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Abstract

:

Brazil is among the world’s largest producers of green coconut, which contributes to inappropriate disposal and socioenvironmental impacts. Concomitantly, some of its coastal cities produce a great diversity of fish and large amounts of solid waste. This paper reports on the use of samples of fish scales (100FS) and green coconut shells (100GCS) and their mixtures in 75%FS:25%GCS (B25), 50%FS:50%GCS (B50), and 25%FS:75%GCS (B75) proportions and quantification of their Higher Heating Values (HHV) and Lower Heating Values (LHV), and Ultimate (UA) and Proximate Analyses (PA). Their thermal behavior was investigated by thermogravimetry (TG/DTG) and differential scanning calorimetry (DSC), whereas scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and Fourier transformed infrared (FTIR) were employed for analyses of their physicochemical and morphostructural properties. When compared to in natura samples, SEM images of the blends detected a structural disorder and a highly fibrous structure with an elongated chain and surface roughness. HHV were superior in samples with 100GCS (16.64 MJ kg−1), B75 (15.80 MJ kg−1), and B50 (14.98 MJ kg−1), and lower in B25 (14.16 MJ kg−1) and 100FS (13.03 MJ kg−1), with acceptable values for different biomasses. TG/DTG and DSC curves showed similarities among the samples, with the detection of their main thermoconversion stages. According to the data, the samples can be applied as renewable energy sources to mitigate socioecological illnesses and social vulnerabilities resulting from the archaic and inadequate management of solid waste.
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1. Introduction


According to the National Solid Waste Policy Law (PNRS) (No. 12305/2010), solid waste (SW) is defined as any discarded material, substance, object, or good resulting from human activities in society, and whose final destination takes place in solid or semi-solid states [1]. The inappropriate disposal of that waste has become a global concern in terms of socioenvironmental impacts, causing flooding, increased pollution, waste of public resources, devaluation of properties, obstruction of public roads, damage to tourism, and public health disorders [2]. Towards an adequate destination, solid waste can be reused through a series of physical, chemical, and/or biological processes for new bioenergy and/or industrial applications [3].



As a tropical fruit whose content offers several benefits to human health and due to the modern consumer’s gradual adherence to healthy habits, green coconut water (Cocus nucifera L.) has become more popular and more frequently obtained [4]. On the other hand, unrestrained consumption, associated with the capitalist model, has led to harmful results for the terrestrial ecosystem and the disposal of waste in landfills with no adoption of criteria or public policies for the protection of the natural environment [5].



The consumption of green coconut favors inadequate disposal of waste in unsuitable places; it is mixed with domestic waste and, therefore, responsible for a large accumulation of municipal solid waste (MSW) since its shell is predominant in the composition, corresponding to 80.0% of the total mass of the fruit [6].



The bioenergetic properties of coconut shells have been investigated for biofuel production and their correct destination. Ahmad et al. [7] assessed the coconut shells conversion into biochar on a global scale, providing a high-density sample (412 kg m−3), profitable calorific value (19.4 MJ kg−1), and large availability of the crop (10 million hectares and 92 countries). The aim was to produce a briquette via physical mechanism and combustion, including proximate and ultimate analyses, as well as calorific heating values. The compression process for such a production increased the high heating value of those shells to 32.16 MJ kg−1 [8]. Inayat et al. [9] studied coconut shells for heat and power generation by thermochemical characterization.



However, information on ash content, properties of green coconut shells for thermochemical conversion (pyrolysis and/or combustion), and a better understanding of their performance in different proportions like feedstock in thermal processes are still incipient. The novelty of this study is it has filled such a lack of data and analyzed the behavior of green coconut shells and fish scales.



Similar to the trade of green coconuts, fish on the Brazilian coast (more precisely in the Northeast of the country) has stood out as an important source of income and supply of high-quality proteins to a large contingent of the population, with growing demands met by aquaculture [10]. In 2022, the Brazilian production of farmed fish reached 860,355 tons, according to a survey conducted by the Brazilian Fish Farming Association (ABP). Such data showed a 2.3% over the 2021 production, i.e., 841,005 tons produced [11].



Therefore, the consumption of fish on the Brazilian coast is one of the main profitable and economic activities, reinforcing the need for appropriate disposal or reuse of the aforementioned solid waste [12]. In this sense, the Brazilian Northeast region stands out for its high potential for fishing production, given the large number of freshwater reservoirs with characteristics suitable for the cultivation of aquatic organisms and abundant labor. Although fishing activity is evident as a cultural, hereditary, and popular characteristic in the national territory, its production exposes a disorderly generation of fish waste in inappropriate locations, which is another socioenvironmental problem faced by Brazilian coastal cities [13].



The bioenergy production sector has gained more space in energy generation processes in recent years since it is a clean, sustainable, and renewable source, and plant biomass has become a better-known source for biofuel and heat production [14].



