with the most potential to generate energy in a sustainable
system is the use of biomass as a substitute for traditional fossil fuels. Even though the sustainability of the consumption of
first-generation biomass (traditional crops) is highly criticized due to problems of deforestation, abusive use of water and pollution [3],
second-generation biomass (forestry, agricultural and urban organic fraction or industrial waste) has a good availability of feedstock
with a very low carbon impact and sulfur content [4]. The energy potential of second-generation biomass is high and could represent a
significant fraction in the global energy mix, which is estimated that it was 53 EJ for the year 2018 [5].

The use of biomass directly as biofuel presents serious complications being its high humidity, oxygen content, low calorific value
and high variable in composition and properties, some of the major issues [6]. However, the application of thermochemical treatments
to convert biomass into products that are easier to process is an appropriate path to avoid this awkwardness. The goal of thermo-
chemical treatments of biomass is to minimize unwanted by-products by optimizing process parameters [7]. Heat and specific
chemical alterations are applied to biomass to generate biofuels with a higher quality and energy density than the direct use of biomass
itself [8]. The main thermochemical processes to convert biomass into quality biofuels are torrefaction, combustion, pyrolysis and
gasification [9]. Torrefaction is a process that concerns a moderate pyrolysis of biomass at not excessive temperature (200-300 °C)
which partly degrades the lignocellulosic components while removing water and some more susceptible volatile organic compounds,
generating a biochar similar to fuel coal [10]. Pyrolysis is a high temperature process (250-600 °C) under inert conditions that allows
biomass to be converted into three fractions: bio-liquid, biochar and biogas, which can be used to produce energy including derivate
products of the chemical industry [11]. Heat and electricity are the result of the combustion of biomass, the most widespread ther-
mochemical process in the industry, although the large amount of CO, and NOs in real process must be considered, there are even
studies that indicate that carbon dioxide debt could be highly dependent on the relationship between burning and reforestation in-
tensity [12]. Gasification is an emerging thermochemical process that operates in the presence of an oxidating atmosphere to produce
synthesis gas (CO + Hy) and far fewer dangerous products such as particles, mercury, NOy, SOy and CO2, among many others [13]. The
parameter that most influences the gasification process is the equivalence ratio (ER) defined as the relationship between the oxygen or
air that is fed to the process and that necessary for the complete oxidation of the matter, normally industrial gasifiers feed oxygen
between 0.1 ER and 0.5 ER to control the quality of the generated gas [14]. An alternative that is spreading and that improves the
nature of bio-oil overcoming various barriers in traditional treatments is the application of co-thermochemical conversions of
lignocellulosic materials and fossil feedstocks [15].

Owing to the intricacy of the thermochemical processes of biomass conversion, it is hard to define the kinetics of this reactions and
anticipate the formation of bioproducts adequately, therefore, designing and optimizing these processes is an arduous task [16]. A very
useful tool for the research and understanding of the kinetic behaviour of these processes is thermogravimetric analysis (TGA) which
the loss of mass during the increase in temperature due to the decomposition processes is measured. There are numerous kinetic
models to use the numerical data obtained by TGA as model-fit or model-free, however, although these models have been contrasted
for highly heterogeneous reactions, kinetic models, among those which attract attention the activation energy distribution model
(DAEM) to study biomass kinetic parameters, are comparatively better [17]. In DAEM approach, it is considered that distinct
first-order reactions with an irreversible component are occurring concurrently during the thermal process of sample destruction in
consequence it is a method that is closer to reality since it does not consider a single first-order reaction like typical kinetic methods
[18]. These considerations are very useful when studying different thermochemical processes as in this study, and it is the reason why
the distributed activation energy model (DAEM) method is used for kinetic analysis.

Regarding biomass, in recent years, leguminous have gained relevance as an environmentally friendly alternative to typical fast-
growing biomasses such as eucalyptus, willow or poplar by virtue of its great capacity for nitrogen fixation, recovery of contaminated
soils and reforestation without absorbing so many water resources and care. As the most representative leguminous, this study chose
Leucaena leucocephala, a fast-growing tree native to Mexico that was introduced in other areas of the world mainly Australia as an
agroforestry crop for fodder, fuel and timber requirements [19]. This leguminous stimulates nitrogen fixation in consequence of
synergies with bacterial microorganisms of the variety Rhizobium. In areas where the vegetarian does not grow or very little due to the
poor conditions of metals in the soil, L. leucocephala has been used as revegetation biomass with good results [20,21].

Thermal desorption combined to gas chromatography-mass spectrometry (TD-GC/MS) is a frequently procedure for the inquiry of
organic volatiles compounds from gaseous samples [22]. Therefore, GC/MS is used to analyze the gas products which can avoid
secondary reactions between products highly reactive [23]. Likewise, the reactions mechanisms of pyrolysis-derived products such as
char with CO; gasification treatments were studied by TG-FTIR-GC-MS [24].

