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Abstract

:

This paper investigates the valorization potential of two biowaste types resulting from biotrickling filtration of volatile organic compounds (i.e., ethanol) and carbon dioxide from air by co-immobilized microalgae and compost heterotrophs, which were either attached on polypropylene spheres or entrapped within the alginate beads. In this regard, biomass samples from the surface of the packing spheres (S1) and the waste alginate beads (S2) underwent thermal and energy characterization via thermogravimetry and calorimetry techniques as a screening step for establishing some possible biomass valorization pathways. The heat release capacity (HRC) values for the samples S1 and S2 were 95.67 J/(g·K) and 44.11 J/(g·K), respectively, while the total heat release (THR) values were 11.03 kJ/g and 3.64 kJ/g, respectively. The results of this study indicate that the S1 biomass could be suitable for undergoing thermal decomposition processes-based applications, while the S2 biomass could have a potential application for improving flame retardancy of some materials. These findings show that the biowaste issued from such air biotreatment can become a valuable resource for different applications instead of being disposed of. Further research referring to the implementation of these solutions for the development of the final applications is needed.
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1. Introduction


Microalgae-based systems are attracting increased attention among air purification options, taking into consideration the photosynthesis capacity in the presence of light, the ecofriendly attribute, and the versatility of the involved microalgae that are able to adapt to various environments. For example, adding microalgae to a biotrickling filter treating volatile organic compounds (VOCs) in air by heterotrophs can contribute to the uptake of the carbon dioxide emissions emerging from the VOCs’ biodegradation in the same unit under appropriate illumination [1,2]. In any case, valorization of the waste biomass resulting from the air biotreatment process is a collateral technological advance that can be further addressed, taking into consideration the research need for sustainable solutions in any industrial sector. In this regard, the microalgae content can also increase the biomass potential to undergo different valorization routes. For instance, harvested microalgae can be involved in the production of biofuels (biodiesel, bioethanol, biohydrogen, etc.) [3,4]. Moreover, during their development, microalgae accumulate lipids, pigments, proteins, polysaccharides, carbohydrates, etc., which confer them other potential applications: animal feed [5], biosorbents, polymer fillers, metal nanoparticles, etc. [6].



As far as biochemical conversion of microalgae waste and other biowastes is concerned, there is a number of disadvantages related to the long processing time, high production costs, and low efficiency. Therefore, thermochemical conversion is preferred as it has a much higher yield [7]. Venkatachalam et al. [8] conducted a comparative assessment of the thermochemical conversion of the lignocellulosic and algal biomass. Hydrothermal liquefaction is a thermochemical conversion technique used to produce biomass oil with very good yields. This method also has the advantage that no chemical, physical, or mechanical pretreatment of biomass is required and energy recovery is better than in the case of other dry conversion processes [8]. Chen et al. analyzed the effects of using various amounts of microalgae along with coal in the pyrolysis process. The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for mixtures were similar to those obtained for algae and different from those of coal. They revealed the interactions between the solid phases of coal mixtures, which actually inhibited its thermal decomposition. It was also found that the amount of waste increases with the increase in the microalgae amount in the mixtures [9]. On the other hand, Baloyi and Dugmore recorded thermogravimetric curves for microalgae, coal waste, and mixtures thereof in an inert atmosphere and noted higher decomposition rates for mixtures within the 200–400 °C temperature range and a smaller amount of waste [10]. Other studies have suggested mixing different types of waste with microalgae in order to streamline their combustion processes [11,12]. Thermogravimetric analysis in inert atmosphere was used by Azizi et al. for microalgae, wood, and used tires in binary and ternary mixtures. The interaction between these materials was assessed and found to be inhibitory rather than synergic. An increase in total weight loss was detected in binary mixtures microalgae–tires and wood–tires, but not in the microalgae–wood mixture [11]. The same technique was used by Sukarni to reveal the improvement of the combustion process of solid waste to which different percentages of microalgae were added. The onset temperature of the decomposition process for the mixtures was found to decrease and the percentage mass loss was found to increase up to 480 °C, compared to the findings recorded under the same conditions for solid waste [12]. Dessi et al. have recently revealed the influence of the work environment on the thermal decomposition processes of two types of microalgae [13]. By means of thermogravimetric analysis in an oxidizing atmosphere, López-González et al. concluded that microalgae samples may be considered a biomass with potential combustion applications. Differential scanning calorimetry (DSC) results showed that the amount of heat released during microalgae combustion is of the same order of magnitude as in the case of the lignocellulosic biomass [14]. Microscale combustion calorimetry (MCC) is an analysis method that simulates the pyrolysis and combustion stages of a combustion process in a combustion-free test. This technique has a unique and accurate way of measuring the heat release capacity. Moreover, it requires a short analysis time and a small amount of material. There is no literature research that uses this technique to assess the energy characteristics of particular microalgae or mixtures thereof with other materials.



