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Hydrothermal liquefaction (HTL) is an energy-efficient technology that converts biomass with high moisture content, such as lignocellulosic material and aquatic biomass, into bio-oil which can be used as a precursor in the production of renewable biofuels. The current state of technology is mostly at a laboratory scale with relatively low Technology Readiness Levels (TRL). Most HTL research takes place in batch reaction systems, but there is growing interest in scaling up the technology through the use of continuous units. The process is influenced by several factors and operational parameters, which affect the performance of the process in terms of production and bio-oil quality. HTL is highly dependent on the type of biomass used. The main advantages in relation to other thermochemical processes is the possibility of using wet biomass, avoiding the high cost of the drying process. In this work several types of biomasses were studied, different types of micro algae (i. e. Spirulina, Chlorella Vulgaris, algae grown in industrial effluents), and grass. Growing microalgae has a significant cost in the production process of liquid biofuels. So, it was also tested algae cultivated in industrial effluents which has advantages from an economic and environmental point of view. Also, the grass wastes, have high moisture content and so its adequate to be process in HTL. In all the tests, four different products were obtained: gases, aqueous and organic (biocrude) products and solids. All these fractions were characterized to suggest their most favourable application. The gases were mainly composed of Hydrogen, Oxygen, Carbon Monoxide, Carbon Dioxide and Hydrocarbons until C4. Bio oil composition was the parameter most affected by biomass type. So, when microalgae were used, it was observed higher content of nitrogenous compounds, like pyrroles, indoles, pyrazines and other nitrogen-containing compounds, probably formed from the protein fraction of the algae. In all the bio-oils it was also detected the presence of oxygenated compounds, such as ketones, esters, phenols, fatty acids, alcohols, that maybe were produced from the lipids and carbohydrates. Hydrocarbons, including alkanes, alkenes, alkynes and aromatics compounds were also present. The composition of the biomass used has a higher effect on the bio-oil composition, so it is important an extensive characterization of the feedstock in order to select the best raw material to be used in HTL process depending on the intended application. This paper analyses the effect of biomass composition in the HTL to assess its viability to be used to produce biofuels or valuable chemicals. 
1. Introduction
Biomass is a renewable energy resource composed by organic material such as trees, plants, algae, and agricultural and urban waste that has gained a lot of interest over the years, especially in the field of environmental pollution. The interest of decreasing greenhouse gas emissions and toxic metals to the environmental has reached global levels and the use of fossil fuels has gradually decreased by the utilization of renewable resources to produce fuels and energy. Furthermore, air and water pollution have been widely discussed with the aim of studying it and of developing methods to prevent such phenomena. There are three generations of biofuels obtained by biomass. The first generation includes biomass that is highly dependent on the use of cultivatable land such as sugarcane and corn. The second generation of biofuels are derived from biomass such as wood and straw. The third generation consists of biofuel derived from algae, bacteria, and other microorganisms (Ravichandran et al., 2022). Algae biomass is considered a good renewable energy resource, due to the no competition with food resources and are easily cultivated on various conditions even using wastewater (Mahima et al., 2021). However, these types of algae biomasses can have high quantities of ash content (Carpio et al., 2021). As the biomass is rich in carbon, the C-C and C-O bonds requires a depolymerization technique to produce bio-oil, a viscous liquid composed mainly by hydrocarbons (Mukundan et al., 2022). Biomass can be converted into biofuels by mechanical, thermochemical, or biochemical methods. Thermochemical processes are a viable technology and have some advantages over other methods that have dependency to other types of microorganisms and the necessity of a carefully cultivated environments. During the thermochemical process, the biomass is fragmented by thermal energy under pressure and a chosen atmosphere during a short period of time (Mishra et al., 2022). Hydrothermal liquefaction is a thermochemical process which converts wet biomass at relatively low temperatures (200 to 400 °C) (Prestigiacomo et al., 2022) and high pressures, into four main compounds: gas phase, bio-oil also known as bio-crude, aqueous phase, and a solid residue. Besides bio-oil, these products can also be valorised. As the aqueous phase is rich in nutrients derived from the environmental of algae biomass, it can be used to irrigate soils and, therefore, to increase soil fertility. Solid residue is a carbon-rich charcoal that can be used for soil amendment, due to the high capacity of water retention. Furthermore, the inorganic elements present in the composition are distributed between the solid residue and aqueous phase. Finally, the gas fraction can be used to generate electricity. Usually, the gas fraction is composed by small amounts of hydrogen, hydrocarbons, and high quantities of carbon dioxide.  