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Abstract

:

The aim of the present work was focused on optimising the yield and quality of the biocrude obtained by hydrothermal liquefaction (HTL) of Nannochloropsis gaditana. Temperature, reaction time and microalga concentration were the variables used to carry out an experimental factorial design with a central composite design. The responses chosen were the biocrude yield and the nitrogen and oxygen content in the biocrude phase. A second-order model was obtained to predict the responses as a function of these variables. Temperature is the most determining factor with a positive influence on biocrude yield. The maximum biocrude yield (42.3 ± 0.8 wt%) was obtained at 320 °C, 10 min of reaction and 10 wt% microalgae concentration, and the nitrogen and oxygen content significantly decreased with respect to their corresponding levels in the initial microalgal biomass. The HHV value of the biocrude was 35.7 MJ/kg. The biocrude was composed of 30% of linear and branched hydrocarbons.
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1. Introduction


Most of the world energy needs are met through fossil fuels. However, there is a demand to look for a novel, renewable and sustainable alternative energy source, such as microalgal biofuels [1]. These microorganisms show a great potential to complement fossil fuels to satisfy the energy demand since they have a high growth rate, 100 times faster than conventional biomass, and do not compete with food crops [2,3,4,5].



Microalgae can be easily converted into liquid biocrude through advanced thermal conversion technologies such as the hydrothermal liquefaction process (HTL) [6,7,8]. HTL is a promising technology for wet biomass due to the reduction of microalgae drying energy costs. In addition, HTL does not require an extraction step, and converts the main macromolecules of the microalgal biomass (lipids, proteins and carbohydrates) into products of interest [9]. In contrast, biodiesel can be obtained only from the lipid fraction of the microalgae. HTL is usually carried out at a temperature range of 200 to 350 °C and at pressures between 5 and 25 MPa, with or without catalysts to produce an upgradable biocrude, together with gas, aqueous and solid phases that can be used within a biorefinery either for energy production (biocrude) or in the microalgae culture thereof [10,11,12].



HTL biofuel research is currently focused on optimising the yield, quality and chemical properties of biocrude obtained with microalgae. Biocrude from microalgal HTL shows heating values in the range 30–50 MJ/Kg (HHV), although microalgal biocrude is more viscous and presents higher oxygen and nitrogen contents (1–20 wt% and 1–8 wt%, respectively) [13]. The biomass is hydrolysed into smaller molecules, which repolymerise to form the biocrude phase. This phase is a complex mixture of compounds with broad molecular weight distribution, mainly including linear and branched aliphatic chains, carboxylic acids, esters, aromatic and phenolic compounds, and nitrogen within rings or linear structures [14]. The high nitrogen and oxygen content makes the HTL biocrude not directly suitable for storage and use as a transportation fuel, and it requires subsequent hydrotreatment steps [15]. The yield and composition of the biofuel are affected by operating conditions such as temperature, reaction time, biomass concentration, pressure or the presence of a catalyst [8,10,13,16].



In this work, the biocrude production by HTL from Nannochloropsis gaditana L.M. Lubián was investigated because of its high potential to produce biofuels [17]. A 23 factorial design of experiments (three factors and two levels) was carried out, and the effects of temperature, reaction time and microalgae concentration were assessed to maximise the yield of biocrude and minimise the nitrogen and oxygen content.




2. Materials and Methods


2.1. Microalga Biomass


The microalga selected for this work was N. gaditana supplied by Alga Energy S.A. (Alcobendas, Spain). Its biological composition, the main and trace elements are shown in Table 1.




