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Abstract: Secondary lignocellulosic biomass has proved to be useful as an energy source through its oxidation by means of combustion processes. In accordance with the above, in this paper, we wanted to study the ash from urban pruning residues that are generated in cities in the Neotropics. Species such as Licania tomentosa, Azadirachta indica, Ficus benjamina, Terminalia catappa, Leucaena leucocephala, Prosopis juliflora and Pithecellobium dulce were selected because they have been previously studied and showed potential for thermal energy generation. These materials were calcined in an oxidizing atmosphere and characterized by X-ray diffraction and fluorescence, scanning electron microscopy with microchemistry, BET surface area, thermal gravimetric analysis, and differential scanning calorimetry. The pH and apparent density were also established. The results show high basicity materials (average pH 10), a behavior associated with the presence of chemical elements such as calcium, potassium, magnesium, chlorine, phosphorus, and sulfur. Structurally, these materials have a very significant amorphous fraction (between 49% and 74.5%), the dominant crystalline phases are calcite, arcanite, sylvite, and hydroxyapatite. These ashes have low surface area and do not exceed 13 m2/g. Two characteristic morphological aspects were observed in these ashes: a morphology of rounded grains where silicon content is highlighted, and lamellar morphologies where the presence of chlorine is highlighted. Thermally, these ashes show four significant mass loss events (400°C, 430°C, 680°C, and 920°C), causing mass losses that vary between 25% and 40%. Through this study, it was possible to establish that, from a chemical point of view, these ashes are less dangerous in comparison with those of a mineral coal that was used as a reference. However, they require additional treatments for their disposal due to their high basicity. Because of their composition, these ashes have the potential to be used in the ceramic and cement industries, and in the manufacture of fertilizers.
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1  Introduction

Vegetable biomass is an alternative energy source of a renewable character, and considered within the category of neutral carbon. Due to these characteristics, it has been gaining ground as a substitute for fossil fuels such as oil and coal. One of the important factors that has contributed to this situation is the availability of plant biomass around the world from trees cultivated for this purpose, tree pruning from urban areas, and residues from agricultural activity such as rice husks, bagasse from cane, oil palm, corn crop residues, and coconut shells, among others [1–3].

Regardless of the source of origin of the plant biomass, these residues have shown the potential to generate thermal energy, in many cases through combustion processes, achieving the partial or total substitution of fossil fuel, especially coal [4–7]. In the Latin-American environment, these residues have been used in brick kilns, cement factories, and in industrial laundries for steam generation, consuming large amounts of biomass [8–10]. However, as is the case with mineral coal, a negative aspect originates, and it is the generation of ashes and unburned material [11,12].

Combustion ashes can become an environmental and financial problem for organizations that use biomass as fuel, which is why their characterization and the search for applications is important, in order to reduce or avoid expenses in their final disposition. The review of scientific literature shows that interest is increasing in the study of this class of materials, both in terms of environmental aspects and in terms of the possibilities of reusing them. In the Scopus bibliographic manager, for example, it was shown that by the year 2000, an average of 6 articles were published per year on biomass ash. This figure has been growing progressively, reaching 150 publications during 2022. Territories such as China, India, Germany, the United States, Spain, and Brazil are the most representative sources of study regarding the ashes.

Efforts that were carried out revealed investigations concerning aspects of physicochemical characterization [2,13], the effects of calcination temperature on the properties of this class of materials [14], the classification methodologies due to the great diversity of species [15], the affectations of ashes on biomass combustion systems [16–18], the ecotoxicity of these residues [19,20] and a large amount of very valuable work aimed at reusing these residues. Regarding this last aspect, their use as a raw material in the manufacture of traditional cementitious materials [21], in the manufacture of cementitious geopolymers [22] and adsorbent geopolymers [23], as raw material in the ceramic industry [24], in the synthesis of zeolites [25], for fertilization [26], in the capture of carbon dioxide [27], in the support and active phase of catalysts [28,29], as filters [30] and directly as adsorbents [31], stands out. The secondary biomass associated with the urban pruning process has been highlighted in scientific literature as an interesting source of energy, especially in territories such as the Neotropics, where climatic conditions are sustained throughout the year and continuous pruning of trees is necessary due to electrical network maintenance, for the proper visualization of traffic lights, and in ornamentation efforts. In Colombia and other neotropical countries, the existence of trees in street dividers and sidewalks of homes is very common. The city of Cúcuta, for example, which is an intermediate city, has about 400,000 specimens, which can generate about 2,000 tons of vegetable biomass per month as a product of pruning [32], which is not a negligible quantity, and which allows the feeding of many steam generation boilers of companies in said territory. Now it is expected that much larger quantities will be obtained in larger cities such as Bogotá, which has about 1,200,000 trees, a material that could be very useful for the energy needs of many organizations and even for domestic use [33,34].

