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ABSTRACT

The material associated with tree pruning in a city in the Colombian neotropics was characterized in order to
determine its energy potential. The species studied for their relevance in the territory were Prosopis juliflora, Lica-
nia tomentosa, Terminalia catappa, Azadirachta indica, Pithecellobium dulce, Ficus benjamina and Leucaena leu-
cocephala. Moisture content, bulk density, hygroscopic response, elemental chemical analysis, proximal analysis,
calorific value, ease of ignition and combustion, thermogravimetric and heat flow analysis, steam generation capa-
city, and qualitative analysis of gases (mass spectrometry) were determined. The results that were obtained show
high initial moisture contents that vary between 37% and 67% and a variable density (when dry) between 0.21 and
0.41 g/cm’. Chemically, it was shown that all residues have lower carbon and sulfur content compared to a refer-
ence mineral coal. However, the residues of some species have higher nitrogen contents compared to the same
coal. All biomasses are characterized by their high content of volatile fractions and by having a lower content
of inorganic matter compared to carbon. The lower calorific values of these residues are between 14170 and
16928 kJ/kg, which are not negligible compared to other biomasses. This characteristic would be related to the
high presence of hemicellulose in the residues. Flue gas monitoring revealed that there are different airflow needs
in order to ensure complete combustion. Steam generation tests showed that the calorific value should not be the
most relevant criterion to establish the potential use of the waste, since leucaena leucocephala, despite having the
highest calorific value, was the material with the lowest performance in steam generation.
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1 Introduction

Due to the growth of the world population, energy needs have also increased significantly [1,2]. In
order to satisfy this energy demand, society has relied significantly on fossil fuels through the
combustion process [3,4], which has brought with it the release of very significant amounts of carbon
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dioxide into the earth’s atmosphere, a gas that has been considered as the main cause for the phenomenon of
global warming [2,4].

Due to this situation, the academic and business community has been making great efforts in research
and development related to the use of alternative energies. Significant improvements have been achieved in
terms of solar (photovoltaic and solar thermal), hydraulic, wind, geothermal, tidal energy, and use of energy
contained in plant and animal biomasses [5—9]. In the latter case, plant biomass has been booming due to the
high availability of the resource in most territories, its low acquisition cost, reduction of visual pollution
problems, bad odors, and generation of vectors (health), and especially because it is considered a neutral
fuel due to the carbon cycle of the plant, since the same plant can capture the carbon dioxide generated
during the combustion of the vegetable residue to give growth to new branches and fruits [10-12].

Around the world, a large number of studies have been carried out that seek to take advantage of the
energy contained in biomass, highlighting the processes of extraction, fermentation, direct combustion,
pyrolysis, thermal gasification, and biotechnological processes [11,13,14]. Among the biomasses that
stand out in scientific literature are those of the primary type, cultivated for energy purposes, whether
they are forestry (lignocellulosic), such as coniferous species, eucalyptus, paulownia, or agro-industrial
species, either for oilseed or alcohol use purposes [15]. There is also secondary or residual biomass from
the agroindustry, such as sugarcane bagasse, rice husks, bananas, orujillo, cereal residues, forest residues
(pruning and wood processing), as well as urban solid residues [15].

Within the group of secondary biomasses, lignocellulosic residues from urban pruning can become very
significant within the energy matrix of cities if they are used well [16,17]. However, when reviewing the
scientific literature, it is evident that academic studies on the use of pruning residues as an energy source
are scarce, with Brazil (Sao Paulo, Piracicaba, and Pato Branco) [17-20] as the territory where the subject
has been studied most. Some works are also evidenced in the cities of Mexico (Mérida) [21], Ecuador
(Guayaquil) [22], Italy (Rome) [23], Spain (Madrid) [24], and the United States (Woodward) [25]. Many
of these works are of a theoretical type, exploring the energy, economic, and environmental potential.
Some others have a characterization approach, highlighting the analysis of relevant parameters, such as
calorific value and elemental analysis. Very few are totally experimental, highlighting the analysis for the
production of charcoal, briquettes, pyrolysis treatment, and catalytic pyrolysis. Among the species under
study are Nectandra megapotamica, Ligustrum lucidum, Terminalia catappa, Schinusmolle, Schinus
terebinthifolius, Ficus benjamina, Tipuana tipu, Lagerstroemia indica, Cassia fistula, Cenostigma
pluviosum, Handroanthus sp., Licania, tomentosa, Morus alba L., Pinus pinea, Pinus nigra J.F. Arnold.

In neotropical countries such as Colombia, Venezuela, Brazil, Ecuador, Peru, and Mexico, urban centers
are characterized by the high density of trees on sidewalks, street dividers, and inside houses. This brings
with it the need for pruning, whether ornamental in nature or for the maintenance of electrical, telephone,
and traffic light networks, among other causes [17,26]. In Colombia, for example, intermediate cities such
as Cucuta stand out for this condition, where there is an inventory of close to 420,000 specimens, where
a potential for generating 2100 tons of waste per month has been estimated, an amount that is not
negligible for use as a power source. Something similar happens in Cuenca (Ecuador), with an estimate
of 51 tons/month. Other larger cities could contribute a greater amount of biomass, as in the case of
Bogota, where an inventory of 1,200,000 specimens has been estimated in its urban area [26—29].

