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Abstract

:

Microalgae and cyanobacteria are unicellular microorganism that contain high-added-value compounds. To make their extraction economically feasible, the biorefinery concept is the only solution. In this study, the residues resulting from lipid or protein extraction from Arthrospira platensis biomass were valorized by catalytic pyrolysis using ZSM5 zeolite or amorphous silica–alumina as catalyst. The reaction was performed in a quartz reactor, and the catalysts were placed in a fixed bed, to force the reaction gases to pass through it. The reaction products were analyzed by FTIR and GC–MS analyses. The reaction gases and liquids obtained from the extraction residues had higher hydrocarbon contents compared with the untreated biomass. Moreover, the pyrolysis of biomass after protein extraction led to fractions with lower nitrogenated component contents, while that after lipid extraction to fractions with lower oxygenated component contents. This study showed that the pyrolysis process could be used to valorize the microalgae extraction residues, aiming to make biofuels production and extraction of high-added-value products more economically feasible.
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1. Introduction


The growing industrialization, the high level of pollution, and the reduction of resources have led to an urgent need to find an alternative way to handle entire production chains from raw materials to finished products. The zero-waste strategy and the circular economy are the best solutions to remediate the dramatic conditions in which our planet is located. In this context, the biorefinery concept, according to which biomass is converted into high-added-value products, reaction intermediates, and biofuels, is a sustainable alternative to that of a conventional refinery. To make the biorefinery a real alternative, increase the feasibility of the process, and reduce its cost, biomass selected as raw material needs to be easily available and cheap, contain components important for the market, and have high growth rates [1].



Microalgae and cyanobacteria have in recent years become attractive because of their multiple applications in different fields. They are generally used in human or animal nutrition, biofuel production, and extraction of high-added-value components for chemical, cosmetic, and pharmaceutical industries [2]. Due to their multiple applications, they are a promising raw material for biorefinery [3]. Such unicellular microorganisms composed mainly of lipids, proteins, and carbohydrates, whose relative proportions depend mainly on the species and growth conditions, have higher growth rates compared to higher plants and can be cultivated in marginal lands, seas, and fresh water. Their capability to grow under drastic conditions and in land not used for agriculture is also an answer to the food vs. fuel conflict [4].



In recent years, lipid, protein, and pigment extraction from microalgae have been widely studied for various applications such as the productions of biodiesel from the lipid fraction and of nutraceuticals and dyes from vitamins, proteins, and pigments [5,6]. As such, it is important to stress that the microalgae biorefinery concept is the only way to make microalgae competitive with products obtained from conventional sources, and that the use of microalgae to produce only biofuels or only nutraceuticals has not yet reached clear-cut economic feasibility. The biggest challenges are the relatively high cost of biomass production and the energy demand for the extraction and separation processes. Therefore, in order to make microalgae products economically viable and increase their marketability, it is necessary to reduce costs, for example by valorizing process residues as co-products [7]. It is generally accepted that the sale of co-products will make the production of biofuels from microalgae economically feasible [8,9]. Indeed, Bryant et al. [10] estimated that the residue of microalgal biomass after lipid extraction could be worth between 100 and 225 USD per ton and could yield co-products ranging in value from 0.95 to 2.43 USD per gallon of biodiesel produced. Moreover, the microalgae protein fraction has an economic value that ranges from 0.86 USD/kg as feed to 5.57 USD/kg as food [11].



Pyrolysis is a thermochemical process that can efficiently recover most of the energy available in biomass, in which chemicals, in the absence of oxygen, are converted into bio-oil, biogas, and bio-char [12]. The pyrolysis process is characterized by complex mechanisms in which decarboxylation, dehydration, cracking, dehydrogenation, and rearrangement reactions take place. Pyrolysis bio-oil is generally composed of a wide range of different compounds including hydrocarbons, acids, alcohols, polyaromatics, nitrogenated compounds, indole, and carbonyls, with molecular weight from 18 to 5000 g/mol [13,14]. The presence of oxygenated and nitrogenated compounds in the bio-oil leads to a few undesirable properties, such as low heating value and high viscosity, which do not allow miscibility with fossil fuels [15]. To improve microalgae pyrolysis performance and upgrade the quality of reaction products, it is necessary to add catalysts during thermal treatment, or to follow a second biooil refining catalytic treatment [16]. The catalytic pyrolysis process can be used to reduce the content of N- and O-components and increase that of aromatic hydrocarbons [17].