This amount of pruning waste used as fuel brings with it the generation of at least 12,000 tons of ash per year. There have been problems regarding their disposal or applicability, due to the little knowledge their is about their physicochemical properties. Although many efforts have been carried out that have made it possible to characterize and find applications for these combustion residues [35–37], few studies have been carried out regarding the ashes of species that grow in urban areas of the Neotropics, in countries such as Colombia, Venezuela, Ecuador, Panama, or Mexico, especially of species such as Licania tomentosa, Azadirachta indica, Ficus benjamina, Terminalia catappa, Leucaena leucocephala, Prosopis juliflora, and Pithecellobium dulce [37–41]. Due to the little knowledge that we have concerning the ashes of the aforementioned species, the objective of this study has been aimed at characterizing them in order to know their chemical and structural composition, to identify if there are components that can affect the environment, as well as to infer possible applications based on the characterization results. The high content of leaves, branches, and twigs, in this biomass is distinctive.

2  Materials and Methods

2.1 Materials

Plant biomass from the pruning and ornamentation process in the metropolitan area of Cúcuta (Colombia) was collected for the study. The material was collected directly from the grinding process carried out by companies dedicated to this work in the city. The high content of leaves, branches, and twigs, in this biomass is distinctive.

The relevant species that were characterized and their identification codes are shown in Table 1.

[image: images]

The main physicochemical characteristics were considered in a previous study [42]. However, Table 2 presents some of the relevant aspects that could be useful for discussing the results of the ash, which is the object of study of this research.
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The chemical composition of a bituminous mineral coal that was extracted and marketed in the area of influence where this study was carried out [43], was used as a reference to make a comparative analysis on the generation and impact of pruning ash.

2.2 Methods

The samples of the different species were initially exposed to natural drying for 1 week. Subsequently, they were subjected to artificial drying in an oven at a temperature of 110°C for 8 h. Next, 700 g of each species were taken and subjected to a combustion process in the open air in order to reduce the volume of pruning residue, since there was no container to calcinate all the material directly in the electric oven. The material resulting from the combustion of each residue, still rich in organic matter, was placed in crucibles and simultaneously loaded into an electric furnace (27 liters and an oxidizing atmosphere) in order to complete the calcination. The heating rate was 5°C/min up to 650°C, maintaining this last temperature for 1.5 h. These conditions were established in order to eliminate all organic matter from the samples and try to reduce losses due to potassium volatilization [44]. This temperature was established based on previous results of thermal analysis and heat flux (TG/DSC), where it was shown that, at this temperature, there was no more mass loss associated with organic matter in any of the residues of the eight species that were studied. In the same way, it was considered that this temperature was not far from that which is recommended in the ASTM D 1102-84 standard for determining the ash content in wood samples. From the material that was obtained, a fraction was taken which was ground until the sample passed the 200 Tyler mesh, this in order to perform X-ray diffraction, X-ray fluorescence, thermogravimetric analysis (TG) analysis. and differential scanning calorimetry (DSC). For the development of pH measurements, scanning electron microscopy (SEM), BET surface area and density, the material was used without modifying the granulometry.

The chemical characterization was carried out using the XRF technique, using a Bruker model S8 Tiger 4 kW dispersive wavelength X-ray fluorescence spectrometer. The structural characterization was carried out in a Bruker model D8 Advance powder diffractometer with DaVinci Geometry in the conditions of 40 kV and 40 mA, with a measurement range between 3.5° to 70°, and a counting time of 0.6 s per step. Quantitative analysis was performed by Rietveld refinement, using an internal standard (20% corundum) to determine the amorphous phase. The morphological and microchemical aspects were studied using a JEOL JSM-6490LV model scanning electron microscope. A sputtering type gold coating system was used with Denton Vacuum Desk IV equipment. The surface area (BET) was established with ASAP 2020 micromeritics equipment using nitrogen at −196°C (77 K) as a molecule for adsorption, and degassing was performed at 250°C for 12 h. The TG/DSC analysis was carried out in TA Instrument model SDT Q-600 equipment, using a mass of 10.0 mg in an alumina crucible, a maximum analysis temperature of 1100°C, heating rate of 10°C/min, and dry air flow of 50 ml/min. The pH measurements were made using a Hanna Instruments model HI 99121 pH meter for soils. The apparent density was carried out using a 25 ml cylindrical cylinder as a containment element, with the help of an Ohaus brand analytical scale with a resolution of 0.01 to determine the mass.

