

  applsci-12-00569




applsci-12-00569







Appl. Sci. 2022, 12(2), 569; doi:10.3390/app12020569




Review



Review of Studies on Joint Recovery of Macroalgae and Marine Debris by Hydrothermal Liquefaction



Yuliya Kulikova 1,2,*, Stanislav Sukhikh 1, Svetlana Ivanova 3,4,*[image: Orcid], Olga Babich 1[image: Orcid] and Natalia Sliusar 5





1



Institute of Living Systems, Immanuel Kant BFU, 236016 Kaliningrad, Russia






2



Institute of Engineering and Environmental Safety, Togliatti State University, 445000 Togliatti, Russia






3



Natural Nutraceutical Biotesting Laboratory, Kemerovo State University, Krasnaya Street 6, 650043 Kemerovo, Russia






4



Department of General Mathematics and Informatics, Kemerovo State University, Krasnaya Street 6, 650043 Kemerovo, Russia






5



Environmental Protection Department, Perm National Research Polytechnic University, 614000 Perm, Russia









*



Correspondence: kulikova.pnipu@gmail.com (Y.K.); pavvm2000@mail.ru (S.I.); Tel.: +7-912-784-9858 (Y.K.); +7-384-239-6832 (S.I.)







Academic Editor: Alessandro Acquavita



Received: 6 November 2021 / Accepted: 4 January 2022 / Published: 7 January 2022



Abstract

:

At the moment, macroalgae blooms in sea waters, the rotting of which causes greenhouse gas emissions and contributes to the formation of a negative ecological and economic situation in coastal zones, which has become a serious problem. Fuel production through hydrothermal liquefaction (HTL) of macroalgae and marine debris is a promising solution to this ecological problem. The article provides an overview of studies on producing fuel from macroalgae and an assessment of the possibility of their joint recovery with marine debris. The optimal process conditions and their technological efficiency were evaluated. The article shows the feasibility of using heterogeneous catalysis and co-solvent to increase the yield of bio-oil and improve its quality. An assessment of the possibility of joint processing of waste macroalgae and marine debris showed the inexpediency of this direction. The high degree of drift macroalgae contamination also raises the question of the appropriateness of the preliminary extraction of other valuable components for nutrition use, such as fats, proteins, carbohydrates, and their derivatives.
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1. Introduction


Nowadays bursts of macroalgae development have become a frequent occurrence and are associated with an increase in anthropogenic load on the hydrosphere objects and climate change. Objectively, there has been a three-fold increase in the number of recorded cases over the past 30 years [1]. Rotting algae becomes a source of greenhouse gases, creating a secondary anthropogenic load on the biosphere. The potential for the formation of greenhouse gases for algae is relatively high and amounts to 498.75 mL per 1 g of dry matter [2].



At the same time, the biomass of macroalgae has significant resource potential [3,4]. There are some articles on macroalgae processing with the production of bioethanol [5], biogas [6,7], biofuels [2,8,9] nutrients [10], and biologically active substances [11].



It should be noted that the processing of drifting macroalgae into fuel will allow for solving two problems of reducing the climatic load at once: namely, it will ensure the prevention of methane formation in the decay process and will make it possible to advance in solving the key problem of modern society—the reduction of CO2 emissions from the use of fossil fuels [12] and their replacement with carbon-neutral sources.



This article is focused on recycling drifting algae that washed ashore and has become, in fact, waste. Such algae, together with marine garbage, are collected from the beaches by special sieving machines and stored in heaps until they are taken to a landfill. The accumulation of such biomass varies significantly depending on the season and geography of the coast.



The problem of processing algae that has both drifted and washed ashore in order to produce fuel is due to their high moisture content, composition variability, seasonal fluctuations in volumes, and high degree of contamination with foreign impurities.



Technologies for direct conversion of biomass into liquid fuel can be conditionally divided into two groups: biochemical and thermochemical. The most suitable processing method depends on the amount and type of biomass, the desired form of energy produced, end-use requirements, environmental standards, and economic feasibility [13,14].



The major problems associated with the biochemical production of biofuels from algae are low fuel yield (no more than 50%) [15,16,17], the need for preliminary preparation of biomass, and the high cost of extracting target products [18,19].



Direct thermochemical conversion of algae biomass into liquid fuel involves pyrolysis and hydrothermal liquefaction. The main problem of producing biofuel from biomass by pyrolysis is associated with the need to dry raw materials to a moisture content of no more than 10%, which significantly worsens the technical, economic, and energy parameters of the process [20]. Due to the heterogeneity of raw materials, there is a risk of poisoning catalytic systems [21], and the fuel yield does not exceed 30%.



Hydrothermal liquefaction (HTL) refers to a thermochemical process in which biomass and organic waste are decomposed by the action of supercritical (i.e., the water pressure and temperature are above the critical point of 374 °C and 22.1 MPa) or subcritical water (i.e., when the water temperature is significantly below the critical point). Under such conditions, water possesses certain unique properties. For example, near the critical point, the dissociation constant of water increases sharply, forcing water to act as an acidic or basic catalyst for numerous reactions which makes it possible to chemically transform almost all types of organic compounds through hydrolysis, ionic, or radical reactions [12]. Reactions proceed in sub- and supercritical water in fundamentally different ways. In general, ionic reactions are peculiar to the hydrothermal liquefaction in the subcritical water conditions, whereas reactions occurring in supercritical water are the free-radical reactions [12]. Despite said general dependency of the reaction type on the water conditions, there are studies reporting that ionic reactions can still happen in supercritical water, as was shown by Ciuffi et al. [22].



The process is typically carried out in an aqueous medium at temperatures ranging from 250 °C to 380 °C and pressures ranging from 4 to 25 MPa [23]. The usual dry matter content in the introduced mixture is from 5% to 20% [24], so the biomass can be processed without preliminary drying.



Hydrothermal liquefaction, like conventional pyrolysis, yields three main products: bio-oil, solid residue, and gas phase, as well as an aqueous phase containing soluble products. Liquid organic fraction (bio-oil) is obviously the most valuable product among them. In this regard, the majority of current research is devoted to the search for methods to increase the yield of bio-oil, including the use of catalysts [25,26], the selection of solvents for the extraction of bio-oil from an aqueous solution [27], and the joint processing of various types of raw materials [28].