The poor characterization of these residues, many of them are typical of endemic species of the
Neotropics [30]. The lack of knowledge of their energy potential has meant that these materials are
currently wasted, a very different situation from what occurs in other latitudes of the world, where the
high use and research that occurs in territories such as the United Kingdom, Finland, Poland, the United
States, and India, among others [31,32] is worth highlighting. With the development of this project, we
wanted to contribute by providing information on the energy characterization of the residues of species
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that are typical of the area, as well as some other species that, due to the effects of globalization, have gained
space in the Latin American environment.

2 Materials and Methods

2.1 Materials

For the present work, the City of Cticuta, Colombia was taken as a reference. There, material from urban
pruning was collected directly from the process carried out by one of the companies that performs
maintenance activities for electrical networks and ornamentation. In order to guarantee Dbetter
representativeness, samples were collected from different areas of the city in order to reduce the effects of
variables such as the age of the tree and the influence of the water table. The pruning residues of seven of
the most representative species were studied according to previous research [26—27]. The residues studied
are from the species Licania tomentosa (A), Azadirachta indica (B), Ficus benjamina (C), Terminalia
catappa (D), Leucaena leucocephala (E), Prosopis juliflora (F) and Pithecellobium dulce (G), in addition
to a mineral coal from the region as a comparative element in some of the results (H). The material that
is recently cut from the tree is subjected to a mechanical grinding process, which reduces the material to
a size of less than 30 millimeters. Once said granulometry was obtained, it was collected and taken to the
laboratory in order to determine its initial moisture content.

2.2 Methods

The determination of the initial moisture content of each residue was carried out with the help of a
Construmetalicas brand drying oven, with heating through electrical resistance. 1000 g of residue were
placed in the oven at a temperature of 115°C, monitoring the mass until a constant weight was obtained.
An Ohaus brand scale with a resolution of 0.1 g was used in the process. A fraction of the dry material
(10 g) was subjected to manual grinding in an agate mortar until all the material passed through the
40 Tyler mesh. It was returned to the drying oven until a constant weight was obtained. 5.0 g of dry
material of each species was placed in a crucible and exposed to the laboratory environment (28°C) for
48 h to determine each residue’s hygroscopic response. The apparent density was determined with the
help of a 10 ml glass cylinder and a 0.1 g resolution scale.

The elemental chemical analysis (C-H-N-S-O) was determined in Leco Truspec micro model
equipment, based on the guidelines of the ASTM D-5373-08 standard, with a grain size of 40 Tyler mesh
of the passing material. The sample goes through a combustion oven at 1100°C for the analysis of CHN.
The gases obtained are analyzed by infrared cells for the detection of CO, and H,O. The N, is analyzed
by a TCD detector. For sulfur analysis, the furnace is brought to 1350°C, and SO, is detected by an
infrared sensor. The oxygen determination was made at 1250°C in a helium environment using the
analysis module that is included in the equipment. Calorific power was determined using a Parr model
1341EB bomb calorimeter based on the manufacturer’s guidelines and the ASTM E-711-87 and DIN
51900 standards. The room temperature at the time of the test was around 17.5°C. A fuel mass of 1.0 and
2000.0 g of water were used.

In the same way, proximate analysis of the biomass was carried out, following the parameters of the
technical standard ASTM E871, ASTM E872, and ASTM D 1102-84. For this, a Thermolyne model
1300 electric heating oven and a Dynamica model air performance model drying oven with electric
heating were used. In order to improve the understanding of some results of this research, a methodology
was established in order to know the “ease of ignition and combustion” of the fuels under study. These
concepts are related to the variable time.

The procedure to measure the ease (time) of achieving ignition consisted of placing a biomass briquette
on a laboratory asbestos mesh supported on a tripod. A Bunsen burner connected to a source of liquefied
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petroleum gas was placed under the mesh. The ignition was started, and the gas outlet knob was opened to its
maximum capacity, thus beginning the measurement of the time until the ignition was reached, which was
totaled when obtaining visualization of combustion smoke in a constant manner in the test tube. The 50 mm
diameter specimen that was used was formed with 10.0 grams of dry material through 40 mesh Tyler, using a
pressing pressure of 30 bars, in a Gabrielli brands hydraulic laboratory press.

The thermal gravimetric and heat flow analysis was carried out in TA Instrument brand model STD-
Q600 equipment. A dry air atmosphere was used at 40 ml/min, heating at 5°C/min, and 5.0 mg of mass
(40 Tyler mesh through) was loaded into an alumina crucible. The estimation of the structural phases of
the biomass (hemicellulose, cellulose, and lignin) was carried out according to the first derivative profile
of the mass loss thermogram, using the curve deconvolution process through the Origin software. In the
same way, TA Universal Analysis software was used in the treatment of thermogravimetric and heat flow
data.

The analysis of combustion gases was carried out using the Pfeiffer Vacuum mass model Omnistar
GSD320 spectrometer, coupled with the previously described thermal analysis equipment, operating in
the MID work mode, which allows monitoring of masses over time, but in qualitative mode, which
monitored the following: mass 44, associated with the presence of carbon dioxide, mass 28, associated
with the presence of carbon dioxide and carbon monoxide, and, finally, mass 31, associated with nitric
oxide and other phases of the NOx group. It was not possible to make a clear identification of sulfur gas
phases with the technique (mass 64). Therefore, no results are presented in this regard.