2.2. Experimental Procedure


The HTL was performed in a 100 mL stainless steel autoclave (EZ-SEAL®, Autoclave Engineers, Erie, PA, USA). In each experiment, the microalga was mixed with deionised water to obtain the desired microalgal concentration (10–50 wt%), and the slurry was added to the reactor. The experiments were performed in the temperature range from 200 to 320 °C during 10 to 180 min. The autoclave was heated following a temperature rate of 10 °C/min through a ceramic jacket. In this work, time zero was considered when the reactor reached the temperature setpoint. The slurry was agitated at 500 rpm during the reaction time, then the autoclave was rapidly cooled down to room temperature. Reactor headspace gases were determined by a gas chromatography Varian CP-4900 MicroGC (Varian Inc., Palo Alto, CA, USA) fitted with a thermal conductivity detector (TCD) connected online to the autoclave reactor. The liquid and solid phases were removed from the reactor. The reaction mixture was collected by rinsing with dichloromethane and vacuum filtered. The solid residue (SR) recovered on the filter was dried at 105 °C for 24 h and weighed. The two liquid phases, i.e., biocrude (B) and water-soluble compounds (WSP), were separated by decantation in a separatory funnel. The dichloromethane and water of the respective phases were evaporated to calculate the corresponding B yield on a dry basis.




2.3. Analytical Methods


A Flash 2000 elemental analyser (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a thermal conductivity detector was used to determine the content of nitrogen and oxygen present in all the biocrudes. This equipment was also used to measure the content of the main elements (carbon, hydrogen, nitrogen, oxygen and sulfur) in the microalgal biomass and in the biocrude obtained at the optimal operating conditions.



The high heating value (HHV) of the optimal biocrude and the microalgal biomass was estimated using the Boie’s model (Equation (1)) [18]:


HHV (MJ/kg) = 0.3516 × C + 1.16225 × H − 0.1109 × O + 0.0628 × N



(1)







The element recovery in this biocrude phase was determined and calculated using Equation (2) [19], whereas the energy recovery (ER) of the biocrude oil was defined as Equation (3) [16].


Element Recovery (%) = (Element content in biocrude × Mass of biocrude)/(Element content in microalga × Mass of dry microalga) × 100



(2)






ER (%) = (HHV biocrude × mass biocrude)/(HHV microalgae × mass dry matter of microalgae) × 100



(3)







The composition of the biocrude at optimal operating conditions was determined by gas chromatography-mass spectrometry (GC–MS) (Bruker 450GC, Bruker Corp., Billerica, MA, USA). The samples were diluted with carbon disulphide and filtered with a 0.45 µm nylon filter. The GC-MS was fitted to a triple quadrupole mass spectrometer detector (Bruker 320 MS, Bruker Corp.,Billerica, MA, USA) operating in electronic impact mode. It was provided with a Rxi-5Sil MS 30 m 0.25 mm ID column (Restek, France). Data acquisition and processing were performed by using Bruker MS Workstation software v.7 (Bruker Corp., Billerica, MA, USA).



For the phase of the water-soluble compounds, the water recovery was calculated considering the mass of water after the reaction with respect to the initial mass of water. In addition, total organic content (TOC) was analysed in a Shimadzu-V equipment (Shimadzu Corp., Kyoto, Japan), and the pH was measured in a Basic 30 pH meter (Crison Instruments, Barcelona, Spain). The composition of this phase was also measured by GC-MS.



The biochemical composition of the microalgal biomass was characterised using the following methods: Bligh and Dyer [20] for lipids, Du Bois [21] for carbohydrates and Lowry [22] for proteins.



Trace elements were quantified by induced plasma atomic emission spectroscopy (ICP-AES), using a Vista AX CCD equipment (Varian Inc., Palo Alto, CA, USA). For its analysis, the sample was treated by acid digestion. For this, 0.1 g of sample was treated with 2 mL of 98% vol. sulfuric acid. and 10 mL of water. The sample was heated on a hot plate until both water and acid were removed, and the resulting solid was calcined using a ramp from 50 °C/min to 750 °C, keeping this temperature for 5 h in a CWF 1300 muffle (Carbolite, Hope, UK). The resulting ash was digested with 2 mL of 98% vol sulfuric acid and 10 mL of 35% vol hydrofluoric acid, heated until the latter was removed (appearance of white fumes), thus obtaining the sample ready for measurement.




2.4. Design of Experiments


The experimental design applied to this study was a 23-factorial design (three factors and two levels). Three central point experiments were included in this design and used as a source for error estimation. The factorial design was accomplished to study the effect of the factors and their interactions on the HTL process. Analysis of variance (ANOVA) was carried out using Statgraphics Centurion XVIII software (Statpoint Technologies Inc., Warrenton, VA, USA). The statistical significance was considered when p-value < 0.05.