The aims of the article are to compare three thermal treatments (pyrolysis, gasification and combustion) ofLeucaena leucocephala, a
common leguminous biomass, from the kinetic perspective with the help of thermogravimetric analysis (TGA). The DAEM kinetic
method has been employed to accurately calculate kinetic parameters. Gasification of L. leucocephalawas conducted using 0.25 and
0.50 equivalence ratios of stoichiometric oxygen to identify key compounds and evaluate the potential of industrial products. These
equivalence ratios are within the range of operation for industrial gasifiers.

2. Materials and methods
2.1. Samples preparation and analysis

L. leucocephala samples were obtained from a specific crop in Campus La Rabida cultivated by the agroforestry group of the
University of Huelva (Huelva, Spain). The harvested wood was stored and soon after reduced its moisture content to less than 8 wt%
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and then chopped to pieces between 2 cm x 0.5 cm. The fragments of woody, branches and twigs were separated from leaves and non-
woody components previously to crush in a hammer mill to chips with a particle diameter of 0.5-5 mm according to standard Tappi T-
257 [25], which was the particle size of the thermogravimetric experiment.

The ultimate analysis of L. leucocephala was carried out applying the CHN method described in the ASTM D5373-02 method. The
elementary distribution of carbon, oxygen, hydrogen, nitrogen and sulfur in the biomass was 47.3, 41.6, 6.1, 1.9 and 0.1% respec-
tively, determined by the Higher Council of Scientific Research (CSIC) of Seville using an elemental analyzer (Leco TruSpec CHN) and
Eltra Helios CHS (University of Huelva). The empirical formula of L. leucocephala is CH1 54800,661N0,03450,001- Regarding lignocellu-
losic analysis, samples of L. leucocephala were exposed to quantitative acid hydrolysis with 72% sulfuric acid following TAPPI T-249
cm-85 [26], solid residue was recovered to measure Klason lignin resulted in 22.7%. The chemical components of L. leucocephala
divided into carbohydrates, predominantly Cg and Cs sugars representing cellulose and hemicellulose; extractives; and acetyl groups,
were measured by high-precision liquid chromatography (HPLC) in hydrolysates obtaining 37.1, 18.4, 1.9 and 2.1%, respectively for
the aforementioned compounds. The proximate analysis was carried out using a thermogravimetric analyzer following ASTM E870-82,
subjecting the wood samples to pyrolysis to determine their volatile content and combustion for the ashes. Both analyses give moisture
and, finally, fixed carbon was calculated by difference. The moisture of the samples was 7.03% and the volatile material, ash content
and fixed carbon were 81.67%, 1.99% and 16.34% correspondingly, the latter measured on a dry basic and all this by thermog-
ravimetry (Mettler Toledo thermogravimetry analyzer/DSC1 STARe system).

2.2. Thermogravimetric analysis

Thermogravimetric experiments applied to each of the thermochemical treatments were carried out in Mettler Toledo thermog-
ravimetry analyzer/DSC1 STARe System. The thermogravimetric system has been previously calibrated (25-1100 °C) according to
ASTM E1582-00 (Standard Practice for Calibration of Temperature Scale for Thermogravimetry). The samples of ground and well
homogenized L. leucocephala were divided into the different alumina crucibles. The thermogravimetry equipment consists of a very
high precision microbalance, an oven, thermocouples and a gas insertion system connected to a gas controller (GC 200 Mettler Toledo).
In addition, the samples are automatically introduced into the oven by means of a robot.

The equivalence ratio (ER) represents the current air-biomass ratio with respect to stoichiometry and plays a key role in biomass
gasification. It is probably the most crucial operating parameter for allothermal processes, since it strongly affects the composition of
the gas, including tar, and its calorific value [27]. Values close to 0 correspond to pyrolysis conditions, while values equal to or greater
than 1 indicate combustion conditions. Values around 0.25-0.35 appear to maximize carbon conversion and are therefore used in
large-scale commercial gasification plants.

It can be expressed both as a function of the fuel air ratio and directly as oxygen as an oxidant. In the present study it has been
calculated with the equivalence ratio as a function of oxygen (Eq. (1)) [28].

Mt
2]

ooen | 51
in the pyrolysis, nitrogen was used as inert gas to avoid any type of secondary reaction. In the case of combustion, pure oxygen was
used to ensure a more efficient oxidation reaction. And finally, for 0.25 ER and 0.50 ER gasification treatments, standard nitrogen
mixtures purchased from Linde were used with substoichiometric amounts of oxygen (0.025 and 0.075 wt% in oxygen) previously
calculated with the help of the elemental analysis of L. leucocephala. These ratios between the oxygen supplied and the biomass were
chosen based on previous studies on the effect of the equivalence ratio, in which it was found that between 0.2 and 0.3 the best
conversions are achieved in industrial gasifiers with a high-energy syngas product [29]. For this reason, 0.25 ER was taken as a value
close to these optimums and 0.50 ER as a somewhat higher value to observe changes in kinetics and products.