3  Results and Discussion

3.1 Chemical and Structural Aspects

The first aspect to report has to do with the fraction recovered as ash, after the heating process (650°C) in an oxidizing atmosphere in the electric furnace. The results are presented in Table 3.
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Table 3 shows the variability in the amount of ash obtained for each residue. The higher ash content generated by the Ficus benjamina species, and, in the opposite case, the lower ash values provided by Leucaena pruning is worth highlighting. If the ash is considered as just a residue and, incidentally, this material must be disposed of in a landfill to avoid environmental impacts associated with the basicity of the soil and/or leaching of polluting elements [2,11,12], the pruning of the species Ficus would be a bigger problem compared to the other biomass residues associated with other tree species. Now, if these ashes have a technological and commercial value, the situation would be the opposite, where it would be advisable to use the species that generate the highest ash content. That is why it is important to have knowledge of the chemical and structural composition of these residues, in order to be able to make more accurate decisions about the final disposal methods, about how to handle them during combustion, and about the potential use of the ashes under the guidelines of the circular economy [45]. The chemical and structural information obtained for the study samples are presented in Tables 4 and 5.
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From the information presented in Table 4, it is evident that in all the ashes obtained from pruning residues (see Table 1), calcium is the main element, followed by potassium. In the case of calcium, its existence is related to the presence of carbonated crystalline phases such as calcite, dolomite, and fairchildite, and also in phases such as hydroxyapatite. However, there must be a large amount of this element in the non-crystalline phase, due to the high amorphous content evidenced in all the samples through the Rietveld refinement that was performed (see Table 5). Regarding potassium, something similar happens: its existence is correlated with the presence of crystalline phases such as arcanite and sylvite, and, to a lesser extent, by the phosphide and potassium sulfide phases. Its existence in the amorphous fraction is also possible due to its flux role [46].

Other representative elements in the samples are silicon, magnesium, phosphorus and sulfur, but their representativeness is strongly influenced by the type of species. In the case of silicon, its presence is favored in the species Licania tomentosa, Ficus benjamina, Terminalia catappa, and Pithecellobium dulce, being structurally related to the presence of phases such as quartz, hydroxyapatite, and the amorphous phase, which is rich in silicon and aluminum (see Table 5). Regarding phosphorus, its presence is related to the existence of phases such as hydroxyapatite, potassium phosphide, and traces of iron and nickel phosphate. The highest concentration of this element is favored in the specie Pithecellobium dulce. In the case of magnesium, its presence is favored in the species Terminalia catappa and, once again, in Pithecellobium dulce. Structurally, it can be associated with the presence of carbonates such as dolomite and the periclase phase, according to the X-ray diffraction analysis presented in Table 5. Finally, in the case of sulfur, its presence is related to that described for phosphorus, and, structurally, this sulfur can be related to the presence of arcanite and, to a lesser extent, to the presence of zinc sulfide and potassium sulfide.

As for minor elements, there is the presence of chlorine, iron, aluminum, and sodium. Chlorine concentrations are evident in all the ashes, and its content varies according to the species, highlighting, in general terms, a greater presence of this element with respect to wood biomass [15]. One explanation for this situation has to do with the fact that pruning residues have a high fraction of material associated with leaves and it is there that a large amount of this element tends to accumulate [47]. Structurally, chlorine is related to the presence of sylvite in the ashes, according to the results in Table 5. Iron and aluminum are quite scarce in the ashes, as can be seen in Table 4. Terminalia catappa is the species with the highest concentration of these elements as well as sodium, which turns out to be a special case within the materials that were analyzed, due to its high concentration, which is higher than that which is found in many industrial minerals containing this element [48]. The iron in the ash is related to the presence of iron oxide and iron phosphate. In the case of aluminum and sodium, it is very likely that their presence is more related to the amorphous phase, although in the case of Pithecellobium dulce, sodium was found as sodium peroxide.

As trace elements, Table 4 shows around 23 elements, where strontium, zinc, manganese, copper, titanium, and rubidium are present in all materials. However, it is important to highlight that, out of all the elements that were identified, greater attention should be paid to those that are considered heavy or toxic [11,12], highlighting in this article the presence of zinc, copper, nickel, chromium, lead, barium, and manganese present in plant biomass ashes. It is relevant to highlight the non-presence of other elements that are more harmful than if they are present in the coal ashes, as in the case of arsenic, vanadium, yttrium and cobalt.