The factors studied were temperature (T), reaction time (t) and microalgal concentration (CS) because of their influence on the HTL process [5,10,23,24]. The levels of the factors are shown in Table 2. The biocrude yields are very low at lower temperatures than the minimum level (200 °C) chosen [11]. The maximum design temperature was selected based on the limits allowed by the reactor used (320 °C). The reaction time ranged from 10 to 180 min based on previous experimental studies [4,10,11,25,26]. Finally, microalgal concentration (10–50 wt%) was selected considering the levels reached after harvesting and concentrating the microalgae biomass.



The responses selected in the design of experiments were the yield to biocrude (YB) and the contents of nitrogen (CN) and oxygen (CO) in the biocrude. The main objective of this work was to maximise the production of biocrude from HTL and minimise the contents of nitrogen (CN) and oxygen (CO) in the biocrude to improve its properties [13,27].





3. Results


3.1. HTL Experimental Results


The experimental matrix containing product yields and nitrogen and oxygen contents in the biocrude for all reactions is shown in Table 2. The yield of biocrude was highly variable, within the range 14.67–42.55 wt%, typical values in HTL of microalgae [28,29,30].



The oxygen content values varied between 8.97 and 23.11 wt%, representing a significant reduction concerning the oxygen content in the starting N. gaditana (36.5 wt%). On the other hand, the range of nitrogen content (3.10–6.12 wt%) was smaller than the nitrogen amount of the initial biomass (6.80 wt%). The decreases in the heteroatom content were mainly due to hydrolysis reactions and the formation of new molecules, both soluble in aqueous and gaseous media [31].




3.2. Statistical and Technological Models


Experimental results of biocrude yield and contents of nitrogen and oxygen in the biocrude were fitted to nonlinear multiple regression analysis, assuming a second-order polynomial model. The statistical models (Equations (4)–(6)) were obtained from the coded factors (Xi) on a dimensionless scale (−1, 0, 1) and provided information on the real influence of each variable within the HTL process. On the other hand, the technological models (Equations (7)–(9)) were obtained from the actual temperature (T), reaction time (t), and microalga concentration (CS) in their correspondent units within the experimental ranges studied.



Statistic model:


YB (%) = 29.96 + 12.65 XT − 0.84 Xt + 0.52 XCS − 3.32 XT2 − 2.38 XTXt + 0.41 XTXCS − 0.65 Xt2 + 1.05 XtXCS + 0.84 XCS2 (r2 = 0.994)



(4)






CO (%) = 5.97 + 0.71 XT − 0.22 Xt − 0.031 XCS − 0.067 XT2 − 0.34 XTXt − 0.21 XTXCS − 0.61 Xt2 + 0.24 XtXCS − 0.37 XCS2 (r2 = 0.867)



(5)






CN (%) = 12.79 − 3.25 XT − 1.36 Xt + 0.14 XCS + 4.81 XT2 + 2.22 XTXt + 0.31 XTXCS − 0.10 Xt2 + 0.37 XtXCS − 1.92 XCS2 (r2 = 0.743)



(6)







Technological model:


YB (%) = 27.96 + 0.59 T − 0.26 t + 0.91 CS − 8·10−4T2 + 5·10-5T·t + 3·10-4T·CS − 3·10−4t2 + 3·10−3 t·CS − 0.01 CS2 (r2 = 0.994)



(7)






CO (%) = 2.69 + 8·10−3 T + 4·10−3 t + 0.07 CS − 3·10−5 T2 + 5·10−5 T·t + 2·10−4 T·CS − 1·10−4 t2 + 2·10−4 t·CS − 0.02 CS2 (r2 = 0.867)



(8)






CN (%) = 127.7 − 0.8 T − 0.13 t + 0.1 CS − 1·10−3 T2 + 4·10−4 T·t + 3·10−4 T·CS − 1·10−5 t2 +2·10−4 t·CS − 5·10−3 CS2 (r2 = 0.743)



(9)







For each response, the second-order models can be plotted as three contour graphs representing the response (biocrude yield, and nitrogen and oxygen contents in the biocrude) by statistic model. Figure 1 shows the response surfaces for the values predicted by these models for the biocrude yield (a), nitrogen content (b) and oxygen content (c), as a function of two of the three variables, leaving the third fixed at the central point (T = 260 °C, t = 10 min, CS = 30 wt%).