In general, the most common reactions during HTL process are reactions of depolymerization, bond breaking, decarboxylation and instantaneous re-polymerization (Ni et al., 2022). The capability to convert wet biomass and the requirement of a lower reaction energy are some of the advantages of HTL over the other thermochemical methods such as pyrolysis and gasification (Fan et al., 2023).  It has been reported that several reactions like hydrolysis, dehydration, decarboxylation, repolymerization, deamination and Maillard reactions take place when the macromolecules (lipid, proteins and carbohydrates) of the biomass are subjected to subcritical HTL conditions (180–370 °C and 5–21 MPa). These reactions convert the macromolecules into different products (water-insoluble and soluble fractions, non-condensable gases, and solid char) (Mathur et al., 2022).  Algae biomass with high lipids, carbohydrates and proteins content can favour the bio-oil production (Mathur et al., 2022). However, bio-oil quality is dependent on the biomass properties. Indeed, the chemical composition of algae biomass has shown to be a key factor in the production of the bio-crude (Ratha et al., 2022). It was studied that different types of biomasses can lead to a different bio-oil yields and properties (Mishra et al., 2022). It is fundamental to study composition of the biomass before the process and to study what kind of biomass can generate a significant quantity of bio-oil with high quality. Among all the studied biomass, including algae, lignocellulosic and food waste, reports shown that microalgae produced more quantities of bio-oil, than macroalgae (Lu et al., 2022). The main objective of this work is to study the quantity and quality of the bio-crude production by hydrothermal liquefaction using different types of microalgae biomass and grass as feedstock. The valorisation of grass is also essential as the grass can be grown at large quantities at various types of environments. The comparison between this type of biomass with microalgae will increase the review information and the assessment of the hydrothermal liquefaction study.
2. Materials and methods
The HTL tests were performed in 0.16 L batch reactors, built in Hastelloy C276 by Parr Instruments, with a controller device connected to both the pressure gauge and the thermocouple. Firstly, the feedstock was placed inside the reactor and closed, afterwards it was cleaned with nitrogen (N2) to maintain an inert atmosphere inside the reactor. The reactor was heated by an oven that has an oscillation system to provide agitation. The operation conditions were based in a previous study performed by the authors (Costa et al. 2022) and were 325 ºC and biomass/water ratio of 1/10 (w/w) were used. The reactor always operated with 77 g of material (biomass+water). Before the beginning of each test, the autoclave was purged and then pressurized with N2, to guarantee that the operating pressure was within the desired range. At the end of each test, the reactor was cooled in an ice bath until it reached room temperature for the collection of the products. After cooling, the gas products were measured and collected for the GC-FID-TCD (Gas chromatography – Flame Ionization Detector - Thermal Conductivity Detector) analysis. Then the reactor was opened, and the products were separated using the procedure presented in Figure. 1. The bio-oil was characterized by GC/MS (Gas chromatography – Mass Spectrometry). The tests were carried out in a completely randomized design (CRD), with two repetitions for each treatment. The feedstock used was four different microalgae (mixture of microalgae grown in a fertilizer industry effluent, Spirulina, Chlorella, Nannochloropsis). The characterization of the feedstock is presented in Table 1. Different HTL tests were performed to assess the influence of the type of biomass in the product yields and quality. The reaction time was always settled to 30 minutes, the temperature at 325 °C and the biomass/water ratio of 1/10 (w/w) and initial nitrogen pressure of 3.9 MPa. 
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Figure 1: Process scheme.
Table 1: Characterization of the biomasses used.
	% w/w (dry basis)
	Mix
	Chlorella vulgaris
	Spirulina
	Nannochloropsis
	