Several studies were conducted on different species of microalgae, using acid catalysts, in particular protonic molecular sieves [18,19,20]. Protonic molecular sieves are strongly acidic heterogenous catalysts used for the interconversion of hydrocarbons in different processes such as isomerization, alkylation, thermal cracking, and aromatization [21]. Different acid solid zeolite catalysts such as ZSM5, zeolite Y, mordenite, and beta have been used to achieve microalgae pyrolysis, among which ZSM5 zeolite has been mainly investigated for its ability to reduce oxygenate compounds and increase the aromatic fraction [13]. Since the strong acidity of zeolite generally leads to deep deoxygenation and severe coke formation, mesoporous materials with milder acidity, such as silica–alumina [22], have been tested to solve this problem [23].



The aim of this work was to valorize the lipid and protein extraction residues from Arthrospira platensis by catalytic pyrolysis using H-ZSM-5 zeolite and silica–alumina as catalysts. The different distribution and composition of pyrolysis products were investigated as functions of the different behaviors of these catalysts.




2. Materials and Methods


2.1. Materials


Dried Arthrospira platensis was purchased from a commercial supplier (Genoa, Italy). The influence of two different catalysts on the pyrolysis products was investigated, namely silica–alumina (SA) and H-ZSM-5 zeolite (ZSM5). SA, with 13% alumina and a specific surface area of 220 m2/g, was obtained from Strem Chemicals (Newburyport, MA, USA), while ZSM5, with 23 Al2O3/SiO4 ratio and a specific surface area of 425 m2/g, was purchased from Zeolyst (Conshohocken, PA, USA) and calcined at 500 °C for 1 h before use.




2.2. Biomass Characterization


Arthrospira platensis without preliminary treatment (AP) after lipid extraction (LE) or after protein extraction (PE) was characterized in terms of calorific value, moisture and ash content, CHNS-O elemental composition, and morphology. Moisture and ash contents of the three different biomasses were determined according to AOAC methods [24]. The morphology of AP, LE, and PE was investigated using a scanning electron microscopy (SEM Hitachi 2500, Tokyo, Japan), while the calorific value was determined by a bomb calorimeter (IKA C200, Staufen, Germany). The elemental composition of samples in terms of C, H, N, and S contents was determined by a CHNS-O elemental analyzer (FLASH EA1112, ThermoQuest, Cleveland, OH, USA), while that of oxygen was calculated considering both moisture and ash contents. Thermogravimetric analyses (TGA) were performed on AP, LE, and PE by a thermal analyzer, model STA 409 (Netzsch Gerätebau, Selb, Germany), with a weight sensitivity of 0.01 mg. For this purpose, a mass of sample ranging between 100 and 130 mg was placed in a 0.1 cm3 alumina crucible and introduced into the thermobalance. Samples were flushed with nitrogen at a flow rate of 40 mL min−1, and temperature was raised from room temperature to 650 °C at a rate of 10 °C min−1. Results of characterization of the three biomasses, already shown in previous work [25], are summarized in Table 1 to make for easier reader understanding.




2.3. Lipid and Protein Extraction


The lipid fraction from A. platensis was extracted following a modified version of the Folch method [26], in which a 2:1 (v/v) chloroform/methanol solution was used as solvent. The protein fraction of A. platensis was extracted by conventional solid–liquid extraction using water as solvent. The 1:20 (w/v) A. platensis water suspension was kept for 16 h under continuous agitation [27]. After the extraction, proteins were quantified using the bicinchoninic acid assay (Novagen, EMD Chemicals Inc., San Diego, CA, USA) at 562 nm using a biophotometer, model D30 (Eppendorf, Hamburg, Germany).




2.4. Catalytic Pyrolysis Setup


The reaction system (Figure 1) consisted of a quartz tubular reactor placed in an oven (Carbolite, MTF 10/25/130, Pocklington, UK). Temperature was increased up to 450 °C and kept at this value for 1 h. It was controlled by a thermocouple attached to the heating zone, while the temperature of the reaction products was measured by a thermometer, as shown in Figure 1. About 10 g of each sample (AP, LE, and PE) was charged into the reactor, and then the system was purged with nitrogen to guarantee complete oxygen removal. The catalyst was placed as a fixed bed and immobilized between two quartz wool supports, allowing reaction vapors to pass through the porous structure. The reaction system was provided with an integrated condenser for the separation of reaction vapors. Incondensable gases (G) were collected in a latex balloon, while the liquid, made up of two different immiscible fractions, i.e., light reaction liquid (LL) and heavy reaction liquid (HL), was collected in a flask. After pyrolysis, the solid residue present in the reactor was collected and washed with acetone to separate the liquid residue (LR) from the solid residue (SR).