Each of the sample thermochemical experiments was divided into three phases: (i) sample heating from 25 to 105 °C with an inert
gas flow rate of 30 mL min ! acting as a nitrogen sweep at a heating rate of 15 °C min"’; (ii) kept of the temperature at 105 °C for 5 min
maintaining the flow and atmosphere of the first step to ensure the loss of all the moisture in the sample; (iii) heating from 105 to
800 °C, under various heating rates (5, 10, 15, 20 and 25 °C min ') using the gas atmosphere corresponding to the desired process
mentioned in the previous paragraph developing with flows of 30, 15 and 10 mL min~" for pyrolysis, gasification and combustion,
accordingly. The initial sample mass was in all cases approximately 10 mg and the experiments were performed in triplicate recorded
the average values.

2.3. Analytical method

The DAEM method has been used to evaluate the behaviour in the pyrolysis of fossil fuels, thermal degradation of activated carbon
and other complex reaction systems [30]. Some recent studies already validate the DAEM for biomass and estimated activation en-
ergies distribution of waste biomass or components thereof such as xylan and cellulose [31,32].

The DAEM is based on two assumptions: the first, a considerable amount of parallel, independent, reactions of order 1, 2 or nth with
particular activation energies occur in the decomposition mechanism, and in second place, these activation energies are expressed by a
continuous distribution function f(E,;) [33]. Combustion, 0.25 ER gasification, 0.50 ER gasification and pyrolysis of different
component of L. leucocephala (mainly hemicellulose, cellulose and lignin) involves many complex reactions. Therefore, it is not


astm:D5373
astm:E870
astm:subjecting
astm:E1582

S. Clemente-Castro et al. Heliyon 9 (2023) e17943

accurate enough to describe thermochemical processes with a single reaction and, accordingly, DAEM method is very suitable in this
study [34].

When using the DAEM method to test biomass degradation, the changes in volatile compounds, V, against time, t, are given by Eq.
(2) [35]:

00 T
1-V/vi= / exp( - % / e’E“/“de) f(E,)dE, (2)
0 0

in whose equation V* is the initial volatile content, therefore, the ratio V/V* denotes the degree of conversion of the fuel, p is the heat
rate, E, is the activation energy, f(E,) is a distribution curve that represents the different activation energies of the reactions, and kg is
the frequency factor of the respective activation energy. Eq. (2) can be simplified to Eq. (3) [36]:

V/ Vi=1- mf(Ea)dEu = / rf(Eu)dEa (3)
Eq 0

The f(E,) is the normalized distributed curve of the activation energy describing the contrasts between many reactions and k¢ of
each of these energies. Considering this simple model, the Arrhenius equation can be represented like this [37]:
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Using Eq. (4), we can estimate activation energy through the Arrhenius equation of In (B/T2) vs. 1/T at the elected V/V* for
different f§ value. Activation energies can be determined at different V/V* stages from the Arrhenius plots [38].

2.4. Volatile analysis by gasification thermal desorption GC-MS)

Gas samples were collected at the outlet of the small furnace of the thermogravimetric analyzer in the gasification processes at 0.25
ER and 0.50 ER at the temperatures which L. leucocephala suffered more pronounced degradation. 100 mg of TenaxR TA (117-149 pm
acquired from Supelco, Bellefonte, Pennsylvania, US) prepacked in glassy frit thermal desorption (TD) tubes supplied by the same
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Fig. 1. Thermogravimetry curves (TGA) of differet thermochemical treatments (A) Pyrolisys, B) 0.25 ER Gasification, C) 0.50 ER Gasification and
D) Combustion) applied to L. leucocephala.
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producer (outside diameter: 6.35 mm; tube extension: 88.9 mm) and silanized glass wool, were used. Gas samples were collected for
30s.

Tenax tube were conditioned prior to use by flushing with 50 mL min ! to Helium gas at 300 °C for 15 min, after they were closed
with steel plugs to prevent contamination.

TD tubes were placed into the TD autosampler to TD/GC-MS (GCMS-QP6030 Ultra, Shimadzu, Japan) for analysis. Volatile organic
compounds (VOCs) were removed from a tube in the thermal desorption module (Shimadzu Thermal Desorption System TD-20, Tokyo,
Japan) at 280 °C for a period of 10 min using helium as carrier gas at 50 mL/min. Then, the analytes were trapped into Tenax cold trap
at —16 °C and rapidly desorbed at 280 °C during 3 min. The analytes were concentrated into head of the GC column HP-5 MS (length:
60 m, inner diameter 0.25 mm, film thickness: 0.25 pm, GC tubing: fused silica, J&W GC columns, Agilent Technologies, Santa Clara,
California, US). The oven temperature program was as follows: 40 °C during 10 min, increased to at 280 °C. 1 mL/min was the flow rate
of helium as carrier gas chosen in the analytical column (40, split ratio).