	Grass

	Lipids 
	15
	12
	6
	20
	
	4

	Proteins 
	41
	47
	70
	14
	
	16

	Ashes
	24.5
	9
	12.1
	11.6
	
	12.4


3. Results and discussion
The composition of the bio-oil is primarily influenced by the characteristics of the raw material once HTL products derive directly from the conversion of the biomolecules that compose the microalgal biomass. The choose of the composition of the microalgae used is, therefore, an essential resource which allows the optimization of the biofuel production process using the HTL technology. However, this type of synergy is only achievable through a thorough understanding of the existing interactions between the biochemical composition of the microalgae and the characteristics of the products of the HTL (Leow et al. 2015). As observed in Figure 2, The conversion of microalgae with different biochemical compositions generally results in significant differences in bio-oil yield. The different biochemical compositions can create a compromise between the optimization of the quantity (yield) and quality of the bio-oil. For example, the lipids present in the microalgae, are easily hydrolyze in subcritical water, while peptide bonds need higher temperatures to break down. The presence of proteins contributes significantly for the yield of bio-oil, but it is, at the same time, one important source of nitrogenated compounds that affect the final product quality. Also, microalgae with a higher lipid fraction generally led to higher quality bio-oils. Cheng et al. (2018) compared bio-oil produced through the HTL of two species of microalgae with different lipid contents (G. sulphuraria, low and N. salina, high) and concluded that N. salina resulted in a higher quality of bio-oil, especially in more moderate operating conditions. On the other hand, good bio-oil yields can, also, be observed in microalgae whose lipid content is lower, as Spirulina. Shakya et al. (2017), for example, observed good bio-oil yields, between 36 – 46% w/w, in the HTL of several species of lipid-poor microalgae. As shown in Figure 2, the highest amount of bio-oil (55,6 %w/w) was produced by the microalgae mixture. This result was expected for Nannochloropsis HTL conversion once this microalga has more lipid content. However, the protein-rich microalgal biomass has also been associated with favourable yields, especially when compared to microalgae rich in carbohydrates (He et al. (2020)). So, it seems that the bio-oil yields do not depend only on the lipid content, but also on the protein content. Regarding the wet biomass (grass), the mainly product was the aqueous phase. The low amount of bio-oil produced can be, probably explained by the low lipid and protein content of this biomass. In a general, the production of bio-oil considering the biochemistry of microalgal biomass tends to follow the order of lipids > proteins > carbohydrates. However, HTL operational conditions play an important role too, especially the temperature and biomass/water ratio. 
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Figure 2: Effect of type of biomass on product yields (reaction temperature=325ºC; reaction time=30 min; biomass/water ration=1/10.
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Figure 3: Effect of type of biomass on gas composition (reaction temperature=325ºC; reaction time=30 min; biomass/water ration=1/10
Regarding the gas phase, in Nannochloropsis HTL was formed, mainly, CO2, achieving almost 80% v/v. In the case of the grass, the main compounds were hydrocarbons (total of 78% v/v), being mainly methane and propane (Figure 3).  The main hydrocarbon formed was propane.
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Figure 4: Effect of type of biomass on bio-oil composition (reaction temperature=325ºC; reaction time=30 min; biomass/water ration=1/10)
As it can be seen in Figure 4, the main type of compounds present in bio-oil composition were acids, mainly oleic and hexadecanoic acid. The results depend on the type of biomass used. In the HTL of the mix of algae, the nitrogenated and oxygenated compounds were produced in the highest amount, while for Nannochloropsis the percentage of acids, oxygenated compounds and alkenes were similar. The lower amount of nitrogenated compounds maybe due the less content of proteins of this microalga. The acid compounds can be produced by reactions such as condensation and cyclization of the amino acids that form the cell proteins. Due to the CHN composition of the biomasses used in this study, it could be expected that acids and nitrogenated compounds will be produced in higher amounts when spirulina was used, but probably, in the experimental conditions used, the nitrogen is present in compounds more soluble in the aqueous phase, than in the bio-oil. In these conditions, the HTL of spirulina formed higher amounts of hydrocarbons and oxygenated compounds in the bio-oil. The higher amounts of acids (mainly hexadecanoic acid) were produced in the Chorella HTL, while the use of the microalgae mix lead to a higher formation of oxygenated and nitrogenated compounds. The aromatic compounds were mainly detected when the grass was used. In HTL of the microalgae these compounds were only detected when spirulina was used and in very low percentage (1% v/v).
4. Conclusions
HTL is an emerging technology for the liquefaction of microalgae and wet biomass. The product yield and quality depend highly on the type of biomass used in the process. However, it is not clear how the lipids and protein content influence the bio-oil yield and composition, as some contradictory results were obtained. The lowest bio-oil yield (13 % w/w) and the highest aqueous phase yield (75% w/w) were obtained with grass. The highest bio-oil yield obtained was about 55% (w/w) when the mixture of different microalgae grown in a effluent of an fertilizer industry was used, which may indicated that the use of microalgae from industrial effluents in the HTL process can be a good option. Regarding the gas composition, CO2 and propane were the compounds present with the highest contents. The bio-oil was a complex mixture of acids, nitrogenated and/or oxygenated compounds and hydrocarbons. The compound present in the highest concentration was the hexadecanoic acid. Unfortunately, the hydrocarbons concentration was low, with all the biomasses tested, which indicates, as expected, that further upgrade is needed.
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