The steam generation test was carried out in equipment built for this purpose, where the container
(capacity of 5 liters) with the loaded liquid water (1375 g) was supported on a metal plate, and below it,
the combustion furnace was placed. The container had an orifice through which the generated steam
could flow, which was connected to a container with an external cooling system under a coupling, in
order to condense and recover the steam for later weighing. The combustion test was carried out for a
period of 120 min with a maximum provision of 5000 g of fuel for the development of the test. The
efficiency of the process was established by knowing the amount of vapor collected and the amount of
fuel spent during the duration of the test. This same system was used to semi-quantitatively monitor the
formation of NO and SO, (in ppm) in some of the study residues (A, B, C and D) and in the mineral
carbon used as reference. For this, a Madur brand model GA-21 Plus analyzer was used, making
measurements every 10 s, during 55 min of testing.

3 Results and Discussion

3.1 Properties of Waste as Fuel

In order to make a preliminary recognition of the pruning residues, aspects such as the initial humidity of
the residue, density of the material once it has dried, and the hygroscopic response of these residues once
subjected to environmental humidity were analyzed. The results are presented in Table 1.

From the information presented in Table 1, the high moisture contents of these freshly-cut residues from
the tree stand out. However, it is noteworthy that there is variability between species, highlighting the high
concentration of water in the species Pithecellobium dulce, while on the opposite end, Ficus benjamina
stands out. This information is relevant when carrying out drying processes based on the fact that the
higher the humidity, the more energy is required for its elimination. Even so, it is evident that once the
moisture is extracted, the residual or useful mass is significantly reduced. These values reported here can
be considered good, since, for example, in a study carried out in Brazil, this initial humidity value
reached 71% [20].
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Table 1: General characteristics of the pruning residues that were collected

Material Initial moisture content (%) Hygroscopic response (%) Bulk density (g/cm”)
Licania tomentosa 45.80 7.60 0.41
Azadirachta indica 46.10 6.40 0.36
Ficus benjamina 37.10 5.80 0.30
Terminalia catappa 49.30 10.70 0.32
Leucaena leucocephala 51.20 5.70 0.21
Prosopis juliflora 52.40 6.00 0.23
Pithecellobium dulce  66.50 9.70 0.24

The apparent density of the residues was determined in the dry and ground material to reduce the amount
of air that was present. The results of Table 1 show variability between species, revealing that the densest
material is from Licania tomentosa, followed by Azadirachta indica. On the opposite end of the
spectrum, the lightest residues are those of Leucaena leucocephala and Prosopis juliflora. This
information is relevant during the transportation of these biomasses to the processing site, where it is less
favorable when the material that has to be transported has a lower density. All these density results can
be considered in the very light category (<0.5) according to the classification used in Reference number
[33], which was a study carried out in Brazil. The fundamental reason for this behavior has to do with the
high content of leaves present in pruning residues.

In relation to the hygroscopic response, the test was carried out in order to establish the effects of
rehydration and its effects on the drying operation. As previously mentioned in the methodological
section, the residues were dried until constant weight was obtained and then exposed to environmental
laboratory conditions. Table 1 shows that all species showed a response to rehydration. The highest
hygroscopic response was obtained in the species Terminalia catappa and Pithecellobium dulce. These
results show that there is no need to dry the residues until all the moisture is eliminated. Due to this
behavior, most species’ equilibrium is reached when the humidity is around 11%; therefore, there is no
need to reduce humidity further during the drying stage, unless immediate use is made of the biomass
without exposing it to its environmental conditions. This fact impacts the calorific value since part of the
energy released by the biomass is lost in the heating and evaporation of said humidity during the
combustion process. The hygroscopic response seems to have a certain relationship with the presence of
cellulose in biomass residues, as has been described in the scientific literature [34].

The elemental chemical composition is another one of the relevant characterization parameters in solid
fuels, as in the case of vegetable biomass. The results that were obtained are presented in Table 2.

Table 2: Results of the elemental chemical analysis of pruning residues (Dry Basis)

Material % Weight

N C H O S
Licania tomentosa 1.10 54.10 5.70 32.80 0.57
Azadirachta indica 1.56 51.80 6.40 32.40 0.80
Ficus benjamina 1.76 48.60 5.00 32.20 0.01

(Continued)
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Table 2 (continued)

Material % Weight

N C H O S
Terminalia catappa 1.80 48.60 5.00 33.00 0.20
Leucaena leucocephala 2.50 50.10 5.80 37.50 0.25
Prosopis juliflora 1.88 47.80 6.40 38.00 0.60
Pithecellobium dulce 2.33 50.70 6.20 33.50 0.57
Mineral coal from the area [35] 1.60 78.00 5.80 6.60 1.00

From the information in Table 2, it is evident that sulfur and nitrogen are present in all the residues, with
the concentration of the latter being higher. The identification of the concentration of these elements is very
relevant in solid fuels since their release in the gas phase is very likely during combustion, NOx and SOx
being the main compounds released from stoichiometry, which have a negative impact on the biosphere.
From the scientific literature, it is known that nitric oxide (NO) is the most common phase during
combustion. Even so, the formation of NO, and N,O is also possible, the latter of these gases having the
greatest impact on global warming of the planet. In the case of NO and NO,, their release into the
atmosphere leads to the formation of acid rain rich in nitric acid. In the case of SOx, its best-known
compounds are SO, and SOj3, and their release into the atmosphere is responsible for the formation of
acid rain rich in sulfuric acid. Due to its corrosive nature, acid rain is very detrimental to vegetation
cover, soil acidification, and even the degradation of certain construction materials associated with cement
[36,37].