2.5. Reaction Products Characterization


The initial biomasses (AP, LE, and PE) and the reaction products (G, LL, HL, LR, and SR) were characterized by Fourier transform infrared spectroscopy (FTIR) using a Nicolet 380 FTIR spectrometer (Thermo Scientific, Madison, WA, USA). All the spectra were elaborated using Omnic Lite Software (Thermo Electron Corporation, Madison, WA, USA). The reaction gases were forced to pass through an IR glass cell with KBr windows and analyzed by the same spectrometer. Liquid samples were prepared depositing a small amount of liquid on a KBr pressed disk, while the solid fractions were prepared by mixing KBr with samples (1:50, w/w) and pressing; the above instrument was used for analyses. Reaction gases (Gs) were also analyzed using a gas chromatograph, model 4890 (Agilent Technologies, Santa Clara, CA, USA), with a Flame Ionization Detector (FID) detector. For this purpose, 400 µL of G sample were injected with a 500-µL gas chromatography syringe using a split ratio of 1:10. The instrument was equipped with a Varian capillary column, model Molsieve 5A/Porabond Q Tandem (Agilent). Helium (purity > 99.9%) was used as a carrier gas at a flow rate of 1.6 mL min−1. The column temperature was set at 70 °C, increased to 136 °C at 10 °C min−1, held for 10 min, and then further increased up to 230 °C at the same rate. For LRs analysis, samples were diluted with CHCl3 up to a ratio of 1:10 (v/v) and injected in a gas chromatography–mass spectrometer (GC–MS), model Focus-ISQ (Thermo Scientific, Milan, Italy). For quantification, the results were expressed as percentages of the areas of peaks detected for the individual compounds with respect to the total peak area. SR calorific value and elemental composition were analyzed by the above-mentioned bomb calorimeter and CHNS-O elemental analyzer [25].





3. Results and Discussion


3.1. Yields of Catalytic Pyrolysis Products


The catalytic pyrolysis of Arthrospira platensis biomass without any pretreatment (AP) or after lipid (LE) or protein (PE) extractions was performed at 450 °C for 1 h. The reaction products were classified as reaction gas (G), light reaction liquid (LL), heavy reaction liquid (HL), liquid residue (LR), and solid residue (SR). G was mainly composed of incondensable gases (light gases and short chain hydrocarbons); LR of long chain hydrocarbons (C > 6), oxygenates (mainly alcohols and carboxylic acids), and nitrogenates (mainly amines and amides); HL mainly of water soluble components; and SR of carbon substances. A previous study carried out on the same residues without any catalyst showed that thermal pyrolysis led to a generalized decrease in the content of nitrogenated compounds and an increase in that of hydrocarbons [25].



Figure 2 illustrates the distribution of products resulting from the catalytic pyrolysis of the three biomasses using either H-ZSM-5 zeolite (ZSM5) or silica–alumina (SA) as catalyst. The results of AP catalytic pyrolysis in terms of percentage distribution of products were quite similar using either catalyst, being G 29.1–29.5%, LL 13.2–16.4%, HL 14.9–15.8%, LR 3.7–6.7%, and SR 34.0–34.7%, while significant differences were observed between the two biomasses pretreated differently. For instance, the G percentage from LE was 26 and 33% using SA and ZSM5, respectively. An opposite distribution was observed for PE, with an almost twice as high G percentage using SA (39%) rather than ZSM5 (20%). Moreover, the LL percentages from LE were 14 and 9% using SA and ZSM5, respectively, while from PE they completely reversed (7 and 25%, respectively). On the other hand, no significant variation in HL and LR percentages were detected. Finally, SR from PE was slightly higher using ZSM5 (34%) rather than SA (31%) as a catalyst.



Although it is very difficult to relate these results to the type and structure of the acidic sites of the two catalysts, some interesting insights on the most significant percentage variations within each class of compounds may come from data available in the literature for similar catalysts. Suzuki et al. [28] reported, for a similar ZSM-5 zeolite (Tosoh Co.) with an Si/Al ratio of 24 and silica–alumina containing 12.5 wt% Al2O3, Brønsted acid site numbers of 0.70 and 0.47 mol/kg, Lewis acid site numbers of 0 and 0.17 mol/kg, and Brønsted acid strengths (ΔH) of 137 and 120–155 kJ/mol, respectively. Comparing these data with the results of Figure 2, it can be inferred that the higher percentages of G from LE and LL from PE obtained using ZSM-5 were due solely to its Brønsted acidity, while the higher percentages of LL from LE and G from PE with silica–alumina to the significant presence in this catalyst also of Lewis acid sites, which highlights different catalytic mechanisms depending on both the class of compounds and the type of catalyst. On the other hand, the percentage differences found for the other classes were too low to allow for similar considerations.