The lignocellulosic material contains mainly three groups of natural polymers on a dry basis, namely, cellulose (≈50.0%), hemicellulose (10.0% to 30.0% in wood and 20.0 to 40.0% in herbaceous species), and residual lignin (10.0% to 40.0%) [13].



Direct combustion and oxy-fuel combustion, and pyrolysis are the most widely researched processes for biomass thermoconversion [15]. In combustion, the biomass is burnt in a synthetic air environment for heat production, whereas the oxy-fuel combustion ambient is constituted of pure oxygen and recycled flue gas (RFG) or carbon dioxide (CO2) [16], which is a helpful technology for reduction in CO2, SOX, and NOX emissions [17]. The pyrolysis process consists of biomass heating in oxygen absence (inert atmosphere) for the production of biochar, bio-oil, and syngas. Such technology has been extensively studied for biofuel production; however, unlike oxy-fuel combustion, pyrolysis requires more labor due to its biomass components and many degradation stages [17].



Thermal processes (pyrolysis and/or direct combustion) differ from each other regarding operating conditions (temperature ranges, heating rates, absence or presence of oxygen), which justifies the use of different waste in these processes to reduce gaseous emissions in landfills, reduce costs arising from final disposal, and support the management of solid waste in general [18].



Prior to the destination of biomasses in a thermal system, investigations on their properties must be conducted to predict the biofuel yield in energy generation [19]. Each type of biomass displays specific energetic, thermal, compositional, morphological, and vibrational characteristics. Furthermore, blending biomasses can result in improved or inhibited characteristics, and for this reason, several studies have provided quantitative tools for biomass quality assessment [20,21,22]. However, the results are incipient and exhaustive experimental analyses are still required.



This study investigated an innovative, promising, and technological proposition for the reuse of different proportions of mixtures of green coconut shells and fish scales towards the generation of thermal energy through thermochemical conversion processes, contributing to the scientific community in the search for cleaner and more sustainable energy solutions.



Thermogravimetry (TG/DTG) and differential scanning calorimetry (DSC) under inert atmosphere (argon 5.0) were used for the thermal characterization of pure samples of fish scales (100FS) and green coconut shells (100GCS) and their mixtures in three proportions, namely, 75%FS:25%GCS (B25), 50%FS:50%GCS (B50), and 25%FS:75%GCS (B75). Scanning electron microscopy (SEM images), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) evaluated their physicochemical, morphological, and structural properties.




2. Materials and Methods


2.1. Samples Preparation


Samples of green coconut shells (100GCS) and fish scales (100FS) were collected in coastal and central regions of São Luís city (Maranhão State, Northeast region, Brazil), located at 2°31′51″ South (latitude) and 44°18′24″ West (longitude) [13]. Fish scales of several species of local fish (e.g., tambaqui (Colossoma macropomum), pirarucu (Arapaima gigas), and tilapia (Oreochromis niloticus) were used for generalized analyses.



In the preparation stage (Figure 1), the samples were washed in running water for the removal of impurities, dried in an oven with controlled residence time and temperature (60 °C for 48 h) for the elimination of excess moisture, ground with a knife and hammer mill to reduce their particle sizes, and sieved for separation into average ≈ 328 μm sizes. Their blends were prepared in proportions of 25% fish scales + 75% green coconut shells (B75), 50% fish scales + 50% green coconut shells (B50), and 75% fish scales + 25% green coconut shells (B25).




2.2. Ultimate Analysis


The relative contents of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) present in the samples were quantified in an EA1110 CHNS-O Elemental Analyzer (CE Instruments, England, UK), according to EN ISO 16948:2015 [23]. The oxygen content was quantified by difference at 100% [13].




2.3. Stoichiometry of the Main Gaseous Emissions (CO2, NO, and SO2)


Equation (1) shows a global combustion reaction for biomass and solid waste based on the ultimate analysis and formation of the main atmospheric pollutants (CO2, NO, and SO2) generated during those thermal processes according to Silva et al. [24,25]:


    C   a   +   H   b   +   N   c   +   O   d   +   S   e   + x     O   2   + 3.76   N   2     → A C   O   2   + B   H   2   O + C N O + E S   O   2   + y   N   2    



(1)




where a, b, c, d, and e are, respectively, percentages of carbon, hydrogen, nitrogen, oxygen, and sulfur divided by their respective atomic masses (12, 1, 14, 16, and 32, respectively). Stoichiometric coefficients x and y were calculated for balancing Equation (1) according to the linear equation system provided in Equation (2):


        x =   1   2     2 a +   b   2   + c + 2 e − d         y = 3.76   x        



(2)







The x-value determined and the use of part of the first member of Equation (2), x (O2 + 3.76 N2), enabled the calculation of the air mass required for the stoichiometric combustion of the material studied, i.e., the amount of oxidant mass necessary and sufficient for the complete burning of all biofuel in an ideal process [26,27]. The second member of Equation (1), i.e., products of the global combustion reaction, was used for obtaining the theoretical values of CO2, NO, and SO2 emissions—A, B, C, and E refer to the gaseous concentrations of the products generated and are equivalent to:


        A = a       B =   b   2         C = c       E = e        











Dividing parameters A, C, and E by the sum of the total coefficients and disregarding the moisture (B) (dry base) led to the estimate of the air pollutants (CO2, NO, and SO2) values under stoichiometric and complete combustion conditions by Equations (3)–(5):


      [ C O   2   ]   %   =   A     A + C + E + y      



(3)






    [ N O ]   %   =   C     A + C + E + y      



(4)






      [ S O   2   ]   %   =   E     A + C + E + y      



(5)








2.4. Proximate Analysis


The contents of moisture (M), volatile materials (VM), ash (A), and fixed carbon (FC) of the samples were obtained in a vacuum muffle furnace MLVC 1300/7 (INTI brand, Rio de Janeiro, Brazil), following the methodology developed by Torquato et al. [28]. All experiments were performed in triplicate to verify the repeatability of the results.



The volatile material and fixed carbon contents were associated using the combustibility index (CI) (Equation (6)), according to Gonzales et al. [29]:


  C I =   V M   F C    



(6)







CI enabled a comparison of the reactivity of different materials or substances—the higher the CI, the more reactive the sample in combustion processes and the better its burning [29].




2.5. Calorimetry Analysis or Energy Potential


The higher heating value (HHV) of the samples, established by ASTM E711 [30] and NBR 8633 [31], was determined in an IKA C200 calorimetric pump (Cole-Parmer, England, UK). The lower heating value (LHV) was obtained by Equation (7), based on the experimental HHV and ultimate and proximate analyses [13]:


  L H V = [ ( H H V − λ · ( r + 0.9 H ) ) · ( 100 − W ) / 100 ]  



(7)




where λ is the latent heat of water vaporization (2.31 MJ kg−1) at 25 °C, W is the moisture contained in the sample, H is the hydrogen content obtained from the ultimate analysis, and r is the moisture ratio, given by r = W/(100 − W). All experiments were performed in triplicate to verify the repeatability of the results [32].




2.6. Scanning Electron Microscopy (SEM Images) and Energy Dispersive Spectroscopy (EDS)


SEM images of the samples were obtained under a LEO440 scanning electronic microscope (Leo Electron brand, Zeiss, Jena, Germany) for different times of magnification (60, 200, 220, 500, and 1000×), according to ASTM E2809-22 [33], and enabled studies of their morphological properties, e.g., external surface structure and formation and distribution of pores on the surface of the lignocellulosic material. A microscope was also used in the energy dispersive spectroscopy analysis to determine and semi-quantify the composition of inorganic elements, according to ASTM E1508-12a [34]. The samples were placed in a hydraulic press and secured to aluminum support by a double-sided adhesive tape produced from carbonaceous material for better fixation during the analysis.




2.7. X-ray Diffraction (DRX)


X-ray diffraction enables the verification of crystalline and amorphous regions related to the structural organization of the samples and the calculation of the crystallinity index (%CIDRX) by the Segal method and Equation (8) [35], which strongly influences the thermoconversion process since amorphous products show a higher reactivity when compared to crystalline ones [30].


  %   C I   D R X   = (   I   002   −   I   a m   ) /   I   002   × 100  



(8)




where I002 and Iam represent the intensity of crystalline and amorphous regions, respectively. A Rigaku Multiflex brand diffractometer (Rigaku, Tokyo, Japan) with CuKα radiation (λ = 1.541 Å, 40 kV–40 mA), 4 to 70° scan rate (2θ), and 0.05° s−1 step size was used, following ASTM E3294-22 [36].




2.8. Fourier Transformed Infrared Spectroscopy (FTIR)


The FTIR spectra were recorded between 4000 and 400 cm−1 in a Shimadzu Fourier transform spectrophotometer (IR-Prestige-21 model, Shimadzu, Kyoto, Japan) programmed in transmittance mode, according to ASTM E1252 [37]. Analyses were conducted in KBr pellets for 328 μm granulometries for the identification of the main functional groups of the samples based on the vibrational frequencies of the biomass molecules.




2.9. Thermal Analysis (TG/DTG, and DSC)


A STA 449C simultaneous analyzer (Netzsch brand, Netzsch, Selb, Germany) obtained TG/DTG and DSC curves under an inert (argon 5.0) atmosphere with 100 mL min−1 dynamic flow rate applied, 8.0 ± 0.5 mg sample size, 10 °C min−1 heating hate, and room to 800 °C temperature. The technique allowed evaluation of the thermal degradation stages of the main constituents of the samples, namely, hemicellulose, cellulose, lignin, and extractives and endothermic and exothermic events.