In other order of idea, valorization of the wastes resulting from air biotreatment processes is currently little addressed. This paper aimed to determine the thermal and energy characteristics of some biowaste samples resulting from air treatment by photobiotrickling filtration in order to reveal some possible pathways for the valorization of the biowaste issued from such process. Results of a thermogravimetric analysis in an inert atmosphere (nitrogen) and air as well as of microscale combustion calorimetry (MCC) are presented and discussed for this purpose.




2. Materials and Methods


Biomass samples were collected from the two (photo)biotrickling filters (BTFs) treating ethanol in air which exhibited the best environmental performance (complete VOC removal and the lowest CO2 emissions) in the previous studies [1,2]: one packed with polypropylene spheres and one with alginate beads, as a microorganisms’ support. Both BTFs involved co-immobilized microalgae and compost heterotrophs, which were attached on the polypropylene spheres and entrapped within the alginate beads, respectively (Figure 1).



Microalgae Arthrospira platensis PCC 8005 (Pasteur Culture Collection, Paris, France), commercial compost (peat-based and rich in active humus), and sodium alginate were the main ingredients used for the different biological substrate preparations as described in [1,2]. Thus, the biomass samples collected (scraped) from the surface of the spheres (S1) and the waste alginate beads (S2) were the biowastes investigated in the actual study. The physical appearance of these biowastes is provided in Figure 2.



Some microscopy images of the abovementioned microorganisms are provided in [1], where small rod-shaped bacteria are the dominant compost microorganisms, while large spiral filaments belong to the microalgae Arthrospira (Spirulina) platensis. Overall, the following generic molecular formulas describe the bacterial biomass and the microalgae biomass [15,16]: C5H8.3NO1.35 and CH1.83O0.48N0.11P0.01, respectively. In particular, carbon and nitrogen are the major biomass components (about 60% of the biomass’ molecular composition) [16,17].



The two abovementioned sample types were subjected to thermogravimetric analysis in a Mettler Toledo 851e device (Mettler Toledo, Greifensee, Switzerland). The thermogravimetric (TG), derivative thermogravimetric (DTG), and differential thermal (DTA) curves were recorded in both air and inert atmosphere (nitrogen) at a 20 mL/min flow rate within the 25–700 °C temperature range. Sample amounts of 3.2–3.8 mg were used, and the heating rate was 10 °C/min. The Mettler Toledo 851e equipment ensures a mass measurement error of less than 1 microgram and a temperature adjustment accuracy of 0.01 °C. For each sample, three TG/DTG/DTA tests were performed under the same conditions to verify reproducibility. The differences between the recorded thermogravimetric curves were less than 1%.



The thermogravimetric curves were processed using the STARe software (Version 9.10 (Giessen, Germany)) developed by Mettler Toledo. The samples S1 and S2 were dried in laboratory conditions (temperature of 23 ± 2 °C and humidity of 40 ± 5%) for a month, and then their thermal behavior in a nitrogen atmosphere was analyzed. After another two months of drying in laboratory conditions (temperature of 22 ± 1 °C and humidity of 42 ± 7%), they were tested for thermal behavior in air and subjected to microscale combustion calorimetry (MCC) tests. The MCC tests were carried out according to the following experimental protocol: progressive temperature increase in a pyrolizer at a 2 °C/s heating rate up to 750 °C in a nitrogen environment at a 80 cm3/min flow rate and maintaining a 900 °C constant temperature of the resulting gas in the combustor in a nitrogen (80%) and oxygen (20%) environment at a 20 cm3/min flow rate. Three tests were performed on each sample under the same conditions to determine the reproducibility of the experimental measurements. Approximately 20 mg of a sample were used for each experimental determination.