To go deeper into the influence of the type of catalyst on the different biomasses, all the reaction products were analyzed by FTIR spectrometry, and the G and LL fractions were also submitted to GC–MS.




3.2. Reaction Gas Characterization


One can see in Figure 3 that the FTIR spectra of gases obtained from AP, LE, and PE pyrolysis using either catalyst were qualitatively similar, all exhibiting the characteristic asymmetric stretching bands of carbon dioxide at 2317 and 3728 cm−1, the rotovibrational band due to CO2 deformation at 771 cm−1, the rotovibrational band of carbon monoxide stretching (minimum at 2140 cm−1), and the asymmetric C–H stretching at 2965 cm−1 due to the presence of hydrocarbons.



The bands at 3011 and 1303 cm−1 can be assigned to methane stretching deformation, while the ones at 949 cm−1 and 912 cm−1 to that of ethylene and propylene, respectively. The band at 1470 cm−1 is representative of methylene deformation vibration and that at 2069 cm−1 of a thiocyanate group. As expected, the FTIR spectrum obtained from biomass after lipid extraction also presented the typical C–Cl band at 771 cm−1 due to residual chloroform used as solvent.



The reaction gases were also analyzed by GC–MS, the results of which in terms of the main classes of identified compounds are shown in Figure 4, while Table 2 lists the main individual components classified according to their retention time. Consistent with the information resulting from the FTIR spectra, the major gaseous components obtained from the catalytic pyrolysis of the different biomasses with both catalysts were the light gases, which were mainly composed of CO2, CO, CH4, C2H4, and C2H6. The much higher content of light gases in G from AP (98%) using ZSM5 as a catalyst compared to LE (57 and 30% with ZSM5 and SA, respectively) was probably due to the production of CO2 and H2 mainly by dehydrocyclization and decarboxylation of amino acids, while that of CH4 and the other hydrocarbons to end-chain fission reactions of long-chain lipids [29].



The highest content of hydrocarbons in Gs was obtained using LE as initial biomass with either catalyst, i.e., 32 and 39% with ZSM5 and SA, respectively. These hydrocarbon fractions were mainly composed of branched unsaturated hydrocarbons from 9 to 21% using PE and LE biomasses with SA as catalyst, respectively. In particular, the main component of these fractions was 2-methyl-1-propene, as shown in Table 2. On the other hand, the fractions of saturated hydrocarbons were mainly constituted of propane (8 and 6%, with ZSM5 and SA, respectively) using LE as initial biomass, with both catalysts. The use of LE compared to raw A. platensis led to an increase not only in the production yield of Gs fraction but also in the selectivity in hydrocarbons.



Moreover, the use of LE as biomass and SA as a catalyst allowed for a greater oxygenated fraction in the incondensable gases (11%) compared with AP (0.3%) and PE (3.8%), while PE was the most effective (8%) using ZSM5 (0.7 and 6.5% from AP and LE, respectively). The main oxygenated component found in all the fractions was 2(3H)-furanone,dihydro-3,5-dimethyl, with a maximum percentage of 8.9% from LE using SA.



The presence of sulfur compounds in the reaction gases can be ascribed to the decomposition of the amino acid methionine [30], while the chlorinate components observed in Gs from LE were due to the residual solvent used for the lipid extraction.




3.3. Characterization of Reaction Liquids


The reaction liquid obtained from catalytic pyrolysis of the three biomasses was composed of an oily top phase called light reaction liquid (LL) and an aqueous bottom phase called heavy reaction liquid (HL), which separated spontaneously.



LLs obtained from the catalytic pyrolysis of AP, LE, and PE in the presence of both catalysts were characterized by FTIR and GC–MS, while HLs only by FTIR. The composition of liquid fraction does in fact influence its quality and application. In particular, heavy components, namely aldehydes and ketones, can start aging reactions that greatly affect the bio-oil quality [31], while polycyclic aromatic compounds are hazardous for the environment and carcinogenic [32]. Moreover, in general, oxygenated compounds reduce the heating value and increase the viscosity of bio-oil, and the high acid content makes it corrosive [33]. Therefore, to use the bio-oil for energetic purposes, all the above components are considered undesirable. The highly desirable components to improve the bio-oil quality are aromatic and aliphatic hydrocarbons and alcohols.