3. Results and Discussion


3.1. Proximate, Ultimate, and Heating Value Analyses


Table 1 shows the properties of proximate, ultimate, and calorific value analyses (energy potential) obtained for green coconut shells (100GCS), fish scales (100FS), and their blends (B75, B50, and B25). The lowest moisture content was found for the 100FS sample (3.80%), which increased with the addition of green coconut shells to the mixture. Therefore, the highest moisture values were observed for B75 (8.03%) and 100GCS (9.44%). This parameter is directly related to the assessment of the bioenergetic potential of the feedstock during the thermal decomposition in thermoconversion processes [38,39]. Despite the increase, the moisture resulting from the blends remained below 10.0%, and such a percentage is acceptable for application in burning processes [40,41].



The biomasses with the highest percentages of green coconut shells (100GCS and B75) showed the highest concentrations of volatile materials—VM (92.40% and 86.64%, respectively), values close to those reported by Da Silva et al. [42], with 88.7%, 75.3%, and 83.7% VM contents of sugarcane bagasse, rice husks, and coffee husks, respectively. The VM content decreased with an increase in the amount of fish scales in the sample (86.64% to 73.09%). High levels of volatile materials favor bio-oil production due to high thermal reactivity and volatility in combustion and/or pyrolysis processes and contribute to the gasification process [42].



Fixed carbon (FC) is a combustible material (biochar) that remains after the removal of moisture and volatile materials [43]. FC contents of around 6.0% were found for the five samples studied, which is directly related to the calorific value since an increase in that percentage improves the quality of combustion, leading to longer burning of the biomass [44]. Furthermore, carbonization and/or torrefaction processes can increase/densify the fixed carbon values of different biomasses [45]. Some authors reported FC contents close to 7.0% for different biomasses such as woods, grasses, coffee, and rice husks, tucumã seed, and fish scales [13,40,44].



The combustibility index (CI) was higher for the 100GCS sample and decreased with an increase in the proportion of fish scales in the mixture, indicating greater reactivity and better performance in combustion processes for the samples with a larger quantity of green coconut shells (100CGS and B75), with approximately 14.0 CI due to the higher content of volatile material.



The value is higher than that of many traditional biomasses, e.g., sugarcane bagasse and straw, and eucalyptus wood and bark, with IC values of 12.5, 8.5, 6.7, and 5.3, respectively, calculated by Bizzo et al. [46] and Pena-Vergara et al. [47]. CI expresses the mass ratio of the portion of volatile materials to the fixed carbon of the solid fuel [29], and its usefulness and relationship with the reactivity of the fuel lie in the higher rates of the combustion process of volatiles in relation to fixed carbon. The combustion of volatile materials occurs in the gaseous phase, in which the mixing conditions of reactants and chemical kinetics are more favorable to a higher reaction velocity in comparison to combustion in the heterogeneous phase, which occurs in the consumption of fixed carbon [46,47].



A 100GCS sample showed a lower ash content (1.0%) compared to fish scales (26.0%). Such a higher content in fish scales can significantly influence the combustion process and is most often deposited at the bottom of thermochemical reactors, causing clogging [48]. The contents are lower in relation to that of municipal solid waste (MSW) (e.g., sewage sludge, with approximately 43.2%) [49] due to a larger proportional fraction of mineral elements (not consumed) in the distribution of fish scales [48]. Moreover, the ash content was higher in blends with greater amounts of scales in the mixture.



The elemental composition of biomass directly influences its energy potential since a variation of around 1.0% in the contents of carbon and/or ash can significantly change the calorific value of the sample of the order of 0.4 MJ kg−1 and 0.2 MJ kg−1, respectively [50]. Table 1 shows the percentage values of carbon, hydrogen, nitrogen, sulfur, and oxygen provided by ultimate analysis for pure samples and blends and the minimum formula (CaHbNcOdSe) obtained by dividing the quantified percentage of chemical elements by their respective atomic weights [51].



The elemental composition of green coconut shells (100GCS) was similar to that reported by Cruz et al. [52] for sugarcane bagasse, i.e., 41.8% carbon, 5.4% hydrogen, 51.8% oxygen, and approximately 1.0% nitrogen. The samples analyzed in this study showed below 1.0% sulfur content. According to Nóbrega et al. [53], low nitrogen and sulfur contents indicate less polluting biomass since they are neither prone to the formation of NOX and SOX nor can reduce the slag formation when applied in conventional combustion processes.



The carbon, hydrogen, and nitrogen contents of 100FS were slightly higher than those reported by Santos et al. [54] and Silva et al. [13], who obtained around 20.0% carbon, 3.0% hydrogen, and 6.0% nitrogen. The oxygen content was lower than that informed by Silva et al. [13], who identified values in the 70.0% range. High oxygen content, together with the carbon content found, represents a low energy density for fish scales since higher oxygen values in relation to carbon reduce the bioenergetic potential by decreasing the energy contained in C-O and C-H bonds [13].