Using the HTL process typically results in higher quality fuel after drying. As a result, the fuel has a lower oxygen content and a higher calorific value (HHV 33–36 MJ/kg) and thus requires much less effort to condition than pyrolysis oil [29]. According to the literature, hydrothermal liquefaction [30,31,32,33] can also provide fuel with a lower cost price of $0.57–1.2 per L (for gasification processes this figure is 1.1–1.73 [12] and for pyrolysis is 1.54–1.78 [12]), while the fuel will be of reasonably good quality. The ability to process wet raw materials with a moisture content of up to 80% (for example, sewage sludge, manure, algae, etc.) without the need for drying or other pretreatment is one of the benefits of HTL [34]. Thus, the HTL process should be considered the most promising for the direct transformation of wet algal biomass.



According to the literature data, a mixture of drifting macroalgae is inevitably contaminated with impurities of foreign fractions to one degree or another. The world’s total plastic reserves in the oceans amount to five trillion elements weighing more than 0.25 million tons, while in the surface layer of water, the concentration of plastic reaches half a million elements per square kilometer [35]. Plastic marine debris significantly affects the quality and safety of the aquatic environment, posing a threat to aquatic organisms and human health, and becoming a problem on the path to ensuring food safety [32,33,34,35,36,37,38,39].



Polymers account for approximately 60–90% of the total mass of marine waste, according to an analysis of the component composition of marine debris [38,39]. Typical polymers and polymer-containing composite in marine debris are high- and low-pressure polyethylene, polyethylene terephthalate, Tetra Pak, polypropylene, and nylon [39,40].



There are few studies on the hydrothermal liquefaction of polymers or their mixtures [40,41,42,43,44,45,46,47,48,49], and only a few studies are devoted to the joint recovery of biomass of macroalgae and polymers to produce liquid fuel [50,51].



This article provides an overview of studies on producing fuel from macroalgae and an assessment of the possibility of their joint recovery with marine debris. The article begins with a brief description of the experience of hydrothermal liquefaction of macroalgae, followed by a critical review of recent research in the processing of polymers (as the main representatives of marine debris) and their mixtures with various types of biomasses, including macroalgae. This article also touches upon algae composition, bio-oil yield, product quality, and methods of intensifying the process of hydrothermal liquefaction of biomass.




2. Experience of Hydrothermal Liquefaction of Macroalgae


2.1. Using Macroalgae for Biofuel Production in a One-Step Process


Macroalgae composition analysis. The total lipid content of macroalgae ranges from 1% to 6% (dry weight), which is much lower than that of microalgae (7–23% d.m.), and the ash content of macroalgae ranges from 21% to 90% (dry weight) depending on the species [31,52,53,54].



Analysis of literature data and preliminary field studies carried out in the summer and autumn of 2021 in the Kaliningrad region showed that the dominant species are macroalgae of four genera: Ulva sp., Cladophora sp., Furcellaria sp., and Polisyphonia [55]. Table 1 presents the main parameters of their physical and chemical composition [55,56,57,58,59,60].



According to some studies, the main disadvantages of marine multicellular algae, from the point of view of obtaining fuel, are low lipid content, large size, and a rigid cell wall which does not allow the use of algae directly as raw material in a one-stage mode; a preliminary processing stage is required [56,57].



A recent study of the composition of 10 macroalgae species found in the Red Sea off the coast of Jeddah showed a slightly different picture. A fairly high lipid content was found in the biomass of Ulva lactuca (12.5%), Padina boryana (10.9%), and Ulva intestinalis (11.6%) [58].



Neveux et al. [59] also studied several types of macroalgae for biofuel production and determined that the algae Derbesia tenuissima, Ulva ohnoi, and Oedogonium sp. are promising candidates in terms of high bio-oil yields and quality. The same research group conducted an economic analysis of the process and concluded that protein extraction before HTL will increase the value of the feedstock compared to one-stage hydrothermal liquefaction [60] and will provide additional economic benefits from protein sales.



Careful consideration of the data on the macroalgae composition shows their rather low calorific value in comparison with woody biomass (for example, for conifers HHV is 18.66 MJ/kg), which is associated with the high moisture and ash content in algae (for example, the ash content of coniferous firewood species is lower by an order of magnitude and is no more than 3.2% of dry weight) and a low carbon concentration in the composition of macroalgae (1.7 times lower than in coniferous wood).



Simultaneously, there is a significant content of nitrogenous compounds (primarily proteins), posing an obvious task for scientists to search for alternative methods of transforming macroalgae that ensure maximum utilization of algae resource potential.



Main results of hydrothermal liquefaction of macroalgae. Analysis of the presented means of processing macroalgae show that one-stage hydrolysis without catalytic systems provides a low degree of conversion. Biswas et al. used the macroalgae Sargassum tenerrimum for the production of bio-oil by hydrothermal liquefaction. The process was carried out at 260–300 °C; the reaction time was 15 min. The maximum oil yield (16.3 wt%) was obtained at 280 °C. The analysis showed that the content of organic acids in bio-oils decreased with an increase in temperature from 260 to 300 °C [61]. Similar results were obtained by Arun et al. [28], Elliott [62], and other authors (see Table 2), but maximum oil yield was a bit higher: for Amphiroa fragilissima oil yield was 28.9% at 320 °C (HHV of the fuel—23.25 MJ/kg) and for Saccharina spp. oil yield was 27.7% at 364 °C.



The experience of using co-solvents that provide on average a three-fold increase in biofuel yield is of interest. Fernandes et al. processed red algae Gracilaria corticata at 260 °C, 280 °C, and 300 °C using water, ethanol, methanol, acetone, and a mixture of ethanol and water as solvents and obtained maximum yield (16.16 wt%) of bio-oil in the experiment with acetone at 300 °C; when using water at the same temperatures, the yield was 5.25 wt% [63].



Assessing influence of alcohol co-solvent and catalysis with HZSM-5 on HTL of Enteromorpha clathrata, Yuan et al. [64] showed that presence of HZSM-5 slightly reduced the oil yield, however it enhanced the quality of oil by forming ester compounds.



This effect of ethanol is associated with its lower dielectric constant and, as a consequence, a higher ability to degrade macromolecules. In addition, the likelihood of its repolymerization increases.