The FTIR spectra of LLs obtained using either ZSM5 or SA are shown in Figure 5. In all the spectra, we can identify the characteristic bands of –OH stretching at 3100 cm−1; the C–H stretching and valence and asymmetric banding at 2925, 2858, and 1459 cm−1, respectively; and the band relative to the deformation of methyl groups at 1379 cm−1. Moreover, the C=C stretching at 1610 and 812 cm−1, the rocking at 752 cm−1, and the deformation of the methyl at 1379 cm−1 can also be recognized. Finally, the bands at 1269 and 1648 cm−1 can be assigned to the presence of =C–O–R groups and nitrogenates, respectively, while that at 700–600 cm−1 to S–O stretching.



Table 3 lists the main components of LLs (area > 3%) quantified by GC–MS, which were grouped in Figure 6 as hydrocarbons, oxygenates, nitrogenates, complex oxygenates/nitrogenates, and other components based on their number of carbons. The hydrocarbon fraction in this study includes both aromatic and aliphatic hydrocarbons, the former fraction increasing and improving the octane number, while the latter being important for its use as a transportation fuel. Hydrocarbons were mainly produced by decarboxylation, deamination, and fragmentation of lipids or by thermal degradation of proteins [34]. The aliphatic ones included long chain alkanes and alkenes, among which 1,6-heptadien-3-yne and eicosane were found in the highest percentages. In general, the catalytic pyrolysis with SA as a catalyst produced more hydrocarbons compared with ZSM5 from all biomasses. In particular, the catalytic pyrolysis of LE with SA produced LLs made up of 21% of 1,6-heptadien-3-yne. Contrary to what was observed for the Gs fraction, PE rather than LE led to an increase in the hydrocarbon yield and selectivity.



The oxygenates fraction in LLs consisted of aldehydes, ketones, alcohols, phenols, esters, and ethers, with that obtained from LE pyrolysis being lower compared to the other biomasses with both catalysts. This fraction was reduced from 38 to 19% with SA for AP and LE, respectively, and from 44 to 31% for PE and LE with ZSM5, respectively. The oxygenated components found in the highest percentage were phenol and its derivates. LE catalytic pyrolysis produced 11% of phenol using ZSM5, while a percentage of 7.4% of 3-methyl-phenol was found with SA as catalyst. Even if the oxygenate compounds reduced the quality of bio-oil, phenols and their derivates are considered high-added-value chemicals, and their contents can help the process to become more economically feasible [35].



The nitrogenates compounds present in LL were principally amine, indole, and pyrrole, the presence of which in bio-oil lead to pollution due to nitrogen oxide formation during combustion. These compounds found in the liquid fraction were mainly produced by protein decarboxylation and CO2 elimination or water elimination with the formation of dipeptides, while the presence of N-heterocycles was due to the Maillard reaction that occurred from the interaction between amino acid with sugars or other carbonyl compounds [30]. Biomass after protein extraction did in fact lead to the lowest percentage of nitrogenate compounds (6%) with both catalysts, while that after lipid extraction to the highest one (9 and 22% with SA and ZSM5, respectively). Among them, indole and indolizine were produced in the highest percentages (Table 3), the likely result of thermal degradation of the amino acid tryptophan [30]. Wang et al. [36], who investigated the mechanisms of Nannochloropsis sp. pyrolysis and its main components, proposed that the formation of N-heterocyclic compounds may have been the result of the interaction of proteins and sugars.



The complex oxygenates/nitrogenates mainly consisted of amides or fatty acid amides produced by the interaction between lipids and protein derivates. Among them, hexadecanamide was produced in the highest percentage, especially by the catalytic pyrolysis of AP with both ZSM5 (9%) and SA (16%) and of PE with SA (14%).



The heavy reaction liquid (HL) was principally made up of water and water-soluble components. Figure 7 shows the spectra of this fraction obtained by catalytic pyrolysis of AP, LE and PE with either catalyst. The spectra presented a clear characteristic band of –OH stretching from 3400 to 3100 cm−1, while the other bands from 200 to 500 cm−1 were the same as previously discussed for LLs.




3.4. Reaction Residues


The pyrolysis residue consisted of the solid remaining in the reactor after the reaction, which was collected and washed with acetone to separate the liquid residue (LR), mainly made up of high molecular weight components, from the solid one (SR). Figure 8 shows the spectra of LR obtained by catalytic pyrolysis of AP, LE, and PE with either catalyst. The presented bands, as expected, were coincident with those present in LL spectra, which confirm that this fraction is made by the same component classes (hydrocarbon, oxygenated, nitrogenated, and oxygenated/nitrogenated complex compounds) but with higher boiling point.



Finally, the solid residue (SR) obtained from catalytic pyrolysis of AP, LE, and PE was analyzed by FTIR as well (Figure 9). One can notice the characteristic bands at 3340 and 1420 cm−1 that are representative of –OH stretching and C–C deformation, respectively. The solid residue from pyrolysis, also called char, could find several applications in different fields. For instance, it can be used as carbon-based biofuel, because of a higher calorific value than that of starting biomass [17,26], or even as fertilizer, being able to improve the soil texture-releasing nutrients [37].