Regarding the ultimate analysis of the blends, the addition of fish scales resulted in an increase in the amount of oxygen (52.38 to 53.47%) and nitrogen (3.80 to 8.90%) and a reduction in the content of carbon (38.61 to 32.61%). The amounts of hydrogen (≈4.0%) did not change significantly because of the similar compositions among the samples and the lower than 0.35% sulfur values. Such compositions highlight coconut shells as a material with fewer environmental impacts compared to fish scales since, during the burning process, higher levels of S and N present produce more polluting gases (e.g., SO2, SO3, and NOX) [40].



The minimum molecular formula of the materials enabled the yield of the complex chemical reaction of thermal decomposition to be assumed and the estimation of their potential gaseous emissions when subjected to an ideal burning process. In this case, it is considered that all S and N are oxidized to SO2 and NO, respectively. Table 2 shows the concentrations of the potential gaseous emissions of CO2, SO2, and NO under stoichiometric conditions, air mass, and air–fuel ratio for green coconut shells, fish scales, and blends, and Figure 2 displays the levels of air pollutants in absolute values.



The stoichiometric air mass required for the combustion process of the solid fuel decreased for the blends with a higher composition of fish scales (401.43 kg for B75 to 349.98 kg for B25). Such a reduction is mainly related to the carbon content in the sample, since this is directly proportional, i.e., the higher the carbon and minerals content of the material, the greater the stoichiometric air–fuel ratio necessary for the total burning of the material [54]. 100GCS (448.92 kg) and 100FS (296.55 kg) showed the highest and lowest compositions, respectively.



According to Figure 2, the increase in the amount of scales in the mixture reduced the CO2 concentration and increased SO2 and NO. The CO2 concentration decreased by around 10.0% when comparing samples B75 and B25, whereas SO2 emissions increased approximately 4 times (194.14 to 772.26 ppm) and around 2.5 times for NO (18,736.59 to 49,093.57 ppm), mainly due to the larger amounts of nitrogen in fish scales. Despite the increase, the composition of sulfur dioxide (SO2) in the samples was 4 times lower than that produced by coal, for example [54].



This study has shown the presence of sulfur (S) at levels below 1.0% in all samples, indicating its low production [55]. Reducing the concentration of this typically polluting element is one of the main strategies for combating some environmental problems, possibly minimizing the formation of monoxides (SO) and sulfur dioxides (SO2), which also deteriorate metal parts of laboratory or industrial thermal equipment [43], thus impairing heat and mass transfer. In real thermochemical conversion systems, those gases are associated with problems of corrosion in furnaces and ducts [55].



Interestingly, gaseous emissions from a combustion process depend directly on the characteristics of the fuel, operating conditions, and combustion equipment. Therefore, the calculated values represent a gaseous emission potential. Other pollutants, such as CO, NO2, and other gases, can also be formed; however, other pollutant formation routes may be present due to the type of thermal process adopted [46,47].



Table 1 also shows the heating values (HHV and LHV) of samples of green coconut shells, fish scales, and blends. 100GCS and 100FS showed the highest and the lowest HHVs, respectively (16.64 and 13.03 MJ kg−1), whereas the HHV of the blends decreased from 15.80 to 14.16 MJ kg−1 with an increase in the amount of fish scales in the mixture. As addressed elsewhere, the amounts of carbon and oxygen, for example, directly influence the higher heating value of the lignocellulosic material [56,57].




3.2. Scanning Electron Microscopy (SEM Images)


Figure 3a–j display the SEM images. The morphological characteristics of green coconut shells, fish scales, and blends were analyzed at different magnifications (60, 250, and 500 times).



The SEM images of all samples showed a slightly irregular surface, with an apparent dispersion of the fibrous structure of the pure material and a higher exposure of porous structures, possibly due to the grinding process. Both fragmentation (Figure 3a) and the rough appearance of the samples may be a consequence of the grinding process during the preparation stage.



Figure 3b–d,g–i show the SEM images for the blends of green coconut shells and fish scales, with a brittle appearance and a cylindrical shape. The homogeneity of the materials provided by substances such as collagen and hydroxyapatite present in fish scales can be identified [13].



The SEM images of in natura fish scales (Figure 3e,j) reveal a structural arrangement characteristic of the presence of hydroxyapatite, a material also found by Silva et al. [13,52]. The samples in Figure 3g,h show pores in the structure, which makes them an important ceramic with high relevance for use as a biomaterial, mainly due to their biocompatibility, among other characteristics [58].




3.3. X-ray Diffraction (DRX)


The X-ray diffractograms for green coconut shells, fish scales, and blends are displayed in Figure 4. The 100GCS, B75, B50, B25, and 100FS samples showed 20.13%, 18.07%, 15.32%, 13.04%, and 11.03% crystallinity indices, respectively. The crystallinity values obtained for the five samples were lower in comparison to other biomasses studied (e.g., tucumã seed (57.4%) and sugarcane bagasse (64.8%) [59], and cassava stem (60.2%) [60]). The CIDRX obtained for 100FS (≈11.0%) was close to that reported by Silva et al. [13], i.e., 10.9%.