3. Results and Discussion


3.1. Assessment of Thermal Decomposition in Air and Nitrogen


A comparison was drawn between the thermogravimetric curves (TG), derivative thermogravimetric curves (DTG), and differential thermal curves (DTA) of the two tested samples in air (Figure 3a, Figure 4a and Figure 5a) and in an inert atmosphere (nitrogen) (Figure 3b, Figure 4b and Figure 5b).



The processing of the TG, DTG, and DTA curves recorded in the two working atmospheres has revealed the main thermogravimetric characteristics: onset mass loss temperature (Tonset), peak mass loss temperature (Tpeak), end mass loss temperature (Tendset), percentage mass loss (W) in each stage, and the amount of waste at 700 °C, respectively, which are shown in Table 1.



The findings reveal the existence of three decomposition stages for sample S1 regardless of the working atmosphere. The first stage is related to moisture removal. As expected, the water loss percentage was higher for the inert atmosphere test after one month of drying the material in laboratory conditions, i.e., 14.65%. In the case of the test carried out in air, after three months of laboratory drying, the percentage decreased to 9.14%. The second stage in which the Tpeak is approximately 284 °C corresponds to the decomposition of glycoproteins and glycolipids [18,19,20,21,22,23]. The last stage in which the Tpeak is 495 °C when the working atmosphere is air and 515 °C when working in nitrogen corresponds mainly to cellulose and lignin degradation [18,19,20,21,22,23].



According to the TG, DTG, and DTA curves shown in Figure 3, Figure 4 and Figure 5 for sample S1, the rate of thermal decomposition processes was similar regardless of the atmosphere in which the tests were performed. The data shown in Table 1 reveal slightly lower Tonset temperatures in the second and third stages when air was the working atmosphere. Most literature studies dealing with thermal decomposition of microalgae were performed in an inert atmosphere at various heating rates [18,19,20,21,23]. Greque de Morais et al. [22] reported the 232–329 °C range for the main stage of spirulina decomposition in air at a 10 °C/min rate. Their findings are very close to those reported in this research, in similar working conditions. When sample moisture is not considered, regardless of the working environment, the percentage mass loss within the 236–559 °C temperature range for sample S1 is about 70%.



The TG, DTG, and DTA curves recorded for sample S2 are also shown in Figure 3a,b, Figure 4a,b and Figure 5a,b. The STARe software was also used to process the thermogravimetric curves and determine the main characteristics shown in Table 1.



According to our findings, decomposition of sample S2 involved six stages when working in air and four stages when working in an inert atmosphere, e.g., nitrogen. Sample moisture removal, which is influenced by the duration of the drying process of the material under laboratory conditions, occurred in the early stages and was accompanied by mass losses of 6.55% in air and 17.88% in nitrogen.



When the working atmosphere is air, the mass loss is 6.39% within the 114–226 °C temperature range, which may be associated with the soluble polysaccharide and carbohydrate decomposition onset [13]. The rate of the TG, DTG, and DTA curves in the two working atmospheres was similar within the 220–560 °C temperature range for sample S2. These stages mainly show the decomposition of proteins, lipids, and other insoluble polysaccharides [13,14]. Thermogravimetric analysis in air revealed the existence of a strong exothermic peak (Figure 5a) within the 558–570 °C temperature range. This peak can be associated with the decomposition of carbonate, which is an intermediary product of alginate thermal degradation [13,14,24,25]. Some carbonate can also accumulate during the VOC bioconversion to CO2 under alkaline conditions. According to our findings, at temperatures higher than 550 °C, the decomposition mechanism of sample S2 was influenced by the working environment. In an inert atmosphere, i.e., nitrogen, the decomposition process of sample S2 at temperatures higher than 560 °C occurred slowly over time. There was also a larger amount of waste if the working environment was air. Soares et al. also reported working atmosphere-dependent differences between the alginate degradation mechanisms [26].



The comparative analysis of the decomposition processes of the two biowastes reveals that, at 700 °C, the amount of waste is much more significant in sample S2 than in sample S1 irrespective of the working atmosphere.