4. Conclusions


In this study, residues from Arthrospira platensis biomass obtained after protein or lipid extraction were valorized by catalytic pyrolysis using two different acidic catalysts, namely ZSM5 zeolite and amorphous silica–alumina. Pyrolysis products obtained from the different biomasses gave different results in terms of quantity and composition. Reaction gases from residues after extraction had higher hydrocarbon content compared to that obtained from A. platensis without any treatment, which increases the value of this fraction as well as its applicability as biogas. Moreover, the light reaction liquid to be used as a biofuel exhibited high hydrocarbon content and low oxygenate and nitrogenate contents. The use of silica–alumina as catalyst increased the hydrocarbon content of this liquid fraction from all the biomasses compared with ZSM5 zeolite. The fraction of nitrogenated compounds was reduced after protein extraction, while that of oxygenated compounds after lipid extraction. The results of this study proved that catalytic pyrolysis could be used to valorize the residues of A. platensis in order to make the microalgal production and the extraction of high value-added compounds like proteins and lipids more economically feasible. Future studies will be focused on the use of other catalysts such as faujasite zeolite and the time-dependent pyrolysis reaction mechanism.
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Figure 1. Schematic catalytic pyrolysis setup. 1—oven, 2—quartz tubular reactor, 3—catalyst, 4—thermometer, 5—condenser, 6—latex balloon, 7—flask. 
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Figure 2. Percentage distribution (%) of products from catalytic pyrolysis of Arthrospira platensis biomass without any pretreatment (AP), after lipid extraction (LE), and after protein extraction (PE). G, reaction gas; LL, light reaction liquid; HL, heavy reaction liquid; LR, liquid residue; SR, solid residue. 
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Figure 3. FTIR analysis of reaction gases from the catalytic pyrolysis of a—A. platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and biomass after c—protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina. 
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Figure 4. Percentage distribution (%) of the main classes of gaseous compounds from catalytic pyrolysis carried out using ZSM5 or SA as catalysts. Analytical determinations were made by GC–MS on gases from untreated Arthrospira platensis biomass (AP), biomass after lipid extraction (LE), biomass after protein extraction (PE). 
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Figure 5. FTIR analysis of light reaction liquid from catalytic pyrolysis of a—Arthrospira platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and c—biomass after protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina. 
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Figure 6. Composition of light reaction liquids (LL), determined by GC–MS, resulting from catalytic pyrolysis of Arthrospira platensis biomass without any treatment (AP), after lipid extraction (LE), and after protein extraction (PE). HY, hydrocarbons; OX, oxygenates; N, nitrogenates; OX–N, complex oxygenates/nitrogenates; OC, other compounds; NC, number of carbons. Catalyst: (a) ZSM5, (b) silica–alumina. 
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Figure 7. FTIR analysis of heavy reaction liquid from catalytic pyrolysis of a—Arthrospira platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and c—biomass after protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina. 






Figure 7. FTIR analysis of heavy reaction liquid from catalytic pyrolysis of a—Arthrospira platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and c—biomass after protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina.
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Figure 8. FTIR analysis of liquid residue from catalytic pyrolysis of a—Arthrospira platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and c—biomass after protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina. 
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Figure 9. FTIR analysis of solid residue from catalytic pyrolysis of a—Arthrospira platensis untreated biomass (AP), b—biomass after lipid extraction (LE), and c—biomass after protein extraction (PE). Catalyst: (a) ZSM5, (b) silica–alumina. 
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[image: Energies 13 05246 g009]







[image: Table] 





Table 1. Quantification of components of Arthrospira platensis biomass before extractions (AP), after extraction of lipids (LE), and after extraction of proteins (PE) [25].
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	AP
	LE
	PE