In the information in Table 2, data from a mineral coal from the same area where the biomass was
collected has been included as a comparative element, considering the possible replacement of this fuel
by the biomass under study. It may be observed that, in terms of sulfur, all the residues have a lower
content than coal, a fact that can be considered positive since it would give biomass an advantage as a
substitute fuel. In the case of nitrogen, the situation is more complex since most of the species exceed the
concentration found in the mineral coal. Notably, Licania tomentosa is the only species with a lower
content of this element. In Section 3.2, there is a further discussion on the formation of these nitrogen
compounds on a laboratory scale. Finally, it is important to highlight the results obtained compared with
other biomasses. Vassilev and co-workers [38] have compiled information on various biomass species
from which one can establish that the values obtained are within the biomass mean, noting that the
biomasses with the lowest nitrogen content are associated with material from the stem area (<0.7%) and
those with the highest content related to the areas of branches and leaves (up to 3.4%).

Regarding the carbon content of the residues (see Table 2), when comparing the results with the
reference coal, it is evident that these have a lower content of this element and a higher content of
oxygen. This fact allows us to infer that there is a lower amount of oxidizable elements that provide
energy during combustion, which will be reflected in the calorific value of the residue. A positive aspect
of this situation is the lower generation of carbon dioxide per kilogram of biomass in relation to the
reference fossil fuel. As for hydrogen, there is no evidence of a significant difference with respect to coal.
Even so, it is important to highlight the higher hydrogen contents in the species Prosopis juliflora and
Azadirachta indica, considering a possible gasification process. The high oxygen content in biomass
could become very interesting in gasification processes, considering the formation of carbon monoxide,
and studies should continue in this regard, in order to demonstrate its technical and economic feasibility.
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Elemental analysis becomes a very valuable input to characterize solid fuels using the van Krevelen
diagram [39]. The technique is based on atomically relating the content of hydrogen and carbon and that
of oxygen and carbon. The results for the materials studied are presented below in Fig. 1.
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Figure 1: Van Krevelen diagram of the materials under study. A: Licania tomentosa; B: Azadirachta indica;
C: Ficus benjamina, D: Terminalia catappa; E: Leucaena leucocephala; F: Prosopis juliflora; G:
Pithecellobium dulce; H: Mineral coal from the area

From the information shown in Fig. 1, the classification of the study residues within the category of
biomass is corroborated. Even so, the residues of Licania tomentosa and Azadirachta indica, with their
higher carbon contents, manage to enter the area of influence of the materials known as Peats. The
classification for the mineral coal that was studied fits quite well in the coal area of the Van Krevelen
diagram. This tool also makes it possible to recognize some structural parameters within the area
established for biomass. Values on the far right are related to high cellulose contents, while those on the
left are richer in lignin. The central part of the area corresponds to wood-type materials. Based on the
aforementioned, it can be inferred that Prosopis juliflora is the residue with the highest cellulose content,
while Licania tomentosa and Azadirachta indica are the materials with the highest lignin content. In the
same way, the tool offers other support elements (direction of the arrows), such as determining the
hydrophilic or hydrophobic character of the material, which, in the case of the materials under study,
shows a good correlation with the initial humidity data shown in Table 1, thus explaining the higher
humidity values found in Pithecellobium dulce, Prosopis juliflora, and Leucaena leucocephala.

Another very relevant parameter in the characterization of solid fuels is proximate analysis, the resulting
information which allows a greater explanation of the behavior of calorific power and reactivity during
combustion. The results that were obtained are presented in Table 3.

Table 3: Results of the proximate analysis of pruning residues

Material % Moisture % Volatile matter % Ash content % Fixed carbon
Licania tomentosa 8.23 67.55 5.62 18.60
Azadirachta indica 7.14 72.54 6.74 13.58
Ficus benjamina 6.79 65.31 12.42 15.48

(Continued)
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Table 3 (continued)

Material % Moisture % Volatile matter % Ash content % Fixed carbon
Terminalia catappa 8.56 63.97 11.28 16.19
Leucaena leucocephala 6.84 65.97 3.76 23.43

Prosopis juliflora 6.34 83.67 5.32 4.67
Pithecellobium dulce 6.36 72.67 6.62 14.35

Mineral coal from the area  3.70 37.00 12.76 46.55

From the information in Table 3, it is noticeable that pruning residues, despite being subjected to a
drying process, still maintain greater moisture than mineral coal. These humidity values further increase
due to the hygroscopic response already presented in Table 1, a fact that brings with it a reduction in the
lower calorific value. In relation to the ash content, a variation in the results is evident, highlighting the
high concentration in Ficus benjamina and Terminalia catappa, while Leucaena leucocephala is the
residue with the lowest content. This fact also has an impact on the calorific value of the residue, as can
be seen in Table 4.

Table 4: Calorific power, ease of ignition, and combustion of the waste under study

Material Calorific value (kJ/kg) Ease of ignition (min)
Licania tomentosa 15799 5.50

Azadirachta indica 15156 4.13

Ficus benjamina 14446 4.55

Terminalia catappa 14170 5.25

Leucaena leucocephala 16928 6.28

Prosopis juliflora 16025 4.30

Pithecellobium dulce 16351 5.19

Mineral coal from the area 28882 14.00

Regardless of the biomass species studied, it could be stated that a lower ash content will be obtained
after combustion compared to the reference mineral coal.