3.2. Assessment of Energy Characteristics by Microscale Combustion Calorimetry (MCC)


The amount of heat released when a material is exposed to combustion provides information about its flammability and energy characteristics [27]. The most important data collected from the MCC tests on the samples S1 and S2 are shown in Table 2 and Table 3. These parameters are: HRC—heat release capacity, THR—total heat release, PHRR—peak heat release rate, TPHRR—peak heat release rate temperature, time—the time when PHRR occurs, char yield—char percentage; decomposition rate—percentage of the mass consumed during combustion.



Figure 6 and Figure 7 are a graphical representation of the time- and temperature-dependent HRR curves of the microalgae waste samples.



According to Figure 7, biowaste sample S1 had an HRR curve with a narrower peak (1) and PHRR of 158.84 W/g at 314.72 °C, while (2) showed a PHRR of 51.16 W/g at 450.30 °C. The S2 biowaste sample showed four wide peaks and the following PHRR readings: 21.41 W/g, 22.75 W/g, 25.24 W/g, and 36.48 W/g at 261.66 °C, 303.32 °C, 401.60 °C, and 472.76 °C, respectively. The PHRR readings in sample S2 were undeniably significantly lower than the PHRR readings in sample S1. Figure 7 shows the complex decomposition mechanism of sample S2 as compared to sample S1. These findings agree with those previously revealed by the thermal decomposition assessment within the thermogravimetric analysis of the two samples. A higher number of decomposition stages and a higher amount of residue were found from thermogravimetric analysis for S2 compared to S1. A higher amount of char residue led to a reduction in the amount of flammable gases and lower values for the HRR [28].



HRC is the most important parameter at the microlevel when analyzing the energy performance of materials using the MCC technique. Low HRC values indicate low flammability in the MCC test and low real-scale fire hazard, while THR may be an indicator of the total amount of the generated fuel [29]. A considerable HRC and THR decrease was noted for the microalgae waste sample S2 compared to the microalgae waste sample S1. Thus, the HRC readings for the microalgae waste samples S1 and S2 (Table 2) were 95.67 J/(g·K) and 44.11 J/(g·K), respectively, HRC suffered a twofold decrease, and THR (Table 2) was 11.03 kJ/g and 3.64 kJ/g, respectively, suffering a threefold decrease. This behavior was due to the presence of alginates in the biowaste sample S2. The fireproof nature of alginates is well-known in literature. They are used in various composite materials to increase flame-retardant properties [30,31].



Since the percentage of carbonized waste is an indicator of the amount of unburned fuel in a material, the material with a higher percentage of carbonized waste is expected to produce a lower amount of heat during combustion [32]. The amount of waste remaining after the combustion of each sample was recorded and the char yield ratio between the mass of the waste and the initial mass of the sample was calculated. The char yield value for sample S1 was lower than that for sample S2, i.e., 32.12% compared to 55.14%, which means that the char yield of the biowaste sample S2 was 71.67% higher than that of the biowaste sample S1. These findings are consistent with those previously revealed by thermogravimetric analysis.




3.3. Perspectives


Assessing the thermal behavior of the biowastes resulting from the treatment of contaminated air by biotrickling filtration is important for their energy recovery. As mentioned earlier, there are literature studies suggesting the potential of the microalgae biomass to be used as biofuels [33]. It has been shown that the generation of pollutants during microalgae pyrolysis can be avoided by controlling the temperature at about 300 °C. The first PHRR value found for sample S1 in our study was similar to that reported for wood by other researchers [34]. It is to be noted, however, that the TPHRR was 315 °C for sample S1 and 380 °C for wood [34].



As shown by the analysis of the energy characteristics of the S1 and S2 biowastes, the presence of alginates induces a considerable decrease in the amount of heat released. Thus, these aspects suggest the potential use of the S2 waste towards the flame retardancy area for some materials. Gady et al. [28] used alginates and the algae biomass to obtain composite materials with improved flame-retardant properties subject to further investigations with standardized procedures.



These findings show that the biowaste issued from air biotreatment can become a valuable resource for different applications instead of being disposed of. Depending on the particularities of the air biotreatment processes and the type of generated biowastes, other characterization techniques could be envisaged. Moreover, a LCA (life cycle analysis) could be useful for the identification of the most suitable technical solutions for biowaste valorization.