The addition of ethanol significantly affected the fuel yield, providing an increase in yield from 17% to 46.75% (+175%) with the addition of ethanol 75% by weight. However, the authors recommend using an ethanol concentration of 50%, since this gives an almost identical effect to increase the fuel yield, while the load on the reactor is significantly reduced (the pressure is 70% lower) and the operating costs are reduced.



The average increase in the yield of biofuel when using alcohols as co-solvents is 175–700%, while the effective dose of alcohol is 50–75% [63,64,65].



Poor results were achieved by the group of scientists using 10% N-heptane, 10% toluene, and 10% anisole as co-solvents; fuel yield decreased in comparison with water use from 24.0% to 20–21%.



One of the promising options for hydrothermal liquefaction process modernization is the use of catalysis. The use of catalytic systems reduces the pressure of the process and temperature (which in turn causes a decrease in capital and operating costs), increases the yield of biofuel, and improves its quality. The existing catalysts can be divided into two groups: heterogeneous and homogeneous catalysts. Alkaline catalysts and acids are more commonly used as homogeneous catalysts.



Vietnamese researchers processed Cladophora sociali macroalgae in the presence of homogeneous (KOH, K2CO3, H3PO4, HCOOH) and heterogeneous (zeolite, Ni-Re, Ru/C, Fe) catalysts at 350 °C. The maximum yield (36.2%) and the minimum content of heteroatoms were achieved using metallic iron as a catalyst [72].



As previously stated, the use of catalytic systems in the hydrothermal process allows for increased fuel yield and quality. Macroalgae Ulva prolifera were treated at different temperatures (270 °C, 290 °C, and 310 °C) and reaction times (10, 20, and 30 min). The process was carried out in the presence of basic homogeneous catalysts (KOH, NaOH, and Na2CO3). The maximum bio-oil yield during non-catalytic liquefaction was 12.0 wt% at 290 °C. In the catalytic reaction, the maximum bio-oil yield (26.7 wt%) was observed when KOH was used as a catalyst. The catalytic process allowed for an increasing in the calorific value of the fuel (HHV) by 58.5% [70].



The peculiarity of using homogeneous catalysis is that their regeneration is practically impossible. Effectiveness of alkaline catalysis is quite moderate [70] or even negative [71]. The use of alkalis only provides a decrease in the likelihood of repolymerization of products, which ensures a decrease in the yield of biochar and an increase of liquid fuel yield. Acid catalysis, as a rule, leads to negative consequences, increasing the rate of repolymerization of molecules in solution, reducing the yield of biofuel, and increasing the yield of the solid fraction [31,69,72].



The significant advantage of using mineral and metal-containing heterogeneous catalysts is the possibility of their regeneration and multiple use. The mechanism of metal-containing catalysts is in adsorption on the surface of organic molecules, which leads to a decrease in the activation energy, and, as a consequence, causes increase in the yield of products and a decrease in the required temperature and pressure. The data in Table 2 indicate the unequivocal effectiveness of this type of catalysis in relation to any type of algae.



Hydrothermal processing of the macroalgae Gracilaria corticata was carried out using a series of iron-nickel catalysts at 260–300 °C using water, methyl, and ethyl alcohol as solvents which allowed for establishing that the maximum fuel yield (56.2 wt%) is achieved when using a Ga/NiFe -LDO/AC catalyst at 280 °C [67].



Biswas et al. [68] studied the Sargassum tenerrimum macroalgae as an object of hydrothermal processing. The process was carried out at different temperatures (260, 280, and 300 °C), the pressure varied from 4.5 to 12 MPa in the presence of heterogeneous basic catalysts (CaO, applied to CeO2, Al2O3, and ZrO2) and without a catalyst. The catalyst dose varied from 5 to 25 wt%. The contact time was 15 min. Water, ethanol, and a mixture of water and ethanol were used as solvents. The fuel yield in the non-catalytic process was 3.3 wt%, 23.3 wt%, and 32.0 wt% when using water, ethanol, and their mixture, respectively.



In the catalytic process, the best results were obtained using CaO/ZrO2 as a catalyst (10.0 wt%), which provided a fuel yield of 25.2 wt% and 33.0 wt% when using ethanol and a mixture of ethanol and water, respectively. The fuel obtained as a result of the catalytic process had a HHV of 27.9 MJ/kg (in a non-catalytic process with water as a solvent, the HHV was 20% lower and amounted to 22.4 MJ/kg) [68].



The use of zeolites as a catalyst (dose from 10–20% by weight) allowed the group of authors [73] to increase the fuel yield during the processing of Ulva prolifera from 16.6 wt% to 29.3 wt% and to increase the HHV of the fuel from 21.2 MJ/kg to 32.2–34.8 MJ/kg under other identical conditions. The process was carried out at 260–300 °C for 15–45 min and a 4.3–7.0 MPa pressure.



The innovations in the HTL process described above include the use of heterogeneous and homogeneous catalysis, as well as the use of co-solvents (alcohols, ketones). Both of these areas face a range of technological challenges. Heterogeneous catalysis is associated with the problem of catalyst deactivation. The use of homogeneous catalysts and/or co-solvents leads to their irreversible loss in the technological process and, as a consequence, high capital costs.



Recently, one of the most important trends in biomass processing has been the concept of cascade conversion, which allows for the consistent production of the greatest number of valuable products. Macroalgae can potentially be used in various sectors of biotechnology, such as the production of biofuels, food, and cosmetic and medical products [17,76].



This strategy for algae consists of the initial production of bioactive compounds (lipids, vitamins) and the subsequent conversion of biomass (hydrolysis, pyrolysis, fermentation, and liquefaction) to produce fuel with the subsequent disposal of fermented or recycled waste in the form of compost, sorbents, etc. [17]. One of the options for organizing a cascade technology for processing macroalgae is considered in the next section.




2.2. Application of a Two-Stage Hydrothermal Liquefaction Process for Algae Conversion


One of the disadvantages of HTL is that the proteins and carbohydrates contained in algae greatly affect the quality of the final product, leading to high oxygen and nitrogen content, which in turn increases the acidity of the fuel, the tendency to polymerize, and the viscosity, and reduces the proportion of light fractions [77].



These undesirable reactions ultimately represent the loss of nutrients from biomass processing systems and further limit the potential applications of biofuels [17]. Proteins from algae have a balanced composition, not inferior in properties to proteins from traditional sources [78]. Therefore, preliminary removal and recovery of protein compounds and carbohydrates from biomass is useful and necessary in the implementation of HTL processes.