As for the volatile fraction and fixed carbon, there are significant differences compared to mineral coal.
The higher contents of hydrogen and oxygen presented in Table 2 are related to the high fraction of volatiles
present in biomass residues. This last fact is valuable when considering a gasification process. On the other
hand, when thinking about a combustion process to generate steam, for example, the high concentration of
volatiles could become counterproductive if the boiler is not well designed since the energy contained in the
biomass could be released very quickly, and much of it would be wasted through flue gases. In this last
situation, Licania tomentosa and Leucaena leucocephala would be more favorable due to their higher
fixed carbon content. This last situation is reflected in the greater presence and durability of the embers in
the combustion chamber. Compared with other results reported in the scientific literature [10,38,40],
similar values of volatile fractions are evident with respect to other types of biomasses, especially those
related to agricultural and herbaceous residues.
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The data collected from the proximal analysis is very valuable since it allows the authors to establish an
indicator of thermostability [39], which is estimated from the values of fixed carbon and volatile content. The
results obtained are presented below in Fig. 2.
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Figure 2: Thermostability index of the materials under study

From the information in Fig. 2, it can be inferred that the most thermally stable material is mineral coal,
and the most unstable is the residue of Prosopis juliflora. Within the group of biomass residues, the most
stable is Leucaena leucocephala, followed by Licania tomentosa. This condition is manifested by the
highest carbon content and, most likely, by the highest concentration of more stable structural phases,
such as cellulose and/or or lignin. This parameter is very valuable regarding the durability of the fuel
during its combustion. In order to complement these results, Table 4 shows the characterization results
associated with calorific value, ease of ignition, and ease of combustion.

From Table 4, it can be observed that there are differences in the calorific value data of the different
residues, with the best result being leucaena leucocephala, and the lowest values presented by ficus
benjamina and terminalia catappa. Here, the relationship between the ash content and the calorific value
is evident. Regarding the influence of humidity, the best values of lower calorific value are observed in
those residues with lower moisture content, such as Pithecellobium dulce and Prosopis juliflora. These
values obtained for waste are very low compared to those of mineral coal and do not reach 60% of the
energy supplied by the latter. In relation to other biomasses, the calorific value results, although not high,
are not far from those reported in scientific literature, which shows values between 14000 kJ/kg and
23000 kJ/kg, where a large part of the values are around 17000 kJ/kg [10,38,40].

In the case of pruning residues, the information available by species is scarce. Even so, in Reference
number [17], values of a calorific value lower than 14702 kJ/kg are reported for pruning residues of
Lagerstroemia indica, 15556 klJ/kg for those of Cassia fistula, 15413 kl/kg for Ligustrum lucidum, and
16267 kl/kg for Schinus molle, among other species, all of them in the same range of the values found
for the species under study.

The ease of ignition is a parameter that was analyzed to evaluate the behavior of the fuel during the
burning stage, to generate energy, and to be compared with the results of the thermostability index.
Table 4 shows that Azadirachta indica and Prosopis juliflora have greater ease of ignition, a result that is
in tune with the information presented in Fig. 2. This parameter is valuable in batch production systems
where an ignition cycle of the combustion furnace is continuously generated since soot and carbon
monoxide formation is avoided, as is the case with mineral coal.
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In order to have a better understanding of the phenomenon of combustion of waste, a thermogravimetric
and heat flow analysis was carried out, the results obtained are presented in Fig. 3 and Table 5.
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Figure 3: Thermal profiles of the studied residues. (a) Weight loss, (b) Derivate weight loss, (c) Heat Flow.
A: Licania tom.; B: Azadirachta indica; C: Ficus benj.; D: Terminalia catappa; E: Leucaena leuc.; F:
Prosopis juliflora; G: Pithecellobium dulce
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From the information in Fig. 3b, three relevant events located between 200°C and 500°C are evident,
which are associated with the oxidation of the most relevant structural components of the biomass
according to its thermal stability, that is, hemicellulose, cellulose, and lignin [41-44]. These same events



JRM, 2023, vol.11, no.9 3557

can be seen in Fig. 3¢ according to their concavity (downward), correspond to exothermic phenomena. In the
same way, although they are not visible to the naked eye, two small upward concavity events (endothermic)
close to 100°C and 600°C were evident. It is also important to highlight the extractives, which are usually in
low concentrations (less than 5%, but with particular cases reaching 15% or more) in accordance with
scientific literature, and which, in many cases, tend to oxidize in the same breakdown region as
hemicellulose [42—45]. It is evident in all cases that the event with the highest intensity (Figs. 3b and 3c)
corresponds to hemicellulose (with the possible influence of the signal due to the presence of extractives).
This could be related to the high presence of leaves instead of wood fractions, which are richer in
cellulose, as has been evidenced in the scientific literature [46—48]. The high intensity of the event
associated with lignin in the residues of the species azadirachta indica and terminalia catappa is
noteworthy. From the information in Fig. 3, it is also evident that prosopis juliflora is the residue where
heat release starts faster, while licania tomentosa is the one that shows greater stability. This result
correlates quite well with the volatile fraction and fixed carbon results shown in Table 3. In the same
way, scientific literature reports the effect that some extractives tend to have, which promotes or
decreases the biomass degradation temperature. However, this paper did not study this effect [42,44,45].