Regarding the trace elements that have a polluting role (see Table 4), it is evident that in the studied ashes, they can be found in low concentrations, and could hardly become harmful in the landfills where they are deposited. In the case of barium, in scientific literature, dangerous concentrations above 500 mg/kg [49] are expressed, values that are not obtained in the biomass ashes that were studied, but in the reference coal. In the case of manganese, dangerous concentrations for plants are around 1500 mg/kg [49], it is once again evident that none of the ashes under study exceed this reference value. In the case of copper, the concentrations in the ashes are between 200 and 400 mg/kg. These values are above the typical values in soils [49], where values of up to 100 mg/kg are expected. Therefore, one can conclude that actions should be taken in order to treat these ashes, for example, its mixture with other soils in order to reduce its concentration. In relation to nickel in the ashes studied, Table 4 shows values between 30 and 100 mg/kg. These values are within the range established in soils, which is between 1 and 200 mg/kg [49]. In the case of zinc, concentrations between 400 and 700 mg/kg are evident in the ashes, and its concentration is higher than that reported in soils, which ranges from 10 to 300 mg/kg [49]. Once again, one can conclude that there is a need for the treatment of these ashes before being discarded, if this is the case. Finally, regarding the content of lead, scientific literature reports concentrations in soil between 3 and 189 mg/kg [49,50], and the data in the ashes that were studied does not exceed 60 mg/kg, which generates some peace of mind concerning its impact on the ground.

There are several works in scientific literature that have laid the foundations for classifying biomass combustion ashes. The works of Zhai and his team [15] and of Vassilev and co-workers [3,16] are highlighted, which have been taken as a guide to carry out the analysis.

In the case of the work of Zhai and his co-workers, they present four categories to classify biomass ashes according to their origin, which are called: hardwoods, softwoods, cereal crop residues, and crop residues other than cereals. The first category is related to the use of the stem of the plant, characterized by having a high concentration of calcium (average of 37.4%) and low silicon content (2.7% on average). In the case of Softwoods, although they are also stems, they are characterized by having a lower calcium content compared to that of hardwoods (average of 32.0%), in which case the presence of silicon is favored (average of 20.1%). The other categories have the particularity that they have a lower calcium content (less than 20%) than wood and higher chlorine content (greater than 7%). However, there is no common pattern for the other relevant elements such as silicon, potassium, sulfur. Pasture residues and small crop branches tend to have a higher potassium content, while agro-industrial crop residues tend to have higher silicon contents in their composition, rice husks being a representative case of this last group [18].

In general terms, and in accordance with the data in Table 4, the materials studied cannot be strictly categorized into one of the four categories mentioned, due to the fact that fractions of wood, branches, and leaves are included, which means that there are high contributions of the calcium associated with the thicker branches of the trees, and of the potassium that seems to be more associated with the fine branches and leaves that are present, which are quite representative in the vast majority of species. This last argument also explains the chlorine content.

3.2 Density, Surface Area, and pH Measurements of the Residues

Other important aspects of the ashes have to do with their basicity or acidity, a very important aspect to take into account for final disposal, for handling, and even for the potential use that can be given to this class of materials. In the same way, it is valuable to know the apparent density of these materials, considering its future applicability and its transportation. Likewise, it is valuable to know its surface area, considering its physical and chemical surface interrelationship with other species, and the possibility of acting as a support for other phases, as in the case of catalysts. The results obtained are presented in Table 6.
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From the information in Table 6, it is evident that all the materials studied have a high basicity, especially the ashes of Ficus benjamina. These values have been taken while dry, and an increase of this parameter is very probable when moisture is added, due to the formation of OH groups [51]. These values that were obtained do not differ significantly from those reported for other biomass ashes according to scientific literature [12]. This result makes it possible to prove the need to carry out actions in case the ash is only disposed of in a landfill, since it would affect the natural pH of the soil, which in many cases has a slight acid tendency due to the high content of silicon and aluminum, hence both the surrounding flora and fauna would be affected. From the point of applicability, these ashes could play an important role as a conditioner for acidified soils, acting as a neutralizer as well as providing fertilizing elements such as potassium, phosphorus, chlorine and sulfur, as it has been previously mentioned.