4. Conclusions


The thermogravimetric and microscale combustion calorimetry studies applied to two types of biowastes (S1 and S2) resulting from biotrickling filtration of ethanol in air by a mixture of microalgae and compost heterotrophs co-immobilized on different supports revealed their thermal and energy properties. The purpose was to determine how such wastes could be better valorized if one or the other version of the biotrickling filter is approached as this aspect could be important for the practitioners. The rate of the DTG and DTA curves in the two working atmospheres was similar for the S1 sample (biomass collected from the surface of the polypropylene spheres used as a microorganisms’ support) when thermal decomposition comprised three stages with various percentage mass loss values. The percentage mass loss was about 70% for sample S1 within the 236–559 °C temperature range irrespective of the working atmosphere. As far as sample S2 is concerned (waste alginate beads with microbiological content), the rate of the DTG and DTA curves within the 220–560 °C temperature range was similar in both working atmospheres, while the percentage mass loss was about 30%. At temperatures higher than 560 °C, the decomposition mechanism of sample S2 was influenced by the working atmosphere, which means that a strong exothermic peak occurred within the 558–570 °C temperature range in the air, while in nitrogen, it continued slowly until the end of the test. When the thermogravimetric analysis was performed in air, mass losses in the temperature range of 558–570 °C could be associated with decomposition of the carbonate. At 700 °C, the amount of waste was found to be much higher in sample S2 than in sample S1 regardless of the working atmosphere.



For the first time, assessment of the biowaste used in a biotrickling filter via microscale combustion calorimetry was performed, revealing the possibility of energy recovery for sample S1. The PHRR value (158.84 W/g) of this biomass was comparable to that of wood but occurred at a lower temperature. The HRC values for the samples S1 and S2 were 95.67 J/(g·K) and 44.11 J/(g·K), respectively. As far as sample S2 is concerned, the presence of alginates contributed to a significant decrease in the amount of heat released. Therefore, these wastes could have a potential application for improving the flame retardancy of some materials.







Author Contributions


Conceptualization, G.S. and G.L.; methodology, G.L., I.A., D.-M.P., C.L., M.D., and I.I.B.; software, G.L., C.L., and I.A.; validation, G.L. and I.C.; formal analysis, I.A., D.-M.P., C.L., and M.D.; investigation, G.L., I.A., D.-M.P., M.D., and I.I.B.; resources, G.S.; data curation, I.A. and D.-M.P.; writing—original draft preparation, G.L., I.A., and D.-M.P.; writing—review and editing, G.S., I.I.B., and I.C.; visualization, G.L., G.S., and I.C.; supervision, G.S. and G.L.; project administration, G.S.; funding acquisition, G.S. All authors have read and agreed to the published version of the manuscript.




Funding


No funding for this publication was involved.




Acknowledgments


This work was supported by a grant of the Ministry of Research, Innovation, and Digitization, CNCS/CCCDI-UEFISCDI, project No. 301PED/2020, within PNCDI III.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Soreanu, G.; Diaconu, M.; Maier, S.S.; Volf, I.; Cretescu, I. Enhancing the environmental performance of biotrickling filters treating volatile organic compounds in air. IOP Conf. Ser. Earth Environ. Sci. 2021, 906, 012124. [Google Scholar] [CrossRef]

	



Soreanu, G.; Diaconu, M.; Maier, S.S.; Volf, I.; Cretescu, I. Moving forward sustainable solutions for VOCs biotrickling filtration through co-immobilised microorganisms. Rom. J. Ecol. Environ. Chem. 2021, 3, 54–60. [Google Scholar] [CrossRef]

	



Mata, T.M.; Oliveira, G.M.; Monteiro, H.; Silva, G.V.; Caetano, N.S.; Martins, A.A. Indoor Air Quality Improvement Using Nature-Based Solutions: Design Proposals to Greener Cities. Int. J. Environ. Res. Public Health 2021, 18, 8472. [Google Scholar] [CrossRef] [PubMed]

	



Klinthong, W.; Yang, Y.-H.; Huang, C.-H.; Tan, C.-S. A Review: Microalgae and Their Applications in CO2 Capture and Re-newable Energy. Aerosol Air Qual. Res. 2015, 15, 712–742. [Google Scholar] [CrossRef]

	