There are a number of different methods for reducing the content of nitrogenous compounds in algal biomass, including enzymatic, acidic, or alkaline hydrolysis, but these methods are associated with the expensive subsequent separation of proteins and their derivatives [78].



Several authors [78,79,80] proposed the use of low-temperature pretreatment in an aqueous medium, leading to the transition of a part of nitrogen-containing compounds into the aqueous phase without significant lipid destruction.



One of the options for implementing this approach is a two-stage HTL process. The two-stage HTL process was developed for the simultaneous extraction of proteins and carbohydrates from algal biomass in the first stage at low temperatures (140–180 °C) and the production of biofuels through the conversion of lipids in the second stage (220–280 °C) [51]. The general technological scheme of the two-stage process is shown in Figure 1.



Fine tuning of the first stage reaction conditions can enhance favorable reaction pathways for the selective recovery of compounds such as polysaccharides, proteins, amino acids, pigments, and inorganic nutrients. Moreover, after preliminary removal, the mass transfer between water and lipid molecules is improved, which ultimately improves the efficiency of fuel recovery.



The cascade extraction of valuable components fully implements the Zero Waste approach, which is a fundamental requirement to implement the bioeconomy amongst EU countries [81]. The key requirement for biomass processing is the primary extraction of the most valuable bioactive substances and nutrients, followed by biofuel production from the residues [82].



The process of cascade hydrothermal extraction of valuable components is subsequently carried out in two reactors. Water is used as a solvent. At the first stage, the process is carried out at 150–160 °C with a processing time of 20–30 min. After the first stage reaction, the reaction mixture is filtered and the treated algae in solid form is loaded into the second reactor with an additional dose of water at the desired ratio. In the second stage, the treated biomass is processed at temperatures ranging from 240 to 250 °C and 3.5 MPa, which is much lower than in the one-stage HTL process.



Most studies on the implementation of the two-stage process are devoted to the processing of microalgae. Miao et al. [83] concluded that the extraction of higher polysaccharides is achieved at the first stage at 160 °C in 20 min with a biomass ratio of 1:9. In the second stage, 240 °C, 20 mins, and a loading ratio of 1:9 are sufficient.



Chakraborty et al. [84] studied three different scenarios of hydrothermal liquefaction using the example of Chlorella sorokiniana: one stage, two stage, and three stage. Although the one-stage process produced the highest bio-oil yield (28%), the two-stage process produced a high yield of polysaccharides (26%) as well as a relatively high amount of bio-oil (23%), while the bio-char yield was 64% lower than in the one-stage process. Moreover, two-stage HTL was better than three-stage HTL in terms of bio-oil yield, while the latter was preferred when high polysaccharide yields were required. Miao et al. [83] were able to achieve the same biofuel yield as in a one-step process under milder conditions while obtaining polysaccharides/hydrolyzed sugars and proteins/amino acids as by-products from Chlorella sorokiniana.



Prapaiwatcharapan et al. [85] confirmed the higher overall yield and lower nitrogen content of biofuels from the processing of Coelastrum sp. in a two-stage process in a semi-continuous reactor. Jazrawi et al. [80] investigated the processing of the high-protein microalgae Chlorella vulgaris, the two-stage processing of which reduced the nitrogen content in the fuel by 55%. Selvaratnam et al. [86] investigated the possibility of using the extract obtained at the first stage for the cultivation of an acidophilic strain of Galdieria sulphuraria microalgae. The algae productivity was 2.6 times higher in comparison with the productivity in a pure nutrient medium.



Costanzo et al. [78] carried out a two-stage conversion of the microalgae biomass under the following conditions:




	
first stage: 125–225 °C, 0.5–30 min



	
second stage: 350 °C, 60 min








At the same time, primary treatment at higher temperatures and a longer holding time (225 °C, 15 min) allowed for the extraction of up to 45% of all nitrogen, which ensured a decrease of its content in the fuel by 26–28% compared to the one-stage process [78].



Based on the above, we can conclude that the use of a two-stage process clearly has the following advantages over a single-stage process:




	
decrease in the amount of nitrogen and oxygen amount in oil phase;



	
possibility of valuable component preliminary extraction;



	
increase of biomass utilization rate.








It is natural that the preliminary extraction of organic matter leads to the decrease in the yield of liquid fuel. However, the amount of solid residue is significantly reduced and, as a consequence, the effectiveness of algal biomass use is significantly higher.



Extraction of valuable components at the first stage of the HTL process is possible and expedient in the case of using pure, possibly monocultural biomass. Processing washed ashore macroalgae, which are partially decomposed during long drifts in sea water and piled up on the shore, may be problematic due to difficulties with the extraction and purification of target components.



The comparison of the fuel yield in a two-stage and one-stage process was carried out by Wang and Zhao [87] using the microalga Enteromorpha clathrata as an example. The process of HTL was carried out in three versions: a one-stage process at 200 and 300 °C (time 1 h) and a two-stage process, 0.5 h at 200 °C and then 0.5 h at 300 °C. In this work, the effect of the ratio biomass to solvent on the yield of liquid fuel was also evaluated, as well as the effectiveness of ethanol as a co-solvent. In the range of the solvent/biomass ratio 40/2.4–40/5.6, no significant change in the fuel yield was found. However, an increase in the share of ethanol resulted in a significant increase in oil yield from 8.12% (minimum oil yield in the absence of alcohol) to 38.4%. The maximum yield of liquid fuel was obtained in a one-stage process (40.3%), but it should be noted that in a one-stage process the proportion of the solid phase was higher than in a two-stage process. This is due to the formation at low temperatures of water-soluble products (alcohols, acids, ketones), which subsequently do not transform into biofuel and remain instead in the aqueous phase.



The use of a two-stage process also led to a decrease in the number of nitrogen-containing compounds in the fuel from 37% to 21.6% when using water as a solvent and from 28.6% to 16.8% in the case of alcohol.



Thus, we can say that the organization of the HTL process in two stages makes sense in the following cases:




	
if the goal is to extract valuable components from the aqueous phase after the first stage;



	
in the case of using pure, monoculture biomass;



	
if it is vitally important to reduce the amount of nitrogen in bio-oil.