3.3. Estimation of Experimental Error


The goodness of fit of the model was checked using a residual analysis for the different responses. In Figure 2, the residuals of the experimental design are represented with respect to the theoretical results achieved by the nonlinear models (Equations (4)–(6)). As can be seen, the residuals for each response were lower than 5 wt% (biocrude yield: <1.2 wt%, N content <1 wt% and O content <4 wt%), which indicates that the experimental results did not differ significantly from the results predicted by the models. The results also showed no trend indicating systematic experimental errors, so it can be concluded that the selected quadratic model is adequate to adjust the experimental results.




3.4. Influence of the Factors on the Reponses


From the second-order models (Equations (4)–(6)), the influence of each factor on the responses (biocrude yield, and nitrogen and oxygen contents in the biocrude) was represented (Figure 3), and the binary interactions between factors were plotted in Figure 4. Besides, ANOVA analysis (Tables S1–S3, in Supplementary Materials) showed the significant factors and interactions within 95% confidence intervals.



Considering the effect of the three factors on the biocrude yield, Figure 3a shows how the temperature (XT) was a significant factor (p-value = 0.000) and positively influenced the biocrude yield. Therefore, higher yields were obtained at high temperatures. This result is consistent with that described by other authors [27]. Reaction time (Xt) had a significant influence (p-value = 0.0013). However, in this case, the biocrude yield decreased as the reaction time increased. On the other hand, the influence of the biomass concentration (XCS) on the biocrude yield was not significant (p-value = 0.6177). For biocrude yield, the binary interactions of temperature with reaction time and biomass concentration and reaction time-biomass concentration (XTXt, XTXCS and XtXCS, respectively) (Figure 4a) had p values < 0.05 (0.0061, 0.0487, and 0.0042, respectively) and, therefore, they had a significant influence on the response. The binary interaction temperature-reaction time (XTXt) showed a negative influence, while the interactions between temperature-biomass concentration and reaction time-biomass concentration (XTXCS and XtXCS, respectively) were positive. Regarding nonlinearity, only the quadratic term of temperature (XT2) was significant (p-value = 0.0023), with a positive influence on the biocrude yield.



Considering the nitrogen content (Figure 3b), only the main effect of the biomass concentration (XCS) can be regarded as significant (p-value = 0.0087). An increase in the biomass concentration generated a higher concentration of nitrogen in the biocrude, which negatively affects the quality of the biocrude. Besides, the temperature and reaction time did not show a significant effect on the N content (p-value = 0.4511 and 0.3316, respectively). In addition, the binary interactions and the quadratic terms for the nitrogen content (Figure 4b) were not significant (p-values > 0.05).



In the same way, the main factor corresponding to the biomass concentration (XCS) exerted a significant effect (p-value = 0.0101) on the content of oxygen in the biocrude (Figure 3c and Figure 4c), which had a positive impact in reducing the content of this heteroatom in the biocrude, increasing its quality. The results of the ANOVA analysis showed that both the binary interactions and the quadratic terms were not significant since they had p values > 0.05.




3.5. Optimal of Biocrude Production


Table 3 shows the theoretical value based on the adjustments obtained in the statistical equations of the three responses (Equations (4)–(6)). The results showed that the operating conditions maximising biocrude yield and those minimising nitrogen and oxygen contents were not coincident. Therefore, it was decided to continue with the conditions that maximise biocrude yield since it is possible to reduce the heteroatoms with subsequent treatments. According to Table 3, the values that maximised the biocrude yield were: 320 °C, 10 min and a biomass concentration of 10 wt%.