Table 5: Results of the thermogravimetric analysis of the residues under study

Material Associated event: (% Weight)
Water Hemicellulose + Cellulose Lignin Ash Residual ash
(%) Extractives (%) (%) (%) Decomp. (%) (%)
Licania tomentosa 9.8 60.2 20.8 4.9 1.4 2.9
Azadirachta indica 9.0 60.4 14.2 8.5 2.1 5.8
Ficus benjamina 8.5 54.8 17.2 6.2 34 9.9
Terminalia catappa 14.1 54.9 1.1 15.5 33 1.1
Leucaena 7.5 65.0 17.2 6.9 1.1 2.3
leucocephala
Prosopis julifiora 4.8 62.2 22.1 5.2 1.7 4.0
Pithecellobium 8.0 63.2 18.2 5.0 1.4 4.2
dulce

The group of endothermic events is related to the presence of humidity and the decomposition of the
inorganic fraction (carbonates) of the residue. The presence of humidity is shown in the results of the
proximal analysis, while the confirmation of the presence of carbonates is based on other results carried
out on the ash of the residue (such as X-ray diffraction and thermal analysis, not shown here), where the
decomposition of the carbonated phase in this range of temperatures was confirmed.

As previously mentioned in the methodological section, the thermogravimetric analysis was performed
using the Origin software (including curve deconvolution for natural polymers) to determine the
representativeness of each event, as shown in Table 5. This table shows that in all the residues, there is
moisture loss, although the values differ from those shown in the next analysis. This can be explained
due to the very small quantity of the sample used in the analysis. The ash content must be considered as
the sum of the residual ash column and the mass loss column due to decomposed ash. The results
obtained also correlate with those in Table 3. The data in the “Decomposed Ash” column can also
provide information on the stability/reactivity of the ash at high temperatures.
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As for the representativeness of the structural phases (natural polymers), the experimental conditions
reported in this work were the ones that allowed for the greatest separation of each decomposition event
for analysis. Even though an additional signal was expected for the extractives around 200°C [42,49],
only a small shoulder was evident in the first derivative profile of Terminalia cattapa at 227°C.
Consequently, this demonstrates the difficulty of recognizing if the first exothermic event shown in
Fig. 3b is only hemicellulose or if it contains information associated with the decomposition of
extractives. The deconvolution treatment that was used in this effort, which allowed a better fit, was
modeling only three events, which is why Table 5 shows only three columns for the exothermic events,
where one of them has been called “Hemicellulose + Extractives”. This was carried out as such because,
when consulting scientific literature [46—48,50], it was demonstrated that although there are cases where
hemicellulose is greater than cellulose, the reported values are not as high as those quantified here for the
first exothermic event. Therefore, one may think that the value presented in the aforementioned column
actually contains information from more than one phase. If the influence of the extractives was ruled out,
the Leucaena leucocephala and Pithecellobium dulce residues would be those with the highest
hemicellulose content.

Regarding cellulose, Table 5 shows that the highest contents are in Licania tomentosa, Prosopis
juliflora, and Pithecellobium dulce, and its greater representativeness could be associated with its
branching characteristics, which, during cutting, lead to the pruning of coarser branches that are richer in
this phase [51]. Lignin is the phase with the least presence in structural polymers. However, it is
interesting to highlight the high content of this phase in the Azadirachta indica and Terminalia cattapa
residues, considering applications other than combustion [52]. These results that were obtained correlate
well with the analysis carried out using the Van Krevelen Diagram (Fig. 1), where, on the one hand, the
highest cellulose content in Prosopis juliflora is revealed, and on the other hand, the high lignin values
can be observed. In this case, the residue de Azadirachta indica is the most correct in the analysis that
was carried out.

Finally, and based on the benefits of thermogravimetric analysis, the ignition temperature and the
recalcitrance index (Rsg) of the biomass residues under study were estimated. These two parameters are
also very valuable in the characterization of biomass for energy purposes. For the first of them, the values
were estimated with the tangent method, using the profiles of mass loss and the first derivative of mass
loss [53], and in the case of Rs, its estimation was carried out following the guidelines described in
Reference number [39]. The results that were obtained are presented below in Table 6 and Fig. 4.

The information in Table 6 shows the differences and similarities that exist within the different residues
and the reference coal in relation to their ignition temperature. In the case of mineral coal, the result obtained
is not far from that reported in Reference number [54], which was around 450°C. In the case of biomasses,
these values are considered to be within the range reported for other biomasses such as Masson Pine (241°C),
Chinese Fir (267°C), Slash Pine (256°C), and Poplar (271°C) [53]. These results that were obtained again
correlate with those obtained in the previous sections, where it is shown that Prosopis juliflora is the
species with the greatest ease of ignition, while those that take the longest to reach this state are Licania
tomentosa and Terminalia catappa.