In the case of processing macroalgae, which are washed up on the shore and represent a mixture of various brown, red, and green macro- and microalgae, as well as various impurities (polymers, wood, textiles, metals, glass, mineral components, etc.), the organization of a two-stage process is meaningless since in general this approach reduces the yield of liquid fuels.





3. Prospects for Joint Processing of Macroalgae Biomass and Marine Debris


There are few studies on the HTL of polymers or their mixtures [40,41,42,43,44,45,46,47,48,49] and only two studies are devoted to the joint recovery of macroalgae and polymers with the production of liquid fuel [50,51]. In this connection, it was decided to consider the results of studies pertaining to the HTL of polymers with/or without adding other types of biomasses and to assess the perspectives of their joint processing with algae. Table 3 presents an overview of current research in the field of HTL of polymers and their mixtures with biomass.



3.1. Hydrothermal Liquefaction of Polymers and Their Mixtures


Pedersen and Conti [42] assessed the prospects of using the HTL process for processing nine types of solid polymers, including polybutylene terephthalate, polycarbonate, polyethylene terephthalate, polylactate, polymethyl methacrylate, polyoxymethylene, styrene butadiene, polyvinyl acetate, and polyphenylene oxide.



The process was carried at the temperature of 400 °C and pressure of 25 MPa for 15 min and the mass dose of raw materials was 10%. The polymers have shown that they are readily degraded in the HTL process, with the formation of water-soluble organic compounds, biofuels, gaseous products, and a solid residue. Figure 2 shows the average oil and solid matter yield for each polymer [42]. Analysis of the data establishes that the processing of a typical representative of marine debris, polyethylene terephthalate, even under supercritical conditions (400 °C, 25 MPa) did not lead to the formation of a liquid fraction, almost the entire volume of carbon passed into a solid phase (biochar). Good fuel yield was obtained during processing of polycarbonate, styrene butadiene, and polyphenylene oxide, but the proportion of these polymers in marine debris is negligible.



Jin et al. [43] studied in detail the effect of temperature and reaction time on the degradation of polyethylene. As a result of the study, it was found that during the process (up to 4 h) at temperatures below 400 °C, the formation of liquid biofuel did not occur. At a temperature of 425 °C, the total yield of fuel and paraffins varied from 69% to 87%, reaching a maximum at a process time of 2.5 h. With time increase the yield of the gas phase increased from 1% to 21% at process times of 1 and 4 h, respectively. At 450 °C, a similar maximum fuel yield was achieved with a process time of 45 min.



Another research group obtained the maximum yield (97 wt%) of paraffinic and α-olefin waxes mixture during the HTL processing of polyethylene at 425 °C and a reaction time of 30–40 min, while the solid fraction all experiments was not found [42].



Jin et al. processed polypropylene at a temperature of 425 °C and achieved a fuel yield of 91 wt% after 2 h, which indicates a faster conversion of PP than from PE. The polypropylene fuel contained more olefins and cycloparaffins (about 90 wt%) and less paraffins (about 10 wt%) [44].



A research group from Xi’an University of Technology processed Tetrapak at different temperatures and found that the bio-oil yield increased from 4.56% to 24.34% when the temperature was raised from 300 °C to 360 °C. However, temperatures above 360 °C had some negative impacts on bio-oil yield. This is mainly due to the following: firstly, the higher temperature promoted the gasification reaction; secondly, at higher temperatures, polyethylene will envelop the paper, reducing porosity and preventing heat and mass transfer [45].



A research group from Aarhus University evaluated the prospects of using the HTL process for processing a wide range of polymers [46]. The process was carried out at 350 °C for 14 min in the presence of a KOH catalyst of 17.2 g/L. The main findings of the study regarding polymers typical of marine debris can be summarized as follows:




	
PET behaved very different from others, since upon addition of a catalyst the formed insoluble terephthalic acid transformed into a soluble salt, increasing the COD of the aqueous phase [46].



	
PVC was the only polymer that exhibited carbonization reactions rather than liquefaction reactions. The addition of alkali did not lead to significant differences in the yields of oil and char; however, a large difference was noted in the volumes of the gas phase. Treatment of PVC in the presence of alkali gives an increased gas yield due to the release of Cl2 amount. Solid residues of PVC were strongly dechlorinated, which indicates that this fraction can be further used as a carbon source [46].



	
In general, each type of synthetic polymer exhibits its own depolymerization characteristics at HTL, which creates opportunities and challenges for future applications for net and mixed streams. Short exposure time of subcritical HTL was not efficient for polyolefins and polystyrene, however it could be useful for polymers, which contain heteroatoms.








A group of scientists from Pennsylvania State University assessed the effect of the processing time (0.5 h, 1 h) and temperature (350–450 °C) on the yield, composition, and quality of oil obtained as a result of HTL of polypropylene, polystyrene, polycarbonate and polyethylene terephthalate. The maximum oil yield for each material varied from 16 wt% for PET to 86 wt% for polystyrene. Depolymerization of plastics occurred fastest in supercritical water (T > 400 °C). Longer reaction times and higher supercritical temperatures reduce the fuel yield but increase its calorific value (HHV) [47].




3.2. Joint Hydrothermal Liquefaction of Polymers and Biomass


Joint processing of pistachio shells and a mixture of the four most common polymers (PET, polyethylene, polypropylene, and nylon) caused an increase of solid yields compared to HTL of pure pistachio shells. Co-processing of polyethylene and polypropylene decreased oil yield from 34.1% to 20.4% and from 34.1% to 30.7%. The yield of bio-oil during processing with PET remained practically unchanged, while the yield of char increased by a multiple of the number of added polymers [88].



Unlike other plastics, the increase in biochar yield was much less when pistachio shells were co-liquefied with nylon (the maximum solids increase was 9% with the addition of 20% polymer). The biofuel yield for nylon mixes was almost the same and amounted to 30.0%, while a significant change in the composition of the aqueous phase was observed. This behavior of nylon has been confirmed by other studies [88] and is associated with the transformation of nylon during HTL processing into water-soluble caprolactam.



The co-processing of pistachio shells with a mixture of plastics in equal proportions led to a significant increase in bio-char production, while the bio-oil yield decreased by 20%. This fact, according to the authors, confirmed the lack of expediency with the joint processing of biomass and polymers regarding bio-oil production.