The mass spectrometer was executed in scan modus (42-450 m/z) with electron ionization (70 eV). The transfer line and ionization
supply point temperatures were 250 °C and 330 °C, respectively. Volatile organic compounds were disclosed by similarity of the mass
spectrum recorded by the spectrometer with the many compounds that are perfectly identified in the database of NIST 11 mass spectral
library. For the control, processing and analysis of the data obtained at 0.25 ER and 0.50 ER gasification of L. leucocephala, Gas
chromatography Mass spectrometry Postrun Analysis Software, supplied by Shimadzu Corporation (Tokyo, Japan), was the tool used.

3. Results and discussion
3.1. Thermogravimetric characteristics analysis of L. leucocephala at different thermochemical processes

3.1.1. Thermogravimetric (TG) analysis

The thermogravimetric curves of thermochemical processes applied to L. leucocephala were shown in Fig. 1.

As advertised in the graphs in the initial stages of the thermochemical processes there is hardly any loss of mass, but small losses
begin to be elucidated around 200 °C. When temperature ramps increase, it is observed that in all cases the thermogravimetric curves
shift to higher temperatures, the degree of sensitivity of this effect is very similar between different processes. When the process is
located in a conversion (V/V*) of 0.5, the temperature of L. leucocephala at the heating rates of 5, 10, 15, 20 and 25 °C/min were 332,
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Fig. 2. Thermogravimetric derivative curves (DTG) of differet thermochemical treatmensts (A) Pyrolisys, B) 0.25 ER Gasification, C) 0.50 ER

Gasification and D) Combustion) applied to L. leucocephala.
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342, 350, 354 and 358 °C respectively, in all treatments except in the case of combustion that correspond with 314, 324, 332, 340 and
348 °C. This fact illustrates that the degradation processes of hemicellulose, cellulose and lignin in intermediate ranges are very similar
in terms of mass loss with slight variations even in combustion, since this process has a higher mass destruction range cause char
oxidation and the volatilization temperature at each component, is more similar than it seems at first glance.

Farther, when looking at the conversion (V/V*) range between 0.1 and 0.9, the leading temperature sections were 200-400 °C to
pyrolysis (Figs. 1A), 200-450 °C to 0.25 ER gasification (Figs. 1B), 200-500 °C to 0.50 ER gasification (Figs. 1C) and 200-480 °C to
combustion (Fig. 1D). Both in the pyrolysis process and in the combustion, a point of barely any mass loss is reached due to the
degradation of all the volatiles and the oxidation of all the char, respectively. However, in gasifications at higher temperature
degradation stages, decomposition reactions still occur, which would progress even at 800-1100 °C. The presence of evolution gases
and carbon dioxide in gasification processes causes gas-char reactions, inducing a more drooping tail the more oxygen it presents in the
TG curves observed in recent studies [39]. On the other hand, in combustion two slopes of the different TG curves are well differ-
entiated (Fig. 1D) due to the existence of two typical reaction zones in combustion (degradation of volatiles and oxidation of char)
[40].

3.1.2. Derivative thermogravimetry (DTG) analysis
The graphs of L. leucocephala DTG curves were shown in Fig. 2.

- Pyrolysis

The pyrolysis process is divided into two zones, a first stage where most of the decomposition takes place called active pyrolysis
(200-400 °C) and second known as passive pyrolysis (400-700 °C) (Fig. 2A) [41].

The first zone shows two amalgamated peaks representing degradation of hemicellulose and cellulose with maximum values
around 310, 315, 318, 321 and 325 °C, to 5, 10, 15, 20 and 25 °C min?, respectively referred to the hemicellulose that begins to
degrade between 200 and 240 °C. As for cellulose, it degrades together with last hemicellulose and a certain amount of lignin, but it
stands out in the range between 320 and 400 °C with peaks around 341, 352, 368, 366 and 370 °C, to 5, 10, 15, 20 and 25 °C min~},
respectively. Observing the trend from 400 °C onwards, in the passive pyrolysis zone, the volatilization of compounds continues
slightly, especially lignin, whose aromatization processes produce a slow weigh loss [42].

- Gasification

Gasification processes which mixtures of nitrogen with substoichiometric oxygen were used show behaviours very similar to the
strictest pyrolysis. In fact, the temperature of maximum degradation of hemicellulose and cellulose were practically identical in 0.25
ER gasification and very slight differences in the case of 0.50 ER gasification regarding pyrolysis. These cellulose degradation peaks
were 6.6, 13.2,19.1, 25.6 and 31.1% min ! to 5, 10, 15, 20 and 25 °C min" !, respectively, in pyrolysis and 0.25 ER gasification, but
these results were considerable reduced until 5.8, 11.4, 15.6, 21.8 and 27.6% min ! if we talk about 0.50 ER gasification (Fig. 2B and
C). This phenomenon suggests that with very low amount of oxygen there are no appreciable effects in terms of the degradation of
component in the active zone, although when the oxygen supply begins to be higher, small changes initiate to be observed. It is decisive
in certain surface reactions, changing the dynamics of the process into more complex char gasification [43]. At the end of both
gasification, no peak is observed in DTG curves, which suggests that the strictly gasification processes are not yet relevant in the
experiments. Thermogravimetric studies between 800 °C and 1100 °C would be highly advisable.