The low crystallinity values observed for the samples indicate their mostly amorphous structures, which, in most polymers, is favorable for thermochemical conversion processes since they help maintain the thermal reactivity of the flame, promoting the burning of polymeric materials [13].




3.4. Fourier Transformed Infrared Spectroscopy (FTIR)


Figure 5 displays the FTIR spectra, and Table 3 shows the main functional groups present in the samples. The infrared spectra of the samples showed similar absorptions, however, with some variations in intensities.



The absorption peaks in the region between 3300 and 3480 cm−1 correspond to the N-H stretching frequency. Although such vibrations are normally observed in bands between 3400 and 3440 cm−1, a shift to lower band values, such as 3300 cm−1, may have occurred due to the hydrogen bond with a peptide [61]. The absorption bands located around 3327 cm−1 are attributed to OH bonds [53]. A band between 2920 and 2950 cm−1 was detected with higher intensity in the 100FS and B25 samples and corresponds to the presence of an aliphatic branch of C-H hydrocarbon [62]. The peaks at 1737, 1658, and 1612 cm−1 represent the C=O double bonds of aldehydes (100GCS), C=C (100FS), and C=O (100GCS), respectively [63]; such compounds were identified for all mixture proportions.



The region covering the peaks at 1247, 1160, and 1037 cm−1 corresponds to the C-O bond of the carbonate groups of carboxylic acid, esters, and ethers found in 100GCS. However, the peak around 1236 cm−1 was detected only in 100FS and may correspond to the C-N bond of aliphatic compounds [13].



The hydrocarbons and main organic compounds detected in the samples were confirmed through ultimate analysis, which showed the amounts of carbon, hydrogen, and oxygen, guaranteeing a high bioenergetic potential of the studied biomasses for application as a pulverized solid biofuel obtained in thermochemical conversion processes.




3.5. Energy Dispersive Spectroscopy (EDS)


Table 4 shows the data of the samples analyzed by Energy Dispersive Spectroscopy (EDS), and the average percentage values in quantification for the different compounds. The values showed a predominance of carbon and oxygen elements for the five sample proportions, confirming the results from the ultimate analysis.



The EDS analysis identified the presence of some metals from the alkaline and alkaline earth groups (e.g., sodium (Na), magnesium (Mg), potassium (K), and calcium (Ca)), which are harmful elements to the combustion process when they participate in the formation of oxides, hydroxides, and carbonates in thermal processes. However, such compounds show lower levels compared to the other elements highlighted (Table 4).



The sulfur (S) levels were more evident when using the technique than with the ultimate analysis. On the other hand, the percentage of S was similar to those values reported in other studies, e.g., 0.12% in Da Silva et al. [64], in a lignocellulosic material (i.e., urban pruning—composed of leaves, stem, and a mixture of 50% leaves + 50% stem). The values of the trace elements or oligoelements detected in this study were close to 1.0% and increased as the percentage of fish scales was incorporated into samples.



Figure 6 displays the possible oxides formed by samples of green coconut shells, fish scales, and their blends, according to the data in Table 4. The main oxides quantified were CaO, MgO, Na2O, K2O, SO3, and P2O5. Components such as Al2O3 were measured only for the 100FS, whereas SiO2 showed values greater than 1.0% for 100GCS (32.0%), B75 (7.0%), and B50 (2.0%). 100GCS displayed the highest amounts of MgO (6.0%), Na2O (6.0%), and K2O (48.0%), whereas 100FS showed the highest P2O5 content (39.0%). Regarding the blends, the addition of fish scales to the mixtures resulted in an increase in the compositions of CaO (23.0 to 52.0%) and P2O5 (19.0 to 35.0%) and a reduction in the contents of MgO and Na2O (5.0 to 1.0% in both cases). The samples showed an average similar composition (around 4.0%) for SO3.




3.6. Thermal Analysis (TG/DTG and DSC)


Figure 7a–c and Table 5 and Table 6 show TG/DTG and DSC curves, loss mass, and thermal degradation rate for green coconut shells, fish scales, and blends under an inert atmosphere (argon 5.0). Initially, according to Figure 7a, three main stages of mass loss were observed in the following temperature ranges: (I) room temperature (≈25.0 °C) to 170.0 °C, (II) 170.0 to 530.0 °C, and (III) 530.0 to 800.0 °C.



The first stage (room temperature to 170.0 °C) was attributed to a release of moisture from the biomasses, with mass loss ranging from 5.78% (B25) to 12.91% (B75). Moisture has no energy content for the conversion of biomass, which is the energy required for removing the moisture dissipated in the thermoconversion process, i.e., an endothermic event [13,64,65]. According to Table 1, the pure samples and blends showed, on average, around 10.0% moisture content. The addition of fish scales to the mixture led to a reduction in its content.