Savage et al. [90] studied the synergistic effect of the combined processing of cellulose, starch, soy protein isolate, lignin, stearic acid, glucose, and various polymers, including polypropylene, polystyrene, polycarbonate, and polyethylene terephthalate. They found that the combined processing of cellulose, starch, and lignin with plastics provided an increase in the fuel yield by 13.9 wt% (at 300 °C, 30 min). It was also established that polyolefins were activated during the joint processing of these components, which ensured a decrease in the temperature of their decomposition.



When processing the biomass of shrubs and a mixture of polyolefin waste, it was found that there was a synergistic effect that provided an increase in the average fuel yield from 40% to 50%. The addition of 3 wt% catalyst (bentonite clay activated with hydrochloric acid) provided the maximum bio-oil yield—61.23 wt% (temperature 420 °C for a mixture of three parts of biomass: one part polymer, holding time 60 min) [89].



There is little research on the co-processing of macroalgae with polymers typical of marine debris. Detailed studies assessing the effect of several of the most common polymer contaminants (polyethylene, PET, polypropylene, nylon) on the hydrothermal liquefaction (HTL) process of four species of macroalgae (L. digitata, U. lactuca, F. serratus, and S. muticum) were carried out by Raikova et al. [51].



The biomass to polymer ratios were 100:0, 90:10, 75:25, 50:50, and 0:100. The process was carried out at a temperature of (340 ± 3) °C, the reaction time was 12–27 min, and the pressure inside the reactor was 15 MPa. It was found that polyethylene and propylene practically did not decompose under the influence of subcritical water. The presence of all types of plastics in the processed biomass resulted in a moderate synergistic effect which led to an increase in the amount of carbon in biofuels, a decrease in nitrogen content, and an increase in heating value. Nylon (fishing nets) was depolymerized almost completely under the HTL process to form caprolactam, which entered mainly into the aqueous phase. Disadvantageous for biofuel production, the disposal of marine nylon debris to produce monomers still could be a promising source of income for future biofuel plants [49].



To summarize, it can be seen from the results of joint processing of polymers and various types of biomasses that polymers transformed at higher temperatures than biomass [47,89,90]. The addition of polymers does not increase, but rather decreases the yield of biofuels and increases the yield of char, which is undesirable. Thus, the presence of polymers in the biomass of drifting macroalgae should be regarded as a ballast fraction, which, in the case of significant content, can have a negative effect on the process.





4. Discussion


This paper analyzes macroalgae composition. It was found that macroalgae are carbohydrate-rich (concentration varies from 43–50% d.m.) due to their cellulose and hemicellulose contents in the cell wall. This leads to macroalgae having a lower bio-crude yield compared to the microalgae, which are richer in lipids (average content is four times higher). Due to a high content of carbohydrates, excessive organic acids are formed during the HTL process and decrease the pH. Acidic conditions during HTL cause a shift towards solid products rather than oil [31].



From an economic and technological point of view, hydrothermal liquefaction technology has been recognized as promising for the transformation of the wet biomass of macroalgae since it does not require preliminary drying of the biomass.



Five key points were established based on a comprehensive analysis of the conditions and efficiency of macroalgae hydrothermal liquefaction:




	
The recommended process temperature for pure algae without the use of catalytic systems is 260–280 °C, which provides a maximum biofuel yield up to 16% [27,61,63].



	
Maximum oil yield during the HTL process could be achieved by using alcohols as co-solvents, since the presence of alcohols leads to an esterification reaction with carboxylic acids [31];



	
As catalytic systems, it is worth paying attention to heterogeneous catalysis with the use of mineral and metal-containing catalysts, which provide an increase in the bio-oil yield and “soften” the conditions of the process.



	
The presence of polymers, typical representatives of marine waste (TeraPak, high- and low-pressure polyethylene, polypropylene, and nylon) do not provide a significant synergistic effect, and with a significant proportion of polymers in the macroalgae biomass (more than 10% by weight in terms of dry matter), an increase in the yield of non-target solid fraction and a decrease in the yield of biofuel should be expected;



	
Optimum process temperatures, providing the maximum yield of liquid fraction, for most polymers are in the range of 350–400 °C, while for macroalgae the optimum temperature is in the range of 260–290 °C.








The organization of a cascade process, including the production of a number of valuable components (proteins, vitamins, pigments, biologically active substances) with the subsequent processing of residual biomass into liquid fuel, should be considered the most promising direction for optimizing the technology for processing macroalgae biomass, which meets modern principles of circular economy and resource management. However, additional practical research is needed to assess the effect of impurities on the quality and quantity of recovered components from drifting algae. Without a doubt, solid residue can be included in the resource cycle as a sorbent or bio-char.



The advantages of using a two-stage process for the processing of contaminated biomass are also not obvious since the advantages are clear only when valuable components are extracted in the first stage. If there is no such task, then the two-stage treatment will only lead to a decrease in the fuel yield. Assessment of potential consumers of synthetic oil will make it possible to understand the need for preliminary extraction of proteins and carbohydrates to control the quality of oil (nitrogen, oxygen, and HHV content).
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Figure 1. Scheme of carrying out a two-stage HTL process. 
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Figure 2. The results of polymer processing by the hydrothermal liquefaction: I—oil yield, %; II—Solid Phase Yield, %; III—Total Organic Carbon in the Aqueous Phase, g/L. Plymers: 1—Polybutylene terephthalate; 2—Polycarbonate; 3—PET; 4—Polylactate; 5—Polymethyl methacrylate; 6—Polyoxymethylene; 7—Polyphenylene oxide; 8—Polyvinyl acetate; 9—Styrene butadiene. *—no data. 
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Table 1. The composition of the Baltic Sea macroalgae.
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Species

	
Derbesia

	
Ulva

	
Cladophora

	
Polysiphonia




	
Value in Mass % d.m.