Table 4 shows the yields of the different phases obtained under optimal conditions. The biocrude yield, obtained at the optimal conditions, was 42.3 ± 0.8 wt%, similar to the theoretical result predicted by the model, and comparable to the results found in the literature at similar operating conditions without the use of catalysts (34.4 wt% at 250 °C and 54.2 wt% at 375 °C) [2]. The yield of the gas phase obtained at 320 °C was 18 ± 2 wt%, lower than the 30 wt% measured by Reddy et al. at the same temperature [32]. On the other hand, the value of the yield of WSP was 32 ± 1 wt%. This value was lower than that obtained by Valdez at the same time and similar temperatures (43 wt%) [33]. Regarding the solid residue, the yield obtained was 7.42 ± 0.08 wt%, which is within the usual ranges for this fraction in other microalgae systems [32,33]. This solid residue value was slightly higher than the ash value of the starting biomass (5 wt%), indicating no biomass was left to convert.



The calorific value of the biocrude obtained at the optimum conditions was 35.74 ± 0.02 MJ/Kg. This value was within the range of microalgal biocrudes reported in the literature (30–43 MJ/Kg) [9], and supposed an increase of the calorific power with respect to the microalgae biomass (21.75 MJ/Kg). The energy recovered (63 wt%) was comparable to the values reported in the literature (50–75 wt%) [4,34].



The biocrude analysis showed a carbon content of 73.71 ± 0.08 wt% (Table S4, Supplementary Materials), and 40% of the carbon contained in the starting raw biomass was recovered in that phase. The hydrogen content was 9.18 ± 0.01 wt%, which represented a recovery of 43 wt% in the biocrude. Consistently, the recovery of both carbon and hydrogen was similar since they are generally found in the same compounds. Part of the new molecules formed after the HTL process are soluble in water and, therefore, go to WSP [31]. Regarding heteroatoms, the composition of N and O were 6.12 ± 0.02 wt% and 10.77 ± 0.16 wt%, respectively. These values meant that elimination in biocrude, with respect to the starting biomass, reached 59.5 wt% for nitrogen and 61.92 wt% for oxygen. A low sulfur content (0.32 ± 0.02 wt%) was also measured. The high elimination of nitrogen, oxygen and sulfur in the biocrude produces an improvement in its quality and simplifies their subsequent downstream processing [3]. These values for HCNSO obtained are comparable to those collected by Barreiro et al. for the same microalga at slightly higher temperatures, 375 °C, (9.9 wt%, 74.7 wt%, 5.2 wt%, 0.4 wt% and 8.5 wt% for H, C, N, S and O, respectively) [2].



Biocrude properties are highly dependent on H/C, N/C and O/C atomic ratios. The Van Krevelen diagram shown in Figure 5 shows the values of these atomic ratios in the biocrude obtained at the optimal operating conditions and the starting biomass. The O/C and N/C ratios of the biocrude (0.998 and 0.120, respectively) were remarkably lower than the value of these ratios in the starting microalga (0.9993 and 0.11968, respectively) since N and O compounds are mainly recovered in the aqueous phase. The H/C ratio of the biocrude was also lower than in the initial biomass (1.753) because of the production of water-soluble compounds. These results were similar to those obtained by Tang et al. at 300 °C and 60 min [31]. These authors proposed a consecutive treatment of the product to remove the nitrogen and oxygen entirely.



The organic compounds of the biocrude obtained at the selected optimum operating conditions were determined by GC-MS analysis and grouped into families (Figure 6). The hydrocarbon content in the biocrude was remarkable high (30%), mainly consisting of linear and branched hydrocarbons, with some unsaturations. In comparison, aromatics only accounted for 3% of the total compounds in the biocrude. The hydrocarbon content was higher than that obtained by Li et al. at 260 °C and 60 min of reaction with N. gaditana (28% linear and branched and 0% aromatic hydrocarbons) [19] and those obtained by Tang et al. (<5%) a 300 °C and 60 min for the same biomass [31]. However, the results showed a high content of nitrogen compounds, mainly nitriles (23%), amides (4%) and amines (2%). These compounds were formed after protein hydrolysis [5,31,35]. A ketone content of 25% was measured, explaining the relatively high amount of oxygen in the biocrude.