The second stage (170.0 to 530.0 °C) corresponded to the thermal degradation of light-based volatile materials and elements such as hydrogen (H), oxygen (O), carbon monoxide (CO), carbohydrates, lipids, and proteins [66]. Mass loss ranged from 34.34% (100FS) to 59.02% (100GCS) and was reduced from 51.52% (B75) to 42.87% (B50) due to the addition of fish scales to the mixtures and the lower composition of volatile materials in relation to the green coconut shell sample (Table 1).



The third stage (530.0 to 800.0 °C) was related to the carbonization phase of the samples and the thermal decomposition of the residual lignin, which is important for the formation of components with high energy content [67]. The mass loss ranged between 3.26% (B25) and 4.47% (100CGS), and the highest values were achieved for samples with higher compositions of green coconut shells in the mixture. The residual mass after the evaporation and devolatilization steps refers to the content of fixed carbon/biochar and ash from the pyrolysis process since complete combustion of the samples does not occur [64]. The carbon present in the biomass was released in the form of volatile materials (condensable and non-condensable gases) during the formation of the main carbon-based compounds in the combustion process (e.g., monoxide (CO) and carbon dioxide (CO2)) [68].



The residual mass ranged from 28.06% (100GCS) to 52.55% (100FS), and the blends with the highest fish scale content showed the highest values, which may be related to the increase in the ash composition (Table 1). Figure 7b and Table 6 display the DTG curves and thermal degradation rates for green coconut shells, fish scales, and blends under an inert atmosphere. The first step shows a similar degradation rate for all samples, i.e., around 1.0% min−1, and peak temperature between 75.0 and 87.0 °C.



In the second stage, green coconut shells showed three main degradation peaks, namely, 200.0 °C and 1.29% min−1 degradation rate, 268.5 °C and 2.04% min−1, and 325.0 °C and 5.22% min−1—the highest degradation rate. According to Yang et al. [69], compounds based on hemicellulose, cellulose, and lignin present in most lignocellulosic biomasses are decomposed at 220.0–315.0 °C, 315.0–400.0 °C, and 160.0–900.0 °C, respectively. However, factors such as heating rate, sample mass, and heat transfer cause temperatures to change, justifying the occurrence of some biomass oxidation stages in the TG/DTG curves and confirming the results of this study [54].



Unlike 100GCS, B75 showed only two main degradation steps, with decomposition rates at 0.63 and 4.25% min−1, respectively. A “shoulder” was observed at around 280.0 °C, which might be the beginning of hemicellulose degradation, as reported by Jagtap and Kalbande [70]. B50 showed a main thermal degradation event at 320.5 °C and a 3.68% min−1 thermal degradation rate, which is lower than the one observed in the same temperature range for 100GCS and B75, in addition to a “shoulder” at approximately 212.0 °C. The lower number of decomposition peaks can be associated with the reduction in the amounts of hemicellulose, cellulose, and lignin in the samples due to a decrease in the composition of green coconut shells and an increase in the fish scales content.



B25 and F100 showed a main thermal degradation stage, with 324.5 and 331.5 °C peak temperatures and 3.71 and 3.01% min−1 degradation rate, respectively. An absence of shoulders was observed for 100GCS, B75, and B50 samples, confirming the reduction of lignocellulosic compounds, i.e., holocellulose decomposition. Fish scales showed the lowest degradation rate, indicating smaller quantities of organic compounds (mainly collagen fibers) compared to other samples [13,44]. No apparent decomposition peaks were observed in the DTG curves at temperatures above 450.0 °C.



The DSC curves (Figure 7c) for green coconut shells, fish scales, and blends under an inert atmosphere revealed the main thermal events associated with the degradation stages of the samples. Initially, an endothermic peak was observed in all samples between 83.0 and 94.0 °C, related to the evaporation process or moisture removal stage.



The main exothermic events occurred for 100GCS at 273 and 337.0 °C, B75 at 339.0 °C, and B50 at 241.0 and 321.0 °C, which can be associated with the energy released by the thermal degradation of hemicellulose, cellulose, and residual lignin, as observed in the DTG curves (Figure 7b) at similar temperatures.



B25, B50, and 100FS showed endothermic events with temperature peaks at 275.0, 291.0, 331.0, and 334.0 °C, respectively. Such energy absorption events may be related to the degradation of collagen and other more volatile proteins due to a greater quantity of fish scales in the mixtures. No peaks above 450.0 °C were identified (Figure 7b).



Finally, 100FS and 100GCS exhibited profitable energetic properties for direct combustion due to their amorphous structure, which provides high reactivity, suitable high heating values, and thermal performance [71].



Green coconut shells are often projected for the pyrolysis process [72,73,74]; however, fish scales showed higher thermal stability, and consequently, both residues presented similar functional groups. Their mixture can improve green coconut shells for biofuel production via pyrolysis.