	
Ash

	
34.7

	
30.7–31.4

	
17.8–25.5

	
15.1–32.32




	
Moisture

	
6.4

	
7.2

	
5.7–6.7

	
-




	
Lipid

	
10.4

	
8.3–12.5

	
4.6–5.3

	
0.33–2.78




	
Protein

	
21.6

	
14.27–16.35

	
17.8–26.8

	
11.7–34.45




	
Carbohydrates

	
26.9

	
28.65–43.6

	
44.4–45.4

	
-




	
C

	
29.2

	
27.7

	
30.9–37.5

	
-




	
H

	
4.8

	
5.5

	
5.0–5.9

	
-




	
O

	
27.4

	
41.1

	
32.9–34.9

	
-




	
N

	
4.5

	
3.5

	
5.2–6.5

	
-




	
S

	
2.8

	
5.0

	
1.8–2.3

	
-




	
HHV (MJ/kg)

	
12.4

	
11.7

	
12.7–16.4

	
15.8
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Table 2. Results of hydrothermal liquefaction of macroalgae.
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Algae Type

	
Conditions

	
Fuel Yield Efficiency

	
Reference






	
HTL water as solvent, without catalyst




	
Sargassum tenerrimum

	
Temperature 260–300 °C, 15 min

	
Maximum 16.3%

	
[61]




	
Amphiroa fragilissima

	
Temperature 280 °C, pressure 16–24 MPa

	
Maximum fuel yield 28.9%

	
[28]




	
Saccharina spp.

	
364 °C, 40 min

	
Maximum fuel yield was 27.7%

	
[62]




	
HTL different solvents, with or without catalyst




	
Gracilaria corticata

	
Temperature 260, 280, 300 °C, solvent: water, ethanol, methanol, acetone, a mixture of ethanol and water

	
Maximum yield 16.6% (with acetone), 5.25 wt% (water)

	
[63]




	
Enteromorpha clathrata; mixture with rice husk

	
Optimal conditions: temperature 300 °C, 50% ethanol as a co-solvent, 45 min

	
Maximum oil yield 71.7% for the mixture 1:1 algae:husk. For Enteromorpha cl. maximum yield 26.0%

	
[64]




	
Oedogonium intermedium

	
Temperature 350 °C, 3 min, solvents: 10% N-heptane and 10% toluene, 10% anisole

	
Maximum fuel yield was 24.0% with water, 20% with N-heptane, 21% with toluene and 28% with anisole

	
[65]




	
Enteromorpha clathrata

	
Temperature 250–350 °C, pressure 5–45 MPa, co-solvent ethanol 0–100%, 15–75 min, catalysts HZSM-5 (10–30%)

	
Maximum oil yield 46.75% with a conversion rate of 95.5% with 300 °C, 45 min, 75% ethanol; with HZSM-5 oil yield decreased to 44.5%

	
[66]




	
Gracilaria corticata

	
Temperature 260–300 °C with iron-nickel catalysts at a temperature of 260–300 °C using water, methyl, and ethyl alcohol as solvents

	
Maximum fuel yield was 56.2% when using Ga/NiFe-LDO/AC catalyst at 280 °C

	
[67]




	
Sargassum tenerrimum

	
Temperature 260, 280, and 300 °C, pressure 4.5–12 MPa, catalysts: CaO, applied on CeO2, Al2O3 and ZrO2 in doses of 5 to 25 wt%. Contact time 15 min. Solvent: water, ethanol, and a mixture of water: ethanol

	
The fuel yield in the non-catalytic process was 3.3 wt%, 23.3 wt%, and 32.0 wt% when using water, ethanol, and their mixture, respectively. In the catalytic process, the maximum yield when using CaO/ZrO2 as a catalyst was 25.2 wt% and 33.0 wt% when using ethanol and a mixture of ethanol and water, respectively

	
[68]




	
Homogeneous acid/alkaline catalysts with water as solvent




	
Spirulina platensis

	
300 °C, 35 min, 0.34% catalysts CH3COOH

	
Maximum fuel yield 29.7% without catalyst, with CH3COOH 28%

	
[69]




	
Ulva prolifera

	
Temperature 270, 290, and 310 °C) and reaction time (10, 20, and 30 min), catalysts: KOH, NaOH and Na2CO3

	
Maximum yield was 12.0 wt% at 290 °C without catalysis. In the catalytic reaction, the maximum yield was 26.7 wt% when using KOH

	
[70]




	
Sargassum patens

	
Temperature 340 °C, time 15 min, catalyst: 5% Na2CO3

	
Maximum yield was without catalyst 32%, with Na2CO3 yield was 28%

	
[71]




	
Cladophora sociali

	
Temperature 350 °C, catalysts: KOH, K2CO3, H3PO4, HCOOH, zeolites, Ni-Re, Ru/C, Fe

	
Maximum yield was 36.2% in the presence of Fe

	
[72]




	
Heterogeneous catalysts with water as solvent




	
Ulva prolifera

	
Temperature 260–300 °C, time 15–45 min, pressure 4.3–7 MPa, catalyst: zeolites

	
The maximum bio-oil yield was 16.6 wt% without catalyst and 29.3 wt% with catalyst

	
[73]




	
Spirulina platensis

	
Temperature 320 °C, 37 min, catalysts 0.15% Fe3O4

	
HHV rose from 23.5% to 30.98 MJ/kg and fuel yield rose from 24.5% to 32.3% with Fe3O4

	
[74]




	
Spirulina platensis

	
Temperature 250 °C, 30 min, catalysts 0.4% CeO2

	
Fuel yield without catalyst 16%, with CeO2—26% (+62.5%)

	
[75]
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Table 3. Overview of polymer processing experiments.
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	Polymers
	Conditions
	Fuel Yield Efficiency
	HHV of the Oil
	References





	High- and low-pressure polyethylene
	Temperature 400–450 °C, 0.5 and 4 h. Raw material dose 1:1.75
	The maximum yield (97 wt%) of a mixture of paraffinic and α-olefin waxes was obtained at 425 °C and 30–40 min. The maximum fuel yield (87 wt%) was obtained at 425 °C, 2.5 h or 450 °C, 45 min.
	42.7–42.9 MJ/kg
	[43]



	Polypropylene and polyethylene
	Pressure 0.25, 1.55, 3.75, 10.25, and 23 MPa. Polymer: water ratio 1:1.75; 200:1; 7.3:1; 2.3:1, time 45–60 min, temperature 450 °C
	The minimum coal yield and the optimum degree of destruction were achieved at a water content of 5% and 1.55 MPa. The light ends of the fuel, obtained from a mixture of PP:PE in a 1:1 ratio, meet all the requirements for high-quality pure gasoline, and the heavy ends meet the requirements for ultra-low sulfur diesel fuel.
	42.6–42.7 MJ/kg for oil from polyethylene and 42.2–42.4 MJ/kg for oil from polypropylene
	[44]