Regarding surface area (BET), it is evident in Table 6 that all the ashes from the biomass that underwent heat treatment have quite low values, and even tend to be lower than those reported for other ashes in the same group, such as rice, coffee, or wood [52,53]. This behavior could be explained by the high presence of potassium, which, at the combustion temperatures used to obtain the ashes, ends up acting as a flux, favoring the formation of the glassy phase, which significantly reduces the porosity, as it occurs in the ceramic industry [48]. This undoubtedly reduces the surface area with which the probe molecule can act. It is noteworthy that the higher values of surface area in Licania tomentosa and Pithecellobium dulce could have a correlation with the higher content of silicon and phosphorus present in these materials, according to the information in Table 4. These results obtained reduce the possibilities of using these ashes in applications where other materials of the same nature have found applications, such as absorption/adsorption of chemical species, especially in environmental remediation, phase separation, and catalyst design [54,55]. Despite the low surface area values, this class of residues could have interesting adsorption applications, such as those described by Liu et al. [27]. These authors highlight the synergy of biochar and ash from organic materials in order to capture carbon dioxide, despite having a low surface area (less than 12 m2/g), noting that ash plays a very relevant role in the process due to their high calcium oxide content.

Regarding apparent density, it is highlighted that the lowest values were obtained in Pithecellobium dulce and Ficus benjamina, and their greater pore volume makes the apparent density lower. Although there should be some direct relationship with the surface area parameter, this is not appreciated in the case of the Ficus species. The higher concentration of elements lighter than calcium, such as silicon and phosphorus, the residual carbon, and even the low concentration of calcium and iron, could explain this behavior in some way. In terms of applicability and even final disposal of the ashes found in Pithecellobium dulce and Ficus benjamina, it could be a problem concerning transportation from the combustion/gasification site to the site where it will be reused or the final landfill, since it occupies more volume, and it may therefore require making more routes in the cargo system, or hiring more containers to transport said mass.

3.3 Thermogravimetric and Heat Flow Analysis

This analysis is valuable in order to know the mass changes during heating, and to identify reaction and/or transformation events, as well as the heat fluxes as the temperature increases. The results that were obtained are presented in Fig. 1, as well as in Table 7.
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Figure 1: Thermal profiles of the studied residues. (a) Derivate weight loss, (b) Heat flow. A: Licania tomentosa; B: Azadirachta indica; C: Ficus benjamina; D: Terminalia catappa; E: Leucaena leucocephala; F: Prosopis juliflora; G: Pithecellobium dulce
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Based on the information in Fig. 1a, it is possible to show how all the ashes are affected by heating in relation to their mass. This figure shows events of mass loss at different temperatures, with signals of greater intensity near 425°C, 675°C, and 922°C. Table 7 shows the consolidation of said events for the ashes of each of the species studied. Low temperature events around 130°C could be related to physically adsorbed water [56] which is only evident in three species (Licania tomentosa, Pithecellobium dulce and Prosopis juliflora); regarding the other ashes. The mass losses in this zone were in the range of 1.4% to 5.3%, the highest value being that obtained by Licania tomentosa while the smallest was given by Terminalia catappa. Events between 390°C and 440°C are associated with the decomposition of residual organic matter. This is supported by the heat flow results shown in Fig. 1b, where exothermic events are observed in this area (downward concavity). The ashes of Licania tomentosa, Prosopis juliflora, and Pithecellobium dulce are the materials that still contain residual organic matter, which would be associated with a greater resistance to oxidation, since all the ashes were calcined simultaneously and under the same preparation conditions. Mass losses in this region were between 0.9% and 22%, Leucaena leucocephala being the ash with the lowest organic matter content, while Licania tomentosa was the material with the highest losses. The explanation for this behavior is quite complex. One possible hypothesis could be related to the structural composition of the residues (see Table 2), and its stability to thermal oxidation. The results of mass spectrometry coupled to a thermal analyzer presented in a previous study [42] demonstrate that most of these residues show a CO2 formation event in the region where lignin usually decomposes. On the other hand, some of the residues, such as Prosopis juliflora and Pithecellobium dulce do not present a clear signal in the region of hemicellulose and cellulose decomposition. This is related to the formation of carbon monoxide and the difficulty of thermal oxidation of these structural phases in some plant biomasses, which hinders the transition of carbon from a solid state to a gas. From Table 2, for example, it is noticeable that the pruning residues of Licania tomentosa, Prosopis juliflora and Pithecellobium dulce are precisely those with the highest cellulose and even hemicellulose content. Mass loss events above 600°C (see Table 7) are of the endothermic type, according to the information shown in Fig. 1b. The explanation for this mass loss would be associated with the decomposition of crystalline and possibly amorphous carbonate phases, which can be observed in the microstructural analysis presented in Table 5. This includes magnesite and kutnohorite in events close to 700°C, and dolomite and calcite with decompositions above 800°C [57]. The decomposition of sylvite and arcanite occurs near 1100°C. Fig. 1 only showed one event around 1080°C [17]. The mass losses in this last region are between 10.6% and 37.0%, the lowest value being that of Licania tomentosa and the highest being that of Leucaena leucocephala. Species such as Azadiracta indica (29.8%), Terminalia catappa (29.6%) and Prosopis juliflora (31.9%) also reach high values of mass loss in this region, which shows the large amount of carbonates that are present, which can be both in a crystalline and amorphous state, as described in Table 5. The total mass losses of the ashes within the evaluated temperature range are quite significant, reaching values close to 40%, as shown in Table 7. It is noted that the lowest total mass loss in the ashes is obtained in the species Ficus benjamina and Pithecellobium dulce, which would be the ones that would generate the highest yield (in terms of mass) in case this residue is used as a raw material in some application with high temperature treatment, and in turn would not be releasing carbon dioxide, which is known to contribute to the phenomenon of global warming [1].