Barros de Medeiros, V.P.; Pimentel, T.C.; Sant’Ana, A.S.; Magnani, M. Microalgae in the meat processing chain: Feed for animal production or source of techno-functional ingredients. Curr. Opin. Food Sci. 2021, 37, 125–134. [Google Scholar] [CrossRef]

	



Moon, M.; Park, W.-K.; Lee, S.Y.; Hwang, K.-R.; Lee, S.; Kim, M.-S.; Kim, B.; Oh, Y.-K.; Lee, J.-S. Utilization of whole microalgal biomass for advanced biofuel and biorefinery applications. Renew. Sustain. Energy Rev. 2022, 160, 112269. [Google Scholar] [CrossRef]

	



Raheem, A.; Wan Azlina, W.; Yap, Y.T.; Danquah, M.; Harun, R. Thermochemical conversion of microalgal biomass for biofuel production. Renew. Sustain. Energy Rev. 2015, 49, 990–999. [Google Scholar] [CrossRef]

	



Venkatachalam, C.D.; Ravichandran, S.R.; Sengottian, M. Lignocellulosic and algal biomass for bio-crude production using hydrothermal liquefaction: Conversion techniques, mechanism and process conditions: A review. Environ. Eng. Res. 2021, 27, 200555. [Google Scholar] [CrossRef]

	



Chen, C.; Ma, X.; He, Y. Co-pyrolysis characteristics of microalgae Chlorella vulgaris and coal through TGA. Bioresour. Technol. 2012, 117, 264–273. [Google Scholar] [CrossRef]

	



Baloyi, H.; Dugmore, G. Influences of microalgae biomass on the thermal behaviour of waste coal fines. J. Energy S. Afr. 2019, 30, 1–7. [Google Scholar] [CrossRef]

	



Azizi, K.; Haghighi, A.M.; Moraveji, M.K.; Olazar, M.; Lopez, G. Co-pyrolysis of binary and ternary mixtures of microalgae, wood and waste tires through TGA. Renew. Energy 2019, 142, 264–271. [Google Scholar] [CrossRef]

	



Sukarni, S. Thermogravimetric analysis of the combustion of marine microalgae Spirulina platensis and its blend with synthetic waste. Heliyon 2020, 6, e04902. [Google Scholar] [CrossRef] [PubMed]

	



Dessì, F.; Mureddu, M.; Ferrara, F.; Fermoso, J.; Orsini, A.; Sanna, A.; Pettinau, A. Thermogravimetric characterisation and kinetic analysis of Nannochloropsis sp. and Tetraselmis sp. microalgae for pyrolysis, combustion and oxy-combustion. Energy 2020, 217, 119394. [Google Scholar] [CrossRef]

	



López-González, D.; Fernandez-Lopez, M.; Valverde, J.; Sanchez-Silva, L. Kinetic analysis and thermal characterization of the microalgae combustion process by thermal analysis coupled to mass spectrometry. Appl. Energy 2014, 114, 227–237. [Google Scholar] [CrossRef]

	



Marycz, M.; Brillowska-Dąbrowska, A.; Muñoz, R.; Gębicki, J. A state of the art review on the use of fungi in biofiltration to remove volatile hydrophobic pollutants. Rev. Environ. Sci. Bio/Technol. 2022, 21, 225–246. [Google Scholar] [CrossRef]

	



Ruiz-Ruiz, P.; Estrada, A.; Morales, M. Carbon dioxide capture and utilization using microalgae. In Handbook of Microalgae-Based Processes and Products /Fundamentals and Advances in Energy, Food, Feed, Fertilizer, and Bioactive Compounds; Elsevier: London, UK, 2020; Chapter 8; pp. 185–206. [Google Scholar] [CrossRef]

	



Soreanu, G.; Cretescu, I.; Diaconu, M.; Ignat, M.; Harabagiu, V.; Cojocaru, C.; Samoila, P. A model microalga for addresing air treatment in spacecrafts, Chapter 19. In From Biofiltration to Promising Options in Gaseous Fluxes Biotreatment—Recent Develoments, New Trends, Advances and Opportunities; Soreanu, G., Dumont, E., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 397–417. [Google Scholar]