- Combustion

In combustion, a much more intense degradation of lignocellulosic compounds occurs, although the first phases are closely related
to pyrolysis, which is more explosive, even to the point of not correctly differentiating the peaks of hemicellulose and cellulose
destruction in superior heating rates. Some characteristics of this process studied were the Tjg (ignition temperature), Tp max (tem-
perature at which the greatest mass loss occurs, maximum peak DTG curve), T, max2 (temperature peak in the char combustion zone)
and Ty, (burn out temperature) [44]. In the thermogravimetric curve and even more so in the derived curve, two clearly areas of mass
loss are observed (Fig. 2D). The heating and pyrolysis of L. leucocephala occur in the first zone, including the ignition and release of
volatile compounds, which begins around 255 °C (Tig). In this first zone, maximum degradation peaks (Tp, max) Were observed in 314,
321, 327, 334 and 342 °C, to 5, 10, 15, 20 and 25 °C min~}, respectively, with higher degradation rates than in pyrolysis and gasi-
fication (7.4, 17.8, 23.1, 30.8 and 31.7% min ') but at lower temperatures which could be the result of diffusion effects of pyrolytic
evolution gases [45]. The second zone is based on the oxidation of the char and tar remaining after the loss of the volatiles in the
biomass, diffusing the oxygen through the pores and producing combustion [46]. For the combustion zone, peaks (Tp max2) were
recorded in 424, 425, 438, 435 and 442 °C, to 5, 10, 15, 20 and 25 °C min ™", respectively, degrading highs of 3.1, 11.0, 9.6, 10.4 and
9.8% min L. For L. leucocephala, a burn out temperature of 438, 443, 459, 472 and 487 °C, to 5, 10, 15, 20 and 25 °C min~!,
respectively.

3.1.3. Kinetic analysis with distributed activation energy model (DAEM)
To obtain a theoretical basis for the behavior of pyrolysis, gasification and combustion of L. leucocephala, a kinetic analysis was
performed. Solid-state reaction kinetic data are interesting in understanding energy production processes from biomass resources. By
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means of TGA, the main reaction zones of each thermochemical process can be distinguished and thus the kinetics of these processes
can be analyzed in a simple way. Fig. 3 shows the Arrhenius graphs for the four thermochemical processes (A) Pyrolisys, B) 0.25 ER
Gasification, C) 0.50 ER Gasification and D) Combustion) from which the activation energies for each conversion are calculated. In
these graphs it can begin to distinguish how pyrolysis and gasification processes are kinetically similar with a greater inclination when
the reaction progresses, that is, higher activation energy. Other aspects were also observed, for example, the oxidation zone of the
remaining char in the combustion process with a conversion of 0.70 with a wider gap or the peaks of maximum biomass degradation
when the lines almost overlap each other in all thermochemical treatments.

The numerical values of the activation energy are collected in Table 1 and represented in Fig. 4 at different conversions to better
visualize certain aspects to be highlighted.

- Pyrolysis

Pyrolysis is divided into three zones, between 0.05 and 0.25 the degradation of hemicelluloses stands out with an average acti-
vation energy of 161 kJ mol ! close to values reported for hemicellulose isolated bamboo that resulted in 167 kJ mol ! [47], followed
by a wide zone of cellulose breakdown and a certain amount of lignin between 0.25 and 0.65 with an activation energy of approxi-
mately 176 kJ mol ™}, close to studies recent for pine wood that obtained 180 kJ mol™! [31]. And, finally, the slow and complex
destruction of lignin structures occurs with a peak activation energy of 455 kJ mol ! at a conversion rate of 0.9, corresponding to the
area of most difficult degradation of all experiences, similar to recent own studies [48].

- Gasification

With regard to 0.25 ER gasification, the amount of oxygen introduced is so small that there are hardly any differences with pyrolysis
throughout the degradation rate. Even so, small fluctuations in the activation energy are detected at interesting specific points such as
the beginning of cellulose volatilization (V/V* of 0.30), since the activation energy is reduced from 170 to 152 kJ mol ™}, and at lignin
destruction peak (V/V* of 0.90), where the activation energy is slightly lower (425 kJ mol~! instead 455 kJ mol~! in the case of
pyrolysis). This implies that, although in a very low proportion, oxygen interferes with the volatilization of certain compounds,
changing the reaction mechanisms. The 0.50 ER gasification has enough oxygen to detect more complex reactions based on the fact
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Fig. 3. Arrhenius plot of [3/T2 versus 1/T for each value of V/V* for different thermochemical processes: A) Pyrolisys, B) 0.25 ER Gasification, C)
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Table 1
Activation energies of L. leucocephala at specific conversion rate V/V* estimated applying the DAEM method.