3.4 Morphological and Microchemical Analysis of the Ash by Electron Microscopy

The morphological and microchemical characterization can be valuable in order to explain some behaviors evidenced with previous techniques. It is also useful to find new similarities or differences between samples. The most representative results are presented in Figs. 2 and 3, as well as in the information in Table 8.
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Figure 2: Micrographs of the ashes obtained by SEM. (a) Licania tomentosa, (b) Azadirachta indica, (c) Ficus benjamina, (d) Terminalia catappa, (e) Leucaena leucocephala, (f) Prosopis juliflora, (g) Pithecellobium dulce

[image: images]

Figure 3: Differentiating morphologies of the ashes obtained by SEM. (a) and (b) being spherical morphologies, (c) and (d) being lamellar and fibrous morphologies

[image: images]

The information in Fig. 2 shows the presence of lamellar morphologies and fibers that can be associated with the presence of residual organic matter. This assertion is based on a preliminary microchemical review and on the correlation that occurs with the results of the Figure, where it was possible to show that the greatest number of these morphologies occurred in the ashes of the species Licania tomentosa and Prosopis juliflora. The morphological characteristics of these fibers and sheets could explain the surface area results, associated with their greater porosity, as seen in the micrograph of the Licania tomentosa species. On the other end are the morphological characteristics of the ashes of species such as Azadirachta indica and Leucaena, where no residual organic matter was found. These ashes are characterized by the presence of agglomerates ranging from 5 to about 250 micrometers, which present formation of a glassy phase, most likely associated with the high potassium and phosphorus contents in all the ashes and their combination with silicon and calcium. This behavior contributes to reducing the open porosity, as it was already explained in Section 3.2, thus leaving less available surface area, which explains the results shown in Table 6.

An additional characteristic evidenced in the ashes that were studied was the presence of two morphologies that differ in their chemical composition. In Fig. 3, four images of different ashes have been included where this behavior was shown. There, it is possible to observe spherical and lamellar and fibrous morphologies. In the case of spherical morphologies (Figs. 3a and 3b), their microchemistry (see Table 8) is characterized by having a high silicon content, and they were seen more frequently in the ashes of Ficus benjamina and Licania tomentosa. This same type of morphology is usually found in some bottom and fly ashes from mineral coal, where the predominant chemical element is precisely silicon. The other type of morphology (Figs. 3c and 3d) that was observed is characterized by having a high chlorine content in its composition. There, it is possible to find the presence of carbon in its composition, it has less oxygen content compared to the first type of morphology, and it lacks silicon in its composition. This information from Table 8 reveals the influence of the chemical composition on the morphology of the ashes.

3.5 Possible Applications of Ashes from Pruning Residues

Based on the characterization results that were obtained, possible applications for each of the residues are proposed. The results that were obtained are shown in Table 9.

[image: images]

Based on the results shown in Table 9, it can be seen that all residues may have applicability in some processese, highlighting the greater versatility of Licania tomentosa, Ficus benjamina and Pithecellobium dulce ashes. More detailed studies must be carried out in order to corroborate if the approaches presented here are really valid, since the analysis has been carried out based on the results of previous works found in scientific literature [13,21–27].