	Moisture content (%)
	8.0 ± 0.0
	10.2 ± 0.0
	2.7 ± 0.0



	Ash content (%)
	6.3 ± 0.0
	6.4 ± 0.1
	3.8 ± 0.0



	Calorific value (kJ/g)
	19.7 ± 0.0
	19.0 ± 0.0
	21.8 ± 0.0



	C (g/100gDB)
	53.0 ± 1.0
	49.5 ± 0.2
	54.3 ± 0.2



	H (g/100gDB)
	7.9 ± 0.1
	8.2 ± 0.0
	8.9 ± 0.1



	N (g/100gDB)
	11.2 ± 0.6
	12.4 ± 0.3
	12.0 ± 0.3



	S (g/100gDB)
	0.2 ± 0.0
	0.3 ± 0.1
	0.3 ± 0.0



	O (g/100gDB)
	21.6 *
	23.3 *
	20.7 *



	Proteins (g/100gDB)
	47.5 ± 0.7
	55.9 *
	-



	Lipids (g/100gDB)
	12.7 ± 3.9
	-
	25.2 *



	Extracted total solids (g/100gDB)
	-
	15.1 ± 0.3
	49.6 ± 0.9







* Data obtained theoretically by the authors [21].
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Table 2. Percentage composition (%) of gases from catalytic pyrolysis using ZSM5 or silica–alumina as catalyst in terms of individual compounds. Analytical determinations were made by GC–MS on gases from untreated Arthrospira platensis biomass (AP), biomass after lipid extraction (LE), biomass after protein extraction (PE).
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RT 1

	
Compound

	
CN 2

	

	
ZSM5

	

	

	
SA

	




	
AP

	
LE

	
PE

	
AP

	
LE

	
PE






	
1.85

	
Light gases (CO2, CO, CH4, etc.)

	
-

	
98.15

	
56.99

	
69.38

	
72.82

	
32.08

	
75.38




	
1.89

	
Propane

	
3

	
-

	
8.30

	
-

	
-

	
6.09

	
1.45




	
1.94

	
Isobutane

	
4

	
0.10

	
2.07

	
2.39

	
2.74

	
4.02

	
0.78




	
1.97

	
1-Propene, 2-methyl-

	
4

	
0.52

	
12.97

	
8.98

	
8.47

	
13.56

	
4.78




	
2.02

	
Methanethiol

	
1

	
0.73

	
3.71

	
6.06

	
4.70

	
7.90

	
6.48




	
2.07

	
2-Methyl-1-butene

	
5

	
-

	
0.78

	
0.64

	
0.49

	
1.33

	
0.36




	
2.11

	
Butane, 2-methyl-

	
5

	
0.29

	
2.22

	
3.13

	
2.95

	
5.21

	
1.74




	
2.19

	
2(3H)-furanone, dihydro-3,5-dimethyl

	
6

	
0.19

	
6.59

	
4.21

	
4.70

	
8.90

	
3.05




	
2.22

	
2-pentene

	
5

	
-

	
0.53

	
0.24

	
0.11

	
0.40

	
0.32




	
2.27

	
2-Butene, 2-methyl-

	
5

	
0.03

	
2.33

	
2.01

	
1.58

	
3.86

	
1.98




	
2.45

	
1-Pentene, 4-methyl-

	
6

	
-

	

	
0.44

	
0.22

	
0.53

	
0.31




	
2.51

	
Pentane, 2-methyl-

	
6

	
-

	
0.60

	
0.49

	
0.38

	
0.81

	
0.51




	
2.61

	
Pentane, 3-methyl-

	
6

	
-

	

	
0.34

	
0.20

	
0.69

	
0.66




	
2.67

	
1-Hexene

	
6

	
-

	
0.57

	
0.47

	
-

	
-

	
0.49




	
2.74

	
Hexane

	
6

	
-

	
0.40

	
0.54

	
0.38

	
0.64

	
-




	
2.8

	
Furan, 3-methyl-

	
5

	
-

	
-

	
0.51

	
0.26

	
1.10

	
-




	
2.94

	
Trichloromethane

	
1

	
-

	
1.95

	
-

	
-

	
9.99

	
-




	
3.2

	
3-Penten-1-yne, 3-methyl-, (Z)-

	
6

	
-

	
-

	
-

	
-

	
0.09

	
0.08




	
3.35

	
1,3-Pentadiene, 3-methyl

	
6

	
-

	
-

	
-

	
-

	
0.17

	
0.09




	
3.52

	
Hexane, 2-methyl-

	
7

	
-

	
-

	
-

	
-

	
0.21

	
0.12




	
3.68

	
Cyclopentane, 1,2-dimethyl-

	
7

	
-

	
-

	
-

	
-

	
0.08

	
-




	
4.13

	
1-Heptene

	
7

	
-

	
-

	
-

	
-

	
0.12

	
0.06




	
4.34

	
Heptane

	
7

	
-

	
-

	
-

	
-

	
0.34

	
0.21




	
4.77

	
Furan, 2,5-dimethyl-

	
6

	
-

	
-

	
0.16

	
-

	
-

	
0.17




	
5.99

	
Toluene

	
6

	
-

	
-

	
-

	
-

	
1.51

	
0.62








1 Retention time (min), 2 number of carbons.
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Table 3. Percentage composition (%) of light reaction liquids (LLs) from catalytic pyrolysis using ZSM5 or silica–alumina as catalyst in terms of individual compounds. Analytical determinations were made by GC–MS on LLs from untreated Arthrospira platensis biomass (AP), biomass after lipid extraction (LE), biomass after protein extraction (PE).
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ZSM5