Leucaena leucocephala

Pyrolysis 0.25 ER Gasification 0.50 ER Gasification Combustion
V/V* E, (KJ mol 1) R? E, (KJ mol 1) R? E, (KJ mol 1) R? E, (KJ mol 1) R?
0.05 159.26 0.989 156.39 0.990 162.93 0.994 113.24 0.991
0.1 156.46 0.990 156.64 0.987 159.29 0.997 116.96 0.993
0.15 158.96 0.988 168.26 0.996 174.30 0.982 113.14 0.979
0.2 163.56 0.994 164.66 0.997 173.14 0.990 125.89 0.992
0.25 167.83 0.998 176.59 0.990 133.92 0.980 131.99 0.987
0.3 170.29 0.998 151.94 0.988 181.23 0.975 134.37 0.989
0.35 172.27 0.993 168.68 0.996 191.80 0.994 136.58 0.981
0.4 171.26 0.995 172.85 0.989 181.52 0.994 130.87 0.972
0.45 176.72 0.998 172.47 0.996 192.51 0.995 141.60 0.986
0.5 184.14 0.992 179.48 0.990 196.90 0.989 146.60 0.952
0.55 178.38 0.991 173.85 0.989 190.53 0.991 138.92 0.943
0.6 179.40 0.989 180.06 0.994 184.59 0.991 131.76 0.959
0.65 173.63 0.995 166.17 0.998 169.96 0.994 131.26 0.982
0.7 185.25 0.992 177.27 0.992 176.39 0.984 124.79 0.956
0.75 180.61 0.992 190.47 0.997 184.12 0.966 91.80 0.587
0.8 194.41 0.996 198.78 0.986 200.22 0.929 162.93 0.988
0.85 231.78 0.989 251.76 0.935 260.01 0.888 175.22 0.982
0.9 455.01 0.794 425.31 0.907 342.52 0.935 257.54 0.855
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Fig. 4. Distribution of activation energies versus the conversion rate (V/V*) in the different thermochemical treatments applied to L. leucocephala.

that the activation energies are higher than in pyrolysis and 0.25 ER gasification, which indicates that not only ruptures of ligno-
cellulosic structures occur in that zone, but also more complex recombination reactions with the oxygen involved. The first volatili-
zation zone (V/V* of 0.05-0.20), mainly hemicellulose, has a lightly higher activation energy than in pyrolysis and 0.25 ER
gasification, with a value of 167 kJ mol L. But, in the moment when the rupture of the first cellulose structures begins, the oxygen in
the ambience considerably reduces the activation energy until 134 kJ mol~! (V/V* of 0.25). However, the average activation energy
along the main decomposition zone of cellulose together with lignin (V/V* of 0.30-0.65) is appreciably higher with an estimation of
186 kJ mol . The last zone of decomposition of L. leucocephala in 0.50 ER gasification process, this study discerns a peak of activation
energy of 343 kJ mol !, which agrees with data from complex char gasification reactions such as the partial oxidation of char with an
oxygen-deficient atmosphere (2 C + O3 & 2 CO) and the Boudouard reaction with carbon dioxide found in the evolution gases during
volatilization (C + CO3 < 2 CO), normally above 750 °C [39]. When temperatures are higher than 700 °C, gas-char gasification re-
actions are endothermic and tend to form synthesis gas (CO + Hj) with lower activation energies than pyrolysis [49].

- Combustion

As far as combustion is concerned, this process is significantly different from previous, although the first reaction zone is quite
similar. The first zone of release light volatile compound, whose activation energy is 120 kJ mol ™! (V/V* = 0.05-0.25), is the ignition
zone. Afterward, the cellulose and part of the less complex lignin devolatilization zone are located (V/V* = 0.25-0.65) with an
activation energy of 136 kJ mol !, value that does not differ much from other combustion studies such as rice husk combustion with
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142 kJ mol~! [40]. The char and tar, one all the volatile material is released, allows oxygen to pass through its porous structure,
oxidizing rapidly and exothermically. This zone (V/V* = 0.05-0.25) has an average activation energy of 107 kJ mol ! highlighting a
peak low of 92 kJ/mol. The combustion of tars and recalcitrant carbon compounds (V/V* = 0.8-0.85) obtains an average activation
energy of 169 kJ mol ! and peak degradation combustion lignin structures at V/V* = 0.9 of 258 kJ mol ! close to burn out tem-
perature. Combustion is a much simpler process to initiate kinetically and destroys biomass almost entirely, generating water, carbon
dioxide and oxides such as sulfur or volatile metals, leaving inorganic ash as a solid residue.

3.2. Gasification-gas chromatography-mass spectrometry (Ga-GC/MS) study of L. leucocephala

Volatile organic products obtained by 0.25 ER and 0.50 ER gasification of L. leucocephala and analyzed by TD-GC/MS was listed in
Table 2.

Interesting data and significant variations were noticed when distinguish between different equivalence ratios in the gasification
and with respect to the compound obtained in pyrolytic process without oxidant atmosphere obtained in recent own studies [48].