4  Conclusions

The investigation that was carried out made it possible to obtain relevant information which could be of interest for future investigations, since there are no characterization reports of many of the ashes of the species studied. It was possible to show that there are important differences between the ashes from pruning residues and other ashes from other biomasses. The ash contents in the species studied vary between 3% and 10% (weight). The study of the chemical and structural aspects showed that these ashes have low concentrations of polluting elements in comparison with other references, such as mineral coal. However, treatments are required for the ash disposal, especially regarding the management of basicity, which is very high (with values greater than 10). In the same way, the potential of some of the species to store some type of chemical element in particular was shown. For example, Terminalia catappa is characterized by its high sodium content, which is not common in the other biomass ashes that were studied. It was possible to demonstrate that these ashes are affected by being subjected to heating. Some of them still retain some residual organic phase, and similarly, the loss of mass associated with the decomposition of carbonate species was demonstrated, as seen by the X-ray diffraction analysis. Morphological and microchemical analysis showed two types of characteristic morphologies in the ashes studied, which are related to the highest silicon (spherical) or chlorine (lamellar) content. Finally, using the information from the characterization carried out, it could be deduced that these ashes could have application potential in the cement industry, ceramic industry, and fertilizers.
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Table 1: Species used in this study

Species Common name in the area Identification code
Licania tomentosa Oiti A
Azadirachta indica Neem B
Ficus benjamina Ficus C
lerminalia catappa Almendron D
Leucaena leucocephala Leucaena E
Prosopis juliflora Cwji F
Pithecellobium dulce Chiminango G
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Table 3: Ashes obtained after the oxidation process of the biomass residue

Plant species % Ash obtained
Licania tomentosa 4.31
Azadirachta indica 5.59
Ficus benjamina 9.75
lerminalia catappa 6.17
Leucaena leucocephala 3.73
Prosopis juliflora 4.36

Pithecellobium dulce 6.47
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Table 8: Microchemical information of the morphologies of Fig. 3 (% Weight)

Element Morphologie
a b C d

C 0.00 0.00 0.00 36.22
O 42.62 27.09 21.36 4.74
Mg 2.17 1.83 1.25 3.59
Al 0.00 1.95 0.00 0.00
Si 20.55 23.62 0.00 0.00
Cl 0.93 0.00 31.72 13.69
K 30.02 31.97 40.62 24.85
Ca 3.71 13.55 5.04 16.90
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Table 6: pH measurements, surface area, and bulk density of the ashes under study

Species Code Bulk density (g/cm’) pH Surface area BET (m?/g)
Licania tomentosa A 0.612 10.70 12.265

Azadirachta indica B 0.652 10.00 3.499

Ficus benjamina C 0.496 11.00 1.954

lerminalia catappa D 0.663 10.30 2.108

Leucaena leucocephala E 0.700 10.50 3.264

Prosopis juliflora F 0.620 9.90 3.519

Pithecellobium dulce G 0.253 9.90 8.493
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Table 4: Chemical composition of the ashes under study (XRF)

Oxide/Element Material (% weight)
A B C D E F G Coal [43]

CaO 19.230  40.500 40.170  31.480 36.720 39380 30.380 1.170
K,O 16.150 23350 13.580  9.860 21.750  16.320  15.170  1.310
Cl 0.030 1.170 0.080 2.880 1.890 1.830 1.400 0.000
MgO 3.170 3.630 3.650 8.330 2.990 1.940 5.790 0.650
SO; 3.960 2.690 1.250 2.480 3.360 3.100 7.550 0.260
P,05 4.270 4.320 2.300 2.930 3.060 3.640 9.480 0.560
SiO, 15.000  2.460 13.050  9.430 1.810 2.190 8.980 52.850
Fe,0O; 0.390 0.290 0.280 0.650 0.410 0.370 0.250 7.770
AL O3 0.770 0.310 0.540 0.820 0.470 0.620 0.200 26.270
SrO 0.040 0.100 0.170 0.050 0.140 0.140 0.060 0.020
Na,O 0.270 0.000 0.290 4.550 0.120 0.650 0.120 0.210
ZnO 0.050 0.040 0.040 0.050 0.050 0.050 0.060 0.040
BaO 0.000 0.000 0.040 0.000 0.000 0.000 0.000 0.110
MnO 0.070 0.020 0.020 0.080 0.030 0.020 0.050 0.020
CuO 0.020 0.020 0.020 0.030 0.020 0.030 0.040 0.040
TiO, 0.040 0.020 0.030 0.050 0.030 0.030 0.010 1.170
Rb,O 0.010 0.020 0.007 0.007 0.010 0.009 0.010 0.007
NiO 0.000 0.003 0.000 0.010 0.004 0.007 0.005 0.020
MoOs3 0.000 0.000 0.008 0.000 0.010 0.020 0.000 0.006
Br 0.000 0.007 0.000 0.000 0.004 0.020 0.003 0.000
SeO, 0.000 0.000 0.000 0.000 0.000 0.000 0.020 0.000
PbO 0.000 0.000 0.000 0.005 0.005 0.006 0.000 0.004
710, 0.010 0.000 0.000 0.010 0.000 0.000 0.000 0.030
Ag 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000
CrO; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
V,05 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.110
Y,0; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011
ScO; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009
Ga,0; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007
As,0O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005
GeO, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004
CoO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Nb,O; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Loss of ignition ~ 36.530  21.060 24483 26313 27.140 29.681 20.450 7.360
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Table 9: Possible applications of the ashes from pruning residues under study