	Tetra Pak
	Temperature 300–420 °C, pressure 16–24 MPa, time 5–60 min, and polymer concentration 5–40%.
	The maximum fuel yield of 35.55% was achieved at 360 °C, 22 MPa, 30 min and a feed concentration of 20 wt%. The maximum fuel calorific value of 48.747 MJ/kg and the maximum energy extraction efficiency of 46.49% were observed at 420 °C, 20 MPa, 30 min and a feed concentration of 20 wt%
	The maximum fuel HHV 48.747 MJ/kg and the maximum energy extraction efficiency of 46.49% were observed at 420 °C, 20 MPa, 30 min and a feed concentration of 20 wt%.
	[45]



	12 polymers: polyacrylonit-rylbutadiene-styrene (ABS), bisphenol-A epoxy resin, high pressure polyethylene, low pressure polyethylene, polyamide 6 polyamide 66, polyethylene terephthalate, polycarbonate, polypropylene, polystyrene and polyurethane foam, polyvinyl chloride.
	Temperature 350 °C, exposure time 14 min and 1:17 (polymer:water ratio), catalyst KOH 17.2 g/L
	LDPE, HDPE, PP, and PS showed a solid yield of more than 90%, the formation of oil did not exceed 5%. The catalyst allowed increasing the destruction of ABS, epoxy resin, polyamides, PET, polycarbonate, and polyurethane foam to achieve an average solid fraction yield of 0–25%, while without a catalyst this value was 50–86%.
	n/a
	[46]



	Polybutylene terephthalate, polycarbonate, polyethylene terephthalate, polylactate, polymethyl methacrylate, polyoxymethylene, styrene butadiene (SBD), polyvinyl acetate (PVA)
	Temperature 400 °C, 25 MPa, 15 min, raw material dose 1:10
	The synthetic crude oil yield ranged from 0% (for PET, PBT, polylactate) and almost 100% for PC. SBD and PVA also demonstrated high biofuel yield up to 80%
	n/a
	[42]



	Polypropylene, polystyrene, polycarbonate, and polyethylene terephthalate.
	Time: 0.5 h, 1 h, temperature 350–450 °C, pressure 16.52 and 25 MPa
	The maximum yield was from 16 wt% for PET and up to 86 wt% for polystyrene. Depolymerization of plastics to oil was fastest under supercritical conditions (T > 400 °C).
	30–46 MJ/kg for oil from polypropylene; 36–46 MJ/kg for oil from polystyrene; 28–30 MJ/kg for oil from polycarbonate; 28–29 MJ/kg for oil from PET
	[47]



	Polymer mixture: cellulose, PET, nylon, PVA, polyethylene, polypropylene
	Temperature 340 °C, 5 h, raw material dose 1:10, catalyst 2% NaOH (for PET hydrolysis)
	Comparison of the results of the two tests showed that the addition of NaOH led to a decrease in the percentage of solid residue (from 75.1% to 65.5%) and an increase in the percentage of water-soluble organic substances (from 6.2% to 16%), the fuel yield remained practically the same (7.7% and 7.4%, respectively).
	n/a
	[48]



	A mixture of pistachio shells, polyethylene, PET, polypropylene, nylon-6
	The weight ratios of biomass and plastic are 100:0, 90:10, and 80:20.

Temperature 350 °C, time 15, and 60 min.
	Polyolefins led to a decrease in bio-oil yield from 34% to 20%, PET and nylon provided a slight increase in oil yield to 36.1 and 34.6%, respectively.
	34 MJ/kg for oil from pistachio shells; shells with 10–20% of PET 33–35 MJ/kg; shells with 10–20% of PE 37–38 MJ/kg; shells with 10–20% of PP 32–33 MJ/kg; shells with 10–20% of nylon 32.5–33 MJ/kg.
	[88]



	Biomass of Prosopis juliflora shrub and polyolefins
	Biomass: Polymers Ratio: 0:1, 1:0, 1:1, 2:1, 3:1, 4:1, and 5:1, temperature 340–440 °C, catalyst: bentonite clay activated with hydrochloric acid
	The maximum bio-oil yield was about 61.23 wt% at 420 °C for a 3:1 mixture with the addition of 3 wt% catalyst with a holding time of 60 min.
	45.2 MJ/kg for oil from Prosopis juliflora; 44.18 MJ/kg for oil from polyolefins; 46.0 MJ/kg for oil from blend 3:1
	[89]



	Cellulose, starch, soy protein isolate, lignin, stearic acid, glucose and various polymers: polypropylene, polystyrene, polycarbonate, and polyethylene terephthalate
	Time: 0.5 h, temperature 300, 350, 400, 425 °C, pressure 25 MPa
	Increase in oil yield by two (45%), with joint processing with polystyrene, decrease in the decomposition temperature of polyolefins (up to 300 °C).
	27.9–32.1 MJ/kg for oil from biomolecules blend; 36.4–38.5 MJ/kg for oil from polymers blend; 30.9–34.0 MJ/kg for oil from 9 components blend (polymers and biomolecules)
	[90]



	A mixture of macroalgae and plastic marine debris (polyethylene, polypropylene, nylon)
	Temperature 340 °C, pressure 16.5 MPa, time 12 and 27 min, plastic dose 0, 10%, 25%, 50% of the mixture mass
	The biofuel yield did not exceed 15%, but with the addition of plastics, a significant increase was noted (from 10% to 15%), the calorific value of the fuel increased from 33.5 to 39.0 MJ/kg
	With the addition of plastics, a significant increase was noted (from 10% to 15%), HHV of the fuel increased from 33.5 to 39.0 MJ/kg
	[91]



	A mixture of Fucus serratus macroalgae and nylon
	350 °C during 10 min, 4 grades of nylon: nylon 6, nylon 6/6, nylon 12, and nylon 6/12 in a mixture of 5, 20, and 50 wt% nylon in relation to biomass
	100% of nylon 6 and 6/6 degrades under HTL conditions while forming cyclopentanone.

Nylon 6/12 and nylon 12 were less reactive, only traces of monomer were observed
	HHV of oil from algae 33 MJ/kg, HHV of oil from algae+ nylon 28–35 MJ/kg
	[49]
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