	



da Silva, S.C.; Fernandes, I.P.; Barros, L.; Fernandes, Â.; Alves, M.J.; Calhelha, R.C.; Pereira, C.; Barreira, J.C.M.; Manrique, Y.; Colla, E.; et al. Spray-dried Spirulina platensis as an effective ingredient to improve yogurt for-mulations: Testing different encapsulating solutions. J. Funct. Foods 2019, 60, 103427. [Google Scholar] [CrossRef]

	



Gouda, N.; Panda, A.K.; Meher, S.N. Kinetic study of thermal degradation of microalgae Arthrospira platensis by iso-conversational methods. Res. J. Chem. Environ. 2018, 22, 22–28. [Google Scholar]

	



Soni, R.A.; Sudhakar, K.; Rana, R.S. Biochemical and Thermal Analysis of Spirulina Biomass through FTIR, TGA, CHN. Energy Eng. 2021, 118, 1045–1056. [Google Scholar] [CrossRef]

	



Ananda, V.; Sunjeeva, V.; Vinu, R. Catalytic fast pyrolysis of Arthrospira platensis (spirulina) algae using zeolites. J. Anal. Appl. Pyrolysis 2016, 118, 298–307. [Google Scholar] [CrossRef]

	



de Morais, M.G.; Stillings, C.; Dersch, R.; Rudisile, M.; Pranke, P.; Costa, J.A.V.; Wendorff, J. Biofunctionalized Nanofibers Using Arthrospira(Spirulina) Biomass and Biopolymer. BioMed Res. Int. 2015, 2015, 967814. [Google Scholar] [CrossRef]

	



Jamilatun, S.; Budhijanto, B.; Rochmadi, R.; Budiman, A. Thermal Decomposition and Kinetic Studies of Pyrolysis of Spirulina Platensis Residue. Int. J. Renew. Energy Dev. 2017, 6, 193–201. [Google Scholar] [CrossRef]

	



Zhao, W.; Qi, Y.; Wang, Y.; Xue, Y.; Xu, P.; Li, Z.; Li, Q. Morphology and Thermal Properties of Calcium Alginate/Reduced Graphene Oxide Composites. Polymers 2018, 10, 990. [Google Scholar] [CrossRef] [PubMed]

	



Araújo, P.D.S.; Belini, G.B.; Mambrini, G.P.; Yamaji, F.M.; Waldman, W.R. Thermal degradation of calcium and sodium alginate: A greener synthesis towards calcium oxide micro/nanoparticles. Int. J. Biol. Macromol. 2019, 140, 749–760. [Google Scholar] [CrossRef] [PubMed]

	



Soares, J.P.; Santos, J.E.; Chierice, G.O.; Cavalheiro, E.T.G. Thermal behavior of alginic acid and its sodium salt. Eclética Quim. J. 2004, 29, 57–64. [Google Scholar] [CrossRef]

	



Ayoola, B.; Balachandran, R.; Frank, J.; Mastorakos, E.; Kaminski, C. Spatially resolved heat release rate measurements in turbulent premixed flames. Combust. Flame 2006, 144, 1–16. [Google Scholar] [CrossRef]

	



Gady, O.; Poirson, M.; Vincent, T.; Sonnier, R.; Guibal, E. Elaboration of light composite materials based on alginate and algal biomass for flame retardancy: Preliminary tests. J. Mater. Sci. 2016, 51, 10035–10047. [Google Scholar] [CrossRef]

	



Lyon, R.E.; Speitel, L.; Walters, R.N.; Crowley, S. Fire-resistant elastomers. Fire Mater. 2003, 27, 195–208. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhao, Z.; Lei, Y. Flame retardant and smoke-suppressant rigid polyurethane foam based on sodium alginate and aluminum diethylphosphite. Des. Monomers Polym. 2021, 24, 46–52. [Google Scholar] [CrossRef]

	



Vincent, T.; Vincent, C.; Dumazert, L.; Otazaghine, B.; Sonnier, R.; Guibal, E. Fire behavior of innovative alginate foams. Carbohydr. Polym. 2020, 250, 116910. [Google Scholar] [CrossRef]

	



Cogen, J.M.; Lin, T.S.; Lyon, R.E. Correlations between pyrolysis combustion flow calorimetry and conventional flammability tests with halogen-free flame retardant polyolefin compounds. Fire Mater. 2008, 33, 33–50. [Google Scholar] [CrossRef]