Material Possible use Disadvantages
Cement Geopolymers Ceramics Fertilizer Catalyst and
additive adsorbent
Licania X X X X The presence of
tomentosa residual organic
matter
Azadirachta X X X X The possible release
indica of chlorine and
sulfur at high
working
temperatures
Ficus X X X X The possible release
benjamina of chlorine and
sulfur at high
working
temperatures
lerminalia X X X X High chlorine
catappa content as a negative
aspect if used in the
ceramic industry
Leucaena X X X Very low amount of
leucocephala ash in the biomass
Prosopis X X X The possible release
Jjuliflora of chlorine and
sulfur at high
working
temperatures
Pithecellobium X X X X High sulfur content
dulce causing
efflorescence in the
ceramic industry
Reason for use High High content High High High content —
calctum of potassium, potassium potassium,  of calcium
content silicon and  and phosphorus, and
aluminum sodium even sulfur  magnesium
content content oxide
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Table 7: Consolidated mass loss events in the thermogravimetric analysis

Species Code Mass loss events (°C) Residual mass (%)
Licania tomentosa A 135 394 427 674 808 1048  62.1
Azadirachta indica B 163 647 724 836 931 1067  66.5
Ficus benjamina C 121 618 695 707 813 1090  72.5
lerminalia catappa D 426 640 677 871 922 — 66.6
Leucaena leucocephala  E 424 628 681 721 939 — 60.3
Prosopis juliflora F 429 680 723 81 930 1080  60.3
Pithecellobium dulce G 398 436 677 855 910 1061  75.7
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Table 2: Concentration of structural phases in residues from thermogravimetric analysis (Tg/Dtg) [42]

Material

Hemicellulose + Extractives (%)

Cellulose (%)

Lignin (%)

Licania tomentosa
Azadirachta indica
Ficus benjamina
lerminalia catappa
Leucaena leucocephala
Prosopis juliflora
Pithecellobium dulce

60.2
60.4
54.8
54.9
635.0
62.2
63.2

20.8
14.2
17.2
11.1
17.2
22.1
18.2

4.9
8.5
6.2
15.5
6.9
5.2
5.0
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Table 5: Microstructural composition of the ashes under study (XRD)

Crystalline phases Material (% weight)

A B C D E F G
Arcanite (K,SOy) 6.2 2.7 1.5 - 4.5 - -
Potassium phosphoride (K5P) - - - 2.7 - - -
Calcite, Mg (CaCOs) 1.6 7.1 53 23 8.5 5.7 2.7
Calcite (CaCOs) 8.3 5.7 20.0 10.0 6.9 13.9 10.2
Potassium sulfide (K,S) - - - 1.1 - - -
Dolomite (CaMg(CO3),) 0.3 2.5 1.2 2.3 1.7 1.8 2.0
Fairchildite (K,Ca(COs),) 0.3 5.3 1.2 5.0 2.1 39 0.7
Hydroxyapatite, Si (Cas(PO4);(OH)) 33 3.8 5.1 1.7 2.2. 33 -
Hydroxyapatite, Cu (Cas(PO,4);(OH)) - - - - - - 10.1
Iron and titanium oxide — — — 1.6 — — —
Titanium oxide, Mn, Fe 1.5 3.7 - - 1.2 - -
Titanium oxide, Fe, Ca - - 0.6 -
Kutnohorite CaMn**(CO;), — - 0.1 - 0.5 0.3 0.2
Periclase (MgO) 0.7 43 1.0 4.0 2.2 1.6 1.7
Potassium sulfate (K,SOy) - - - - - 4.1 15.7
Quartz (Si0,) 1.4 3.1 1.8 1.7 1.2 1.4 1.2
Sodium peroxide (Na,O,) - - - - - - 0.9
Sylvite (KCI) 1.8 4.7 0.5 6.4 8.8 59 5.1
Iron and nickel phosphate - - - - 0.1 - -
FePOy,, Ni3(PO,),
Zinc sulfide (ZnS) - - - 0.5 - - -

Amorphous 74.5 57.0 61.6 60.6 60.1 58.1 49.5
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