The volatility of the biocrude was measured by the simulated distillation analysis (Figure 7). The biocrude showed temperatures of 450, 497 and 530 °C for the evaporation of 65, 85 and 95%, respectively. These temperatures were higher than those of a reference type C diesel fulfilling the European regulations (EN-590 standard), i.e., 250, 350 and 370 °C, respectively. Therefore, a post-treatment is necessary to lower the boiling point to make it suitable for heating fuel.



In the water-soluble phase, the recovery of water after the separation of the different fractions was 90 wt%. The pH of this fraction was 8.4 due to the presence of basic compounds formed during the reaction [36]. The carbon content was 1283 ± 4 mg/L, due to soluble organic compounds. It is noteworthy that this phase contained most (>85%) of the metals (Na, K, Mg, Fe) and P from the starting biomass, except for Ca, the content of which in the WSP corresponded to 1 wt% of the initial content in the microalgae. The organic compounds present in the water phase were determined by GC-MS analysis. The results showed a high content of nitrogen compounds (35% amides and 10% amines) from the hydrolysis of proteins and a high content of organic acids (45%), mainly formed by the recombination of molecules produced by hydrolysis and decarboxylation [5,31,35].



The solid residue was a minor phase. It consisted principally of the ashes and minority elements present in the microalga, leaving a small part of the starting microalgae composed mostly of carbon [14].



Finally, the gas phase was composed of CO2 (>95% mol), whereas light hydrocarbons (C2–C4) (<1% mol) and hydrogen (0.2% mol) were detected at low concentrations, similar to values reported in the literature for this microalga [13].





4. Conclusions


The present work studied the effect of temperature, reaction time and microalga concentration to assess and optimise the yield and quality of the biocrude produced by HTL from N. gaditana. A second-order mathematical model with a high degree of confidence was obtained for the three responses chosen, i.e., biocrude yield and nitrogen and oxygen content. Temperature showed a positive effect and was the most significant factor affecting biocrude yield, where the three binary interactions and the quadratic effect of temperature were also significant factors. On the other hand, for the responses of the content of N and O, the only significant factor was the concentration of biomass, which negatively affected the N content and positively the O content. The experimental design results showed that the maximum production of biocrude (43.08 wt%) was attained at 320 °C, 10 min and 10% of microalga, yielding a product with an HHV of 35.74 MJ/kg. Considering the quality of the biocrude obtained under these conditions, it had a low content of N (6.12 wt%) and O (10.77 wt%) as well as a low content of trace elements with respect to the starting microalgal biomass. It is essential to highlight the high content of hydrocarbons (30%) in the HTL biocrude, making it suitable as liquid biofuel after further upgrading.
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Figure 1. Contour graphs for the thermal HTL process carried out with N. gaditana biomass. (a) biocrude yield (%), (b) nitrogen content (wt%) in the biocrude, and (c) oxygen content (wt%) in the biocrude. Fixed variable in the central point: T = 260 °C, t = 10 min, CS = 30 wt%. 
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Figure 2. Residual analysis against the values obtained from the mathematical models for the responses: (a) biocrude yield, (b) nitrogen content in the biocrude and (c) oxygen content in the biocrude. 
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Figure 3. Effect of main factors on (a) biocrude yield, (b) nitrogen content in the biocrude and (c) oxygen content in the biocrude. 
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Figure 4. Binary interactions for: (a) biocrude yield, (b) nitrogen content and (c) oxygen content. 
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Figure 5. Van Krevelen diagram: (a) O/C-H/C and (b) N/C-H/C from N. gaditana (▲) and biocrude obtained under optimal conditions: 320 °C, 10 min and 10% of biomass (■). 






Figure 5. Van Krevelen diagram: (a) O/C-H/C and (b) N/C-H/C from N. gaditana (▲) and biocrude obtained under optimal conditions: 320 °C, 10 min and 10% of biomass (■).