Regarding R, its estimation is useful in order to know the thermal stability toward oxidation of the fuel,
compared to that of graphite. According to the values that were obtained, the R, presents three classification
ranges, Class A (R50 > 0.7), Class B (0.5 < R50 £0.7), and Class C (R50 < 0.5). A smaller value in this
parameter indicates that less energy is required to overcome the binding energy during the thermal
oxidation process [39]. From the information in Fig. 4, it can be seen that coal is the material with the
highest Rso, while Prosopis juliflora is the one with the lowest value. All the biomass residues have
values that are located within the type C classification. Licania tomentosa and Terminalia catappa are the
residues with the highest recalcitrance index, data that is quite well related to that which was obtained
with the ignition temperature, once again highlighting which residues have higher or lower activation
energy during the thermal oxidation process.
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Table 6: Ignition temperature of the residues under study

Material Ignition temperature (°C)
Licania tomentosa 259
Azadirachta indica 247
Ficus benjamina 253
Terminalia catappa 263
Leucaena leucocephala 254
Prosopis juliflora 245
Pithecellobium dulce 255
Mineral coal from the area 430

Mineral coal |

Pithecellobium dulce
Prosopis juliflora

Leucaena leucocephala

Material

{0

Terminalia catappa
Ficus benjamina
Azadirachta indica

Licania tomentosa

T T T T T
0.25 0.30 0.35 0.40 0.45 0.50 0.55

Recalcitrance Index (R)

Figure 4: Recalcitrance index of the materials under study

3.2 Analysis of Combustion Gases that Were Formed

The last laboratory-scale characterization test was carried out on the flue gases using the mass
spectrometry technique, highlighting that only carbon dioxide and nitric oxide could be tracked with
certainty, while the carbon monoxide signal results from the combination with CO,. The results obtained
are presented in Fig. 5.

Fig. 5a shows the presence of events associated with the formation of CO,. According to the thermal
analysis (Fig. 3b), the formation of carbon dioxide events should be noticeable around 280°C, 390°C,
and 435°C, associated with the oxidation of hemicellulose, cellulose, and lignin that was previously
evidenced. However, this behavior is unclear in all the profiles shown in the figure. For example, the low
signal for the residues of Prosopis juliflora (F) and Pithecellobium dulce (G) could indicate incomplete
combustion under the air conditions used in the experiment. In relation to the signal that was formed,
Fig. 5a also shows the absence of the CO, formation event below 400°C in some residues, knowing in
advance (Fig. 3b) that hemicellulose and cellulose oxidation occurs in that temperature range. Instead, in
most cases, a formation event above 400°C is observed, which would be associated with the oxidation of
lignin [40—43]. In accordance with the above, one may think that there are residues that are more easily
oxidized, such as Licania tomentosa and A. indica, while others are more difficult, requiring a greater
amount of oxygen to achieve complete combustion. In the case of the structural phases, the results that
were obtained suggest the need to make adjustments in the oxidation gas flow in order to guarantee
complete combustion and, incidentally, achieve all the release of energy from the fuel, which, in this
case, is the plant biomass.
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Figure 5: Mass spectrometry profiles. (a) Carbon dioxide, (b) Carbon monoxide/Carbon dioxide, (c) Nitric
oxide. A: Licania tom.; B: Azadirachta indica; C: Ficus benj.; D: Terminalia catappa; E: Leucaena leuc.; F:
Prosopis juliflora; G: Pithecellobium dulce; H: Mineral coal
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Fig. 5b shows the joint signal of the formation of CO, and CO (mass 28), where the formation of a signal
near 250°C is evident, which does not correspond to the formation of carbon dioxide in Fig. 5a. This fact
proves the incomplete combustion in some species, ratifying what has already been expressed for CO,.
This situation is problematic due to the great loss of energy and the polluting role of carbon monoxide.

Regarding the formation of nitrogen oxides, Fig. 5S¢ shows changes in the analyzed signal (slope) after
200°C. It is notorious that the formation appears at different temperatures depending on the type of residue.
There are even materials in which the change is not noticeable, as in the case of Leucaena leucocephala (E)
and Pithecellobium dulce (G), which could suggest that the formation of this gas phase is not so significant.
On the other hand, the most intense signal occurs in Licania tomentosa and Ficus benjamina. These results
are quite contradictory if one looks at the amount of nitrogen that each residue has according to the
information in Table 2, where precisely Leucaena leucocephala and Pithecellobium dulce are the species
with the highest content of this element. An explanation for this behavior would be related to the greater
or lesser formation of carbon monoxide. The formation of carbon monoxide limits or inhibits the
formation of nitric oxide, as seen in the Pithecellobium dulce signals. The opposite effect can be seen in
Licania tomentosa, where greater combustion occurs, as evidenced in Fig. 5a, due to the high CO, signal.
In this case, since there is less formation of carbon monoxide, the formation of nitric oxide increases.
However, additional studies are required to prove this phenomenon. In order to evaluate the effectiveness
of waste as fuel, a steam generation test was carried out, the results of which are presented in Table 7.

Table 7: Results of the combustion and steam generation test

Material Steam generation (g/kg of Fuel)  Fraction collected: Ash + Unburned (%)
Licania tomentosa 63.38 5.01

Azadirachta indica 72.01 13.17

Ficus benjamina 63.62 8.35

Terminalia catappa 56.79 13.15

Leucaena leucocephala  52.78 13.86

Prosopis juliflora 102.43 4.84

Pithecellobium dulce 72.87 5.59

Mineral coal 365.00 27.50

3.3 Combustion Test for Steam Generation
In order to evaluate the effectiveness of waste as fuel, a steam generation test was carried out, the results
of which are presented in Table 7.