For the gasification, noteworthy amount of hexane can be detected in the products from both 0.25 ER and 0.50 ER gasification. 0.25
ER gasification process can release 7.00% of hexane, while his contribution to 0.50 ER gasification is much more prominent with
44.96% giving the latter more capacity to produce quality bio-oil. 0.25 ER gasification shows a range of short-chain compounds

Table 2
Gas Chromatography-Mass Spectrometry (TD-GC/MS) products of L. leucocephala in two distinct gasification atmospheres (0.25 ER and 0.50 ER).
Compound Formula MW L. leucocephala
0.25 ER gasification 0.50 ER gasification

Ret. Time (min) Area (%) Ret. Time (min) Area (%)

Acetic acid CxH40, 60.05 4.03 7.64

Butane-2,3-dione C4HgOo 86.09 4.07 11.82

Hexane CeHia 86.18 4.16 7.00 4.16 44.96
2-methylpropan-1-ol C4H;00 74.12 4.36 7.02
1-hydroxypropan-2-one C3HgOo 74.08 4.75 19.48 4.73 7.38
2,3-dihydro-1,4-dioxine C4HeO2 86.09 5.38 2.07

Pyridine CsHsN 79.10 6.22 2.34

1-propan-2-yloxypropan-2-one CeH120, 116.16 6.70 3.17

Methyl 2-oxopropanoate C4HeO3 102.09 7.27 4.21

Furan-2-carbaldehyde CsH40, 96.08 8.84 4.59
1-(4,6-dimethoxy-2,3-dimethylphenyl)ethanone C12H1603 208.25 12.63 1.03
2-(2-hydroxyethoxy)ethanol C4H1003 106.12 12.95 0.54
2-propylpentan-1-ol CgH;50 130.23 14.92 0.66
Oxolan-2-ylmethanol CsH1003 102.13 15.84 0.72
1-phenylethanone CgHgO 120.15 16.06 0.57
2-methoxyphenol C7HgO 124.14 16.64 0.91 16.62 0.23
Pentanal CsHi100 86.13 16.72 1.90 16.71 1.06
Benzoic acid C7HgO2 122.12  18.16 1.07 18.15 1.31
5-(hydroxymethyl)oxolan-2-one CsHgO3 116.11 18.81 0.87
Benzene-1,2-diol CeHeO2 110.11 18.94 1.75 18.93 0.65
1,4:3,6-Dianhydro-.alpha.-p-glucopyranose CeHgO4 144.12  19.34 1.12 19.33 0.66
Sucrose CioH2017 34230 20.13 1.66 20.10 0.76
2,6-dimethoxyphenol CgHi003 154.16  22.11 3.22 22.09 1.28
3-hydroxy-4-methoxybenzaldehyde CgHgO3 152.15 23.03 0.47
4-hydroxy-3-methoxybenzaldehyde CgHgO3 152.15  23.04 0.80

4-hydroxy-3-methoxybenzoic acid CgHgOy4 168.15 23.77 2.00 23.76 0.92
p-Allose CeH1206 180.16  24.33 5.50 24.29 4.12
1-(3-hydroxy-4-methoxyphenyl)ethanone CoH1003 166.17 24.52 0.82
2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethanol CgH;1805 194.23 24.62 0.50
5-tert-butylbenzene-1,2,3-triol C1oH1403 182.23  25.08 1.30 25.07 0.61
1-(3-methoxy-4-propan-2-yloxyphenyl)propan-2-one C13H;803 222.28 25.23 2.09 25.21 0.95
Propan-2-yl hexanoate CoH150, 158.24 25.31 1.48 25.29 0.77
3,5-ditert-butyl-4-formylbenzoic acid C16H2203 262.34 25.47 7.21
6-(5,6,7,8-tetrahydronaphthalen-2-yl)-1,2,3,4-tetrahydronaphthalene CooHao 262.38 25.64 1.48 25.65 7.58
1-(3,5-dimethoxyphenyl)ethanone C10H1203 180.20 25.70 1.20 25.69 0.81
Diethyl benzene-1,2-dicarboxylate C12H1404 222.24 26.16 0.79
4-hydroxy-3,5-dimethoxybenzaldehyde CoH1004 182.17  27.18 0.79 27.17 0.49
2,6-dimethoxy-4-prop-2-enylphenol C11H1403 194.23 27.73 1.64 27.72 0.71
1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone C10H1204 196.20 28.24 0.76
3-(4-hydroxy-3-methoxyphenyl)prop-2-enal C10H1003 178.18  28.30 0.83
1-(2,6-dihydroxy-4-methoxyphenyl)butan-1-one C11H1404 210.23 28.74 2.39 28.72 0.94
2-[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]ethanol C10H2206 238.28 28.83 0.27
Methyl hexadecanoate C17H340, 270.45 30.56 1.02
Pentadecanoic acid C15H3002 242.40  31.01 2.15 31.00 2.13
Methyl octadecanoate C19H350, 198.51 33.02 0.80
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compared to 0.50 ER gasification such as acetic acid (7.64%) produced by hemicellulose and cellulose degradation [50], dioxins
(2.07%), pyridine (2.34%), derived of pyruvate (methyl 2-oxopropanoate) (4.21%), furan-2-carbaldehyde (furfural) (4.59%) mainly
produced from the xylan units [51] or pentanal (1.90%), which disappear by interactions with higher amount of oxygen in 0.50 ER
gasification originating carbon dioxide and water predominantly. The same behaviour follows the ketones that are widely detected in
0.25 ER gasification with more than 30% of total products, mainly 1-hydroxypropan-2-one (19.48%), butane-2,3-dione (11.82%) and
1-propan-2-yloxypropan-2-one (3.17%), which decreased to less than 10% in 0.50 ER gasification, being the compound that best
tolerates the increase in oxygen the 1-hydroxypropan-2-one (7.38%) and shown other complex ketones such as 5-(hydroxymethyl)
oxolan-2-one (0.87%). As can be observed, 1-hydroxypropan-2-one will be obtained in bioliquids in sufficient quantity to justify its
separation and, thanks to its unique molecular structure, it is an essential intermediate and part of numerous products from the
pharmaceutical industry, pesticides, pigments or fragrances [52].