[image: Applsci 11 04337 g005]







[image: Applsci 11 04337 g006 550] 





Figure 6. Chemical composition of biocrude obtained at 320 °C, 10 min and 10 wt% of microalgae. 
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Figure 7. Simulated distillation of biocrude obtained at 320 °C, 10 min and 10 wt% of biomass (▲). 
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Table 1. Composition of N. gaditana.
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Biological Composition

	
Elemental Composition

	
Trace Element Composition






	
Lipids (wt%)

	
35.5 ± 1.2

	
H (wt%)

	
7.1 ± 0.2

	
Na (mg/g)

	
21.00 ± 2.01




	
Proteins (wt%)

	
43.8 ± 3.5

	
C (wt%)

	
48.7 ± 0.1

	
K (mg/g)

	
3.53 ± 0.09




	
Carbohydrates (wt%)

	
15.7 ± 3.6

	
N (wt%)

	
6.80 ± 0.04

	
Mg (mg/g)

	
0.90 ± 0.03




	
Ashes (wt%)

	
4.5 ± 0.8

	
S (wt%)

	
0.90 ± 0.04

	
Ca (mg/g)

	
0.08 ± 0.01




	

	

	
O (wt%)

	
36.5 ± 0.20

	
P (mg/g)

	
6.43 ± 0.02
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Table 2. Experimental design matrix and experimental results.
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	Exp.
	XT
	Xt
	XCS
	T

(°C)
	t

(min)
	CS 1 (wt%)
	YB 2

(wt%)
	CO 3

(wt%)
	CN 4

(wt%)





	1
	−1
	1
	1
	200
	180
	50
	17.40
	10.01
	5.46



	2
	−1
	1
	−1
	200
	180
	10
	14.67
	20.11
	3.10



	3
	−1
	−1
	1
	200
	10
	50
	13.29
	12.42
	4.34



	4
	−1
	−1
	−1
	200
	10
	10
	19.03
	15.12
	4.08



	5
	1
	1
	1
	320
	180
	50
	38.60
	10.77
	6.12



	6
	1
	1
	−1
	320
	180
	10
	35.03
	23.60
	3.64



	7
	1
	−1
	1
	320
	10
	50
	42.55
	13.18
	4.75



	8
	1
	−1
	−1
	320
	10
	10
	42.35
	15.66
	2.93



	9
	0
	0
	0
	260
	95
	30
	29.58
	16.25
	5.78



	10
	0
	0
	0
	260
	95
	30
	29.35
	16.25
	5.78



	11
	0
	0
	0
	260
	95
	30
	30.73
	9.32
	5.59



	12
	−1
	0
	0
	200
	95
	30
	14.32
	10.17
	5.52



	13
	1
	0
	0
	320
	95
	30
	38.68
	8.97
	6.59



	14
	0
	1
	0
	260
	180
	30
	26.71
	21.72
	5.28



	15
	0
	−1
	0
	260
	10
	30
	31.64
	11.57
	5.50



	16
	0
	0
	1
	260
	95
	50
	31.13
	11.85
	5.47



	17
	0
	0
	−1
	260
	95
	10
	30.20
	17.31
	5.48







1 CS: biomass concentration; 2 YB: biocrude yield; 3 CO: oxygen content; 4 CN: nitrogen content.
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Table 3. Theoretical values to maximise the biocrude yield and minimise de N and O content.
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Real Value

	
Codified Value

	
Theoretical Response




	

	
T

(°C)

	
t (min)

	
CS (wt%)

	
T (°C)

	
t

(min)

	
CS (wt%)

	
YBC (wt%)

	
CO (wt%)

	
CN (wt%)






	
Max YBC

	
320

	
10

	
10

	
320

	
10

	
10

	
43.15

	
14.71

	
3,.1




	
Min CN

	
200

	
180

	
10

	
200

	
180

	
10

	
14.89

	
21.30

	
3.33




	
Min CO

	
200

	
93.5

	
50

	
200

	
93.5

	
50

	
15.60

	
7.93

	
5.50
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Table 4. Experimental yields at the optimum conditions (320 °C, 10 min and 10 wt% biomass concentration) for N. gaditana.
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	YB (wt%)
	YWSP (wt%)
	YGP (wt%)
	YSR (wt%)
	YLP (wt%)





	42.3 ± 0.8
	32 ± 1
	18 ± 2
	7.42 ± 0.08
	92.58 ± 0.07
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