	
SA




	
Component

	
Formula

	
AP

	
LE

	
PE

	
AP

	
LE

	
PE






	
1,6-Heptadien-3-yne

	
C7H8

	
4.1

	
4.0

	
-

	
-

	
21.1

	
9.4




	
Eicosane

	
C20H42

	
9.4

	
-

	
-

	
16.2

	
-

	
14.3




	
Hexadecanamide

	
C16H33NO

	
15.9

	
-

	
-

	
12.9

	
-

	
12.2




	
Eicosane, 10-methyl-

	
C21H44

	
-

	
-

	
15.2

	
-

	
-

	
-




	
Phenol, 3-methyl-

	
C7H8O

	
-

	
11.4

	
-

	
3.5

	
7.4

	
-




	
n-Hexadecanoic acid

	
C16H32O2

	
6.2

	
-

	
11.0

	
-

	
-

	
10.5




	
Indolizine

	
C8H7N

	
4.2

	
-

	
-

	
4.8

	
15.8

	
-




	
Ethanol, 2-(9,12-octadecadienyloxy)-, (Z, Z)-

	
C20H38O2

	
-

	
-

	
12.7

	
-

	
-

	
-




	
Formamide, N-methyl-N-4-[1-(pyrrolidinyl)-2-butynyl]-

	
C10H16N2O

	
10.5

	
-

	
-

	
-

	
-

	
-




	
3,7,11,15-Tetramethyl-2-hexadecen-1-ol

	
C20H40O

	
4.0

	
-

	
4.1

	
10.8

	
-

	
7.5




	
Indole

	
C8H7N

	
-

	
9.0

	
-

	
-

	
-

	
-




	
Phenol

	
C6H6O

	
3.4

	
8.1

	
6.1

	
3.6

	
7.4

	
-




	
Eicosanoic acid

	
C20H40O2

	
-

	
-

	
-

	
8.1

	
-

	
-




	
5H-1-Pyrindine

	
C8H7N

	
-

	
-

	
6.7

	
-

	
-

	
-




	
Hexadecanenitrile

	
C16H31N

	
5.6

	
-

	
-

	
7.3

	
-

	
7.6




	
7-Methyl-Z-tetradecen-1-ol acetate

	
C17H32O2

	
-

	
-

	
-

	
6.3

	
-

	
-




	
Deoxyspergualin

	
C17H37N7O3

	
-

	
-

	
5.3

	
-

	
-

	
-




	
9-Eicosyne

	
C20H38

	
-

	
-

	
-

	
-

	
-

	
5.0




	
tert-Butyl methyl[4-(1-pyrrolidinyl)-2-butynyl] carbanate

	
C14H24N2O2

	
-

	
4.4

	
-

	
-

	
-

	
-




	
13-Heptadecyn-1-ol

	
C17H32O

	
4.3

	
-

	
5.0

	
-

	
-

	
-




	
Propanamide, 2-amino-3-(3-indolyl)-

	
C11H13N3O

	
-

	
4.1

	
-

	
-

	
-

	
-




	
Dec-9-en-6-oxo-1-ylamide

	
C10H17NO2

	
-

	
3.1

	
-

	
-

	
3.9

	
-




	
1-Dodecanol, 3,7,11-trimethyl-

	
C15H35O

	
-

	
-

	
-

	
3.7

	
-

	
3.4




	
Cyclopropanetetradecanoic acid, 2-octyl-, methyl ester

	
C26H50O2

	
-

	
-

	
3.7

	
-

	
-

	
-




	
Dodecanoic acid, 3-hydroxy-

	
C12H24O3

	
-

	
3.4

	
-

	
-

	
-

	
-




	
3-Aziridinopropionaldehyde carbethoxyhydrazone

	
C6H14N2

	
-

	
-

	
-

	
-

	
3.4

	
-




	
1-Hexadecanol, 2-methyl-

	
C17H36O

	
3.4

	
-

	
-

	
-

	
-

	
-




	
Actinomycin C2

	
C63H88N12O16

	
-

	
3.4

	
-

	
-

	
-

	
-




	
Phenol, 2,3-dimethyl-

	
C8H10O

	
-

	
3.4

	
-

	
-

	
-

	
-




	
9-Octadecenamide

	
C18H35NO

	
-

	
3.3

	
-

	
-

	
-

	
-
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