	



Li, G.; Dong, R.-J.; Fu, N.; Zhou, Y.-G.; Li, D.; Chen, X.D. Temperature-Oriented Pyrolysis on the Decomposition Characteristics of Chlorella pyrenoidosa. Int. J. Food Eng. 2015, 12, 295–301. [Google Scholar] [CrossRef]

	



Lowden, L.A.; Hull, T.R. Flammability behaviour of wood and a review of the methods for its reduction. Fire Sci. Rev. 2013, 2, 4. [Google Scholar] [CrossRef]








[image: Sustainability 14 10737 g001 550] 





Figure 1. Scheme of a BTF packed with different structures: (a) polypropylene spheres with a biofilm; (b) alginate beads with entrapped microbiota. 
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Figure 2. Physical appearance of the investigated biowastes: (a) biomass collected from the surface of the packing spheres; (b) waste alginate beads. 
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Figure 3. Comparative TG curves (a) in air and (b) in nitrogen. 
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Figure 4. Comparative DTG curves (a) in air and (b) in nitrogen. 
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Figure 5. Comparative DTA curves (a) in air and (b) in nitrogen. 






Figure 5. Comparative DTA curves (a) in air and (b) in nitrogen.



[image: Sustainability 14 10737 g005]







[image: Sustainability 14 10737 g006 550] 





Figure 6. Time-dependent HRR curves. 
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Figure 7. Temperature-dependent HRR curves. 
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Table 1. Main thermogravimetric characteristics.
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Sample

	
Working

Atmosphere

	
Stage

	
Tonset, °C

	
Tpeak, °C

	
Tendset, °C

	
W, %

	
Residue, %






	
S1

	
air

	
I

	
62

	
88

	
138

	
9.14

	
22.55




	
II

	
236

	
283

	
344

	
38.14




	
III

	
454

	
495

	
553

	
30.17




	
nitrogen

	
I

	
49

	
84

	
143

	
14.65

	
13.74




	
II

	
252

	
285

	
344

	
42.11




	
III

	
473

	
515

	
559

	
29.50




	
S2

	
air

	
I

	
48

	
62

	
114

	
6.55

	
58.03




	
II

	
114

	
142

	
226

	
6.39




	
III

	
226

	
242

	
332

	
15.85




	
IV

	
332

	
448

	
558

	
6.60




	
V

	
558

	
566

	
570

	
6.58




	
VI

	
656

	
–

	
–

	
5.54




	
nitrogen

	
I

	
44

	
61

	
81

	
17.88

	
39.60




	
II

	
217

	
237

	
332

	
20.81




	
III

	
332

	
454

	
564

	
9.22




	
IV

	
564

	
–

	

	
12.49











[image: Table] 





Table 2. Data collected by MCC analysis.
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	Sample
	Mass (mg)
	Waste (mg)
	Char Yield (wt%)
	Decomposition Rate (%)
	THR (kJ/g)
	HRC (J/(g·K))





	S1
	20.19 ± 0.06
	6.44 ± 0.04
	31.89 ± 0.20
	68.11 ± 0.20
	11.03 ± 0.39
	95.67 ± 2.09



	S2
	20.17 ± 0.03
	10.92 ± 0.21
	54.15 ± 1.01
	45.85 ± 1.01
	3.64 ± 0.20
	44.11 ± 4.05
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Table 3. Characteristics of the peaks in the time- and temperature-dependent HRR curves.
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Sample

	
Peak Number

	
PHRR (W/g)

	
TPHRR (°C)

	
Time (s)






	
S1

	
1

	
158.84 ± 5.03

	
314.72 ± 1.63

	
63.50 ± 8.41




	
2

	
51.16 ± 2.37

	
450.30 ± 4.86

	
127.00 ± 11.27




	
S2

	
1

	
21.41 ± 2.88

	
261.66 ± 3.35

	
33.00 ± 1.32




	
2

	
22.75 ± 1.89

	
303.32 ± 8.72

	
54.83 ± 5.48




	
3

	
25.24 ± 1.77

	
401.60 ± 5.44

	
104.33 ± 3.69




	
4

	
36.46 ± 1.82

	
472.76 ± 0.88

	
139.83 ± 2.89
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