Moreover, the gasification decomposition at 0.50 ER of L. leucocephala produce various alcohol compounds (8.99%), highlighting
2-methylpropan-1-ol (7.02%). Other interesting alcohols that are detected in the 0.50 ER gasification are simple polyglycols, for
example, 2-(2-hydroxyethoxy)ethanol (diethylene glycol, 0.54%) and longer chains such as 2-[2-[2-(2-hydroxyethoxy)ethoxy]lethoxy]
ethanol (tetra ethylene glycol, 0.50%) and 2-[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]lethoxy]ethanol (pentaethylene glycol,
0.27%). These compounds are used extensively as antifreeze, lubricants, and specified solvents in the chemical industry [53]. As a
result of the destruction of hemicellulose and cellulose, volatile saccharides compounds are detected, the total amount of which does
not change significantly between the different gasification processes, even pyrolysis, with 8.28% for 0.25 ER gasification, 5.54% for
0.50 ER gasification and 5.10% for pyrolysis of L. leucocephala [48]. One aspect that does change is its composition, since for pyrolysis
there was mainly glucopyranose (2.22%) followed by mannose and galactose, and in gasification, allose (5.50% and 4.12% in 0.25 ER
and 0.50 ER gasification, respectively) stans out, closely followed by sucrose. p-allose is also one of the most relevant tar compounds in
other gasification of biomass studies such as pine sawdust [54].

The compounds derived from the destruction of lignin were clearly the most detected in pyrolysis of L. leucocephala, however, in
gasification, although lignin compounds were also detected (21.58% and 17.38% for 0.25 ER gasification and 0.50 ER gasification,
respectively), its do so to a clearly much lesser extend (52.49% for pyrolysis). In gasification, ketones and alcohols lignin derived are
found in greater proportion compared to pyrolysis, which guaiacol and syringol units were in more important extension [48]. Finally,
it is necessary to comment on the detection of certain polycyclic aromatic products that make us realize the start of gasification re-
actions and destruction of the fixed carbon structures of the biomass, giving rise to 6-(5,6,7,8-tetrahydronaphthalen-2-yl)-1,2,3,
4-tetrahydronaphthalene (1.48% and 7.58% for 0.25 ER gasification and 0.50 ER gasification, respectively). These heavy carbon
products at higher temperatures and with the presence of carbon dioxide and other gas compounds will form synthesis gas (CO + Hy)
under the right conditions. This compound is the most representative high tar product in L. leucocephala gasification process, and it
consists of two united aromatic rings cyclically linked to a cyclohexane ring that are joined together by a C-C bond in aromatic carbon.
These types of compounds are taken as references for the formation of tar and in its quantification in biomass gasification processes, as
in the case of naphthalene [55].

4. Conclusions

The study infers that both gasification and pyrolysis can be used to obtain quality biofuels and chemicals and for industry from
leguminous biomass without excessive variations in terms of energy. For L. leucocephala, it was shown that by introducing small
amounts of oxygen into the system, the activation energy is reduced at the beginning of the destruction of hemicellulose and cellulose.
Typical activation energies of the gasification process at a conversion rate of 0.8-0.9, which promotes the Boudouard reaction and
partial oxidation of carbon. High amount of hexane as the primary alkane by-product was remarked in the 0.50 ER gasification, while
short chain compounds highlighted in the case of 0.25 ER gasification. Higher amount of oxygen results in an increase of alcohols and
ketones production. Glycols compounds are produced when the amount of oxygen is enough, and it was observed for 0.50 ER gasi-
fication process. Therefore, L. leucocephala is a valid material to generate a wide range of chemicals with the potential to produce
second generation biofuels.
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