Table 7 shows the lowest amount of steam obtained with Leucaena leucocephala, despite the fact that
this residue was the one that produced the highest calorific value. This behavior would be related to what was
described in the previous section, where the greater difficulty of this residue to achieve complete combustion
is mentioned, which means that part of the energy of the fuel is lost in the combustion gases due to the
formation of carbon monoxide, since a good flame was not observed during burning. On the other hand,
the high steam generation efficiency of Prosopis juliflora is interesting. In this case, a very good flame
was observed during burning, which could be related to the high volatile fraction established in the
proximate analysis (Table 3) and the ease of ignition per the information presented in Table 4. These
results are also related to the amount of ash and unburnt material shown in Table 7, where it is evident
that leucaena leucocephala shows the highest residue values, wherein a large part of it must be a residual
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organic material, product of its difficulty to burn. In short, the behavior in the steam generation is favored
following the following order: Prosopis juliflora > Pithecellobium dulce > Azadirachta indica > Ficus
benjamina > Licania tomentosa > Terminalia catappa > Leucaena leucocephala.

Finally, the NO and SO, formation follow-up test was carried out during the steam generation tests for
four of the most representative species in terms of waste produced in the area of influence of this study,
Licania tomentosa, Azadirachta indica, Ficus benjamina, and Terminalia catappa being the selected
species. As was expressed in the methodological section, 340 measurements were made during 55 min of
burning the fuel, in order to see the evolution of the concentration of these gases over time. The results
that were obtained are shown in Figs. 6 and 7.
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Figure 7: Evolution of NO formation during the combustion test
Regarding the formation of SO,, the information in Fig. 6 shows that the presence of this phase in the

combustion gases is quite low, which is why its detection has been difficult in the mass spectrometry tests
coupled with the thermal analyzer, where only 5 mg was used. It is evident that the formation is not
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continuous. Even in residues such as A. Indica, the presence of this gas phase was not detected. The
formation events that are evidenced in Fig. 6 are related to the moments in which biomass is fed to the
combustion furnace. It is notorious that mineral coal and Terminalia catappa residues are the ones with
the highest SO, formation. When making an average of the 340 measurements carried out, it was
established that the concentration in ppm for Licania tomentosa was 2.06, Azadirachta indica 0.00, Ficus
benjamina 0.39, Terminalia catappa 3.79 and for mineral coal 6.67. This result shows that, indeed, these
biomasses contribute to reducing the amount of SOx released into the atmosphere in the event that this
kind of waste is used as a substitute fuel for mineral coal in steam generation boilers.

Regarding the formation of NO, which has been one of the most worrisome aspects that were analyzed
during the presentation of the results of the elemental analysis in Table 2 and the identification of its presence
by means of mass spectrometry (Fig. 5¢), it has been corroborated in this last test (Fig. 7) that, indeed, nitric
oxide is formed. The formation keeps the same dynamics as with SOx, evidencing increases during fuel
feeding, due to the start of oxidation of the organic phase. In Fig. 7, one can see that all fuels, including
coal, form this nitrogen oxide. By doing the same exercise as with the SOx, of averaging the data
collected from the 340 measurements, a concentration value in ppm of 39.5 was obtained for Licania
tomentosa, 58.9 for Azadirachta indica, of 57.5 for Ficus benjamina, of 76.6 for Terminalia catappa and
of 72.4 for mineral coal, which shows that, despite the fact that there is a higher nitrogen content in these
biomasses, this element does not necessarily form NOx. It is possible that it is transformed into N,, or
that it remains in the solid phase together with the ashes.

4 Conclusions

The results that were obtained suggest that the pruning residues studied here have the potential for use in
the generation of thermal energy through the combustion process. Despite having a large number of leaves,
these materials manage to have calorific values between 14170 and 16928 kJ/kg (52% compared to the
reference coal), values similar to or better than other currently available biomasses. As important data, the
high moisture content of recently cut residues stands out, with values ranging from 37% to 66%. This
leads to a significant reduction in the useful mass for combustion. From the chemical composition, it was
evidenced that these residues contain a lower sulfur content and, in some cases, also a lower nitrogen
content, which, when compared with the mineral coal of the area, offers an important advantage in
environmental matters since it was evidenced that, during combustion, there is less formation of polluting
gaseous phases such as NO (between 18% and 45% reduction) and SO, (between 43% and 100%
reduction). Similarly, lower carbon contents were observed (between 30.6% and 38.7%) compared to the
reference coal, which translates into a lower release of carbon dioxide per kilogram of fuel. The ash
contents of these waste materials were lower than those generated for mineral coal in all cases, which is
beneficial in terms of solid waste generation (a reduction between 3% and 70%). The proximal analysis
showed that there is a weakness in the high representativeness of the volatile component, due to the
higher rate of decomposition and heat delivery in a combustion process, which is reflected in the shorter
ignition and combustion times that were obtained, as well as in the higher “hemicellulose + extractives”
contents according to the thermogravimetric analysis. It was also demonstrated that there are species that
are more or less easily oxidized and form carbon dioxide, thus affecting the amount of energy released.
The combustion test carried out to generate steam showed that the efficiency of the process depends on
several variables, where calorific value is not necessarily the most relevant parameter, as shown by the
results obtained with Leucaena leucocephala. Prosopis juliflora proved to be the residue with the highest
potential to be used as a substitute for mineral coal. However, more appropriate combustion treatments
(for example, briquettes) are needed to increase the performance obtained in this study, which was only
28% compared to that of the reference fuel.
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