However, in thermochemical systems, several factors must be considered for biomass application [75]. The 100GCS and 100FS samples displayed suitable properties, thus being able to balance the compositional aspects of fish scales, such as high amounts of nitrogen (12.11%) and moderate sulfur (0.35%) concentrations.





4. Conclusions


The bioenergy potential of the blend of green coconut shells and fish scales collected in São Luís-Maranhão State in Brazil was evaluated for the first time through heating values, ultimate and proximate analyses, thermal analysis, and estimation of gaseous emissions, considering the biomasses and their blends were subjected to an ideal burning process. The combustibility index was calculated by the relation between volatile matter and fixed carbon. According to the results, an increase in the proportion of fish scales in the blend impacts the index negatively, indicating better performance in the combustion processes of samples with a higher quantity of green coconut shells (75.0% and 100.0%). However, the parameters evaluated followed other residual biomasses already used as solid biofuels, indicating the properties of the blend in different proportions are suitable for its application as a bioenergy source. Their morphological and chemical characteristics were also studied and revealed irregular surfaces and apparent dispersion of the fibrous structures, lower crystallinity values when compared to other biomasses, which is favorable for thermochemical conversions since they help maintain the thermal reactivity of the flame, specific absorptions at infrared spectra, confirming the bioenergetic potential of the biomasses for application as a pulverized solid biofuel, and percentage of the main inorganic compounds, which are harmful elements to the combustion process regarding formation of oxides, hydroxides, and carbonates in thermal processes. According to the results, blends of green coconut shells and fish scales are appropriate as feedstocks for bioenergy production. The authors expect this research will effectively contribute to advances in the knowledge frontier in the biofuel field.
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Figure 1. Samples preparation stage: (1) in natura samples (green coconut shells and fish scales), (2) running water, (3) drying oven, (4) knife and hammer mill, (5) sieves (ASTM series), and (6) average particle size. 
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Figure 2. Potential gaseous emissions under stoichiometric conditions for green coconut shells, fish scales, and blends in absolute values. 
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Figure 3. SEM micrographics for pure samples and blends and different amplitudes: (a) 100GCS—60×; (b) B75—60×; (c) B50—60×; (d) B25—60×; (e) 100FS—60×; (f) 100GCS—500×; (g) B75—250×; (h) B50—250×; (i) B25—250×; and (j) 100FS—500×. 
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Figure 4. X-ray diffractograms of fish scales, green coconut shell samples, and blends. 






Figure 4. X-ray diffractograms of fish scales, green coconut shell samples, and blends.



[image: Processes 12 00710 g004]







[image: Processes 12 00710 g005] 





Figure 5. FTIR spectra for green coconut shells, fish scales, and blends. 
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Figure 6. Percentage of the main oxides formed in green coconut shells, fish scales, and their blends. 
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Figure 7. (a) TG, (b) DTG, and (c) DSC curves for green coconut shells, fish scales, and blends under an inert atmosphere (argon 5.0), 10 °C min−1 heating rate, and 100 mL min−1 dynamic flow rate. 
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Table 1. Ultimate, proximate, and calorific analyses of in natura samples (100% green coconut shell and 100% fish scales) and blends in different proportions (75, 50, and 25%).
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Samples

	
100GCS

	
B75

	
B50

	
B25

	
100FS






	
Ultimate analysis (%)




	
Carbon

	
42.87 ± 1.14

	
38.61 ± 1.15

	
36.20 ± 1.16

	
32.61 ± 1.13

	
28.18 ± 2.04




	
Hydrogen

	
5.08 ± 0.12

	
4.82 ± 0.13

	
4.70 ± 0.13

	
4.70 ± 0.14

	
4.31 ± 0.27




	
Oxygen

	
51.24 ± 1.11

	
52.38 ± 0.12

	
52.68 ± 1.02

	
53.47 ± 1.01

	
54.69 ± 0.98




	
Nitrogen

	
0.79 ± 0.26

	
3.80 ± 0.17

	
6.35 ± 0.23

	
8.90 ± 0.16

	
12.11 ± 0.64




	
Sulfur

	
0.02 ± 0.02

	
0.09 ± 0.01

	
0.17 ± 0.03

	
0.32 ± 0.03

	
0.35 ± 0.06




	
Minimum formula

	
C3.57H5.04O3.20

	
C3.21H4.78O3.29

	
C3.01H4.66O3.29

	
C2.71H4.66O3.34

	
C2.35H4.31O3.42 N0.86S0.01




	
N0.06S0.001

	
N0.27S0.002

	
N0.45S0.005

	
N0.63S0.01




	
Proximate analysis (%), dry basis




	
Moisture

	
9.44 ± 0.18

	
8.03 ± 0.09

	
6.62 ± 0.22

	
5.21 ± 0.20

	
3.80 ± 0.17




	
Volatile material

	
92.40 ± 0.20

	
86.64 ± 0.07