Rheology of microalgae concentrates and its influence on the power consumption of enzymatic hydrolysis processing
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Abstract
The optimization of downstream processing is a critical step in any microalgae-related process. The microalgal biomass is separated from the initial diluted cultures to form a concentrated slurry, the properties of which greatly influence the design and performance of further processing steps, such as enzymatic hydrolysis. In this work, the rheological behaviour of two microalgae concentrates produced both in freshwater (Scenedesmus almeriensis) and seawater (Nannochloropsis gaditana) were studied. Measurements were performed on the entire range of biomass concentrations, from 0.5 g/L to 264 g/L. Non-Newtonian behaviour was observed whatever the water type and biomass concentration used, especially at high biomass concentrations above 10 g/L. The rheological data were adjusted to the Power Law model, and the consistency and flow behaviour indexes were correlated with the biomass concentration. The results show that the freshwater and seawater biomass exhibited different behaviour, with freshwater slurries being more viscous than seawater ones. The high viscosity of freshwater slurries requires increased energy consumption for mixing, with an estimated cost increase of 60% when using them under the non-Newtonian conditions considered. These findings highlight the considerable effect of algae biomass rheology on the mixing power required during microalgae biomass processing.
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Introduction
Microalgae have become one of the most potentially productive sources of raw material and energy in life science applications (Spolare et al.,2006; Ravindran et al.,2016). There is increasing interest in using microalgal biomass not only as food and feed but also as biofertilizers and energy carriers. However, one of the main drawbacks of using microalgae as a sustainable alternative raw material is the cost involved in its production due to the large amount of energy required for its downstream processing (Enamala et al., 2018). Indeed, from an industrial standpoint, the downstream processing of microalgae biomass represents a major bottleneck, and developing economically feasible large-scale microalgae-related processes is a challenge that needs to be addressed (Nitsos et al., 2020). Accordingly, research has focused on optimizing the processes and operational conditions used in downstream processing. In this context, the rheology of microalgae slurries is a key factor to consider since it is directly related to the operating units’ efficiency and energy demand (Wileman et al., 2012). For this reason, a comprehensive understanding of the biomass’ rheological behaviour is essential for designing, sizing, and selecting the industrial equipment.
As an example of a downstream process, the harvesting and processing of microalgae biomass to produce L-amino-acid concentrate, used in biofertilizers, has now become a functioning industry. During this process, the microalgae biomass is concentrated, from an initial 1 g/L in the microalgae culture up to 100-200 g/L in the microalgae slurry. After this, the biomass is subjected to cell disruption and enzymatic hydrolysis. The production of L-amino-acids by enzymatic hydrolysis is carried out in stirred-tank reactors and is limited by several factors, one of which is the rheological behaviour of the algae biomass (Romero-García et al., 2012). Thus, the viscosity of the raw material plays a crucial role since it directly influences the energy consumption, efficiency and process operating costs (Pino et al., 2018). For this reason, it is necessary to study the rheology of the concentrates to ensure the economic viability of the process.
[bookmark: _Hlk100478392][bookmark: _Hlk100486945]In addition to water, microalgae slurries contain microalgae cells, extracellular polymeric substances (EPS), dissolved salts, and insoluble solids. The biomass concentration influences their rheological properties. These also depend on packaging factors, the physical and viscoelastic properties of microalgae cells, the surface interactions between them, temperature, and the EPS content. The non-Newtonian behaviour is due to EPS, the viscoelasticity of the microalgae cells, and cell debris. The microalgal cell size also has a significant influence on its surface charge since smaller cells cause higher suspension viscosity (Wileman et al., 2012; Zhang et al., 2013; Chen et al.,1997). 
[bookmark: _Hlk100487832]The literature on the rheological behaviour of microalgae suspensions is scarce, although the rheological properties of Nannochloropsis sp., Chlorella vulgaris, and Phaeodactylum tricornutum suspensions have been studied from 0.5 kg/m3 to 80 kg/m3. Below 20 kg/m3, all the slurries exhibited Newtonian behaviour whereas over 60 kg/m3, the Nannochloropsis and Chlorella suspensions turned out to be pseudoplastic. In the case of Phaeodactylum, the suspensions were non-Newtonian up to 80 kg/m3 (Wileman et al., 2012). Rheological characterization was carried out on Scenedesmus obliquus slurries cultivated in a fermenter using 3N Bold Basal Medium + Vitamins from 70 g/L to 150 g/L, employing two rheometers, a piezo-axial vibrator and an advanced rheometric expansion system (Adesanya et al., 2012). Scenedesmus sp. slurries (from 19.7 g/L to 98.6 g/L) have also been described (Torres et al., 2018). However, these studies cannot be compared owing to the variation in biomass concentrations, culture media, and applied rheological analyses. Furthermore, all the studies were performed with microalgae grown at a lab-scale using different photobioreactors under controlled conditions and using low biomass concentration ranges. Consequently, there is a need to investigate the rheological properties of microalgae slurries coming from large-scale reactors, especially at high concentrations.
Therefore, the present study aims to investigate the rheological properties of microalgae slurries over a wide concentration range produced using two different culture media (i.e., freshwater to produce Scenedemus almeriensis and seawater to produce Nannochloropsis gaditana) in outdoor photobioreactors. The effect of the biomass concentration on the rheological behaviour was studied by analyzing the variation of apparent viscosity and shear stress, as well as the consistency index and flow behaviour index, once adjustment to the Power Law model was performed. In addition, we analyzed the rheological effect of the microalgae slurries on the power requirements and energy consumption needed for mixing in an enzymatic hydrolysis bioreactor used to produce L-amino-acids from algal biomass. This was done to compare the rheological effect of the different media on the algal slurries in terms of the Newtonian conditions.
Materials and methods
Microalgae strains and production conditions 
The freshwater and seawater microalgae strains selected were Scenedesmus almeriensis and Nannochloropsis gaditana, respectively. These strains were grown in two pilot-scale photobioreactors located inside a greenhouse at the IFAPA facilities (University of Almería, Spain). To produce the freshwater biomass, an 80 m2 raceway was utilized whereas for the seawater biomass, a 126 m2 thin–layer bioreactor was used. Both reactors were operated in continuous mode under optimal conditions, at controlled pH and dissolved oxygen, with a dilution rate of 0.2 day−1 being imposed on the raceway and an increased dilution rate of 0.3 day−1 for the thin-layer bioreactor (Morillas-España et al., 2020). The production procedure is reported elsewhere (Morillas-España et al., 2020). Table 1 describes the composition of the culture media used. In both reactors, the microalgae biomass was separated from the supernatant by centrifugation using a GEA Westphalia Separator SSD  6-06-007 (Oelde, Germany). 
Analytical methods and sample preparation
The biomass concentration of the samples was measured on a dry-weight basis by filtering volumes of samples (from 100 to 10 mL) through filters (paper filters ∅ = 90 mm, Macherey-Nagel), and drying them in a P Selecta oven (Barcelona, Spain, EU) at 80 °C for 24 h. 
A wide range of samples was prepared for rheological characterization, diluting the concentrate by adding the previously removed supernatant to obtain lower concentrations. The concentration of each sample was determined after measuring its rheological parameters. Once the rheological measurements and the concentrations were determined, the density of each sample was also measured at 25°C using a Pobel pycnometer with a 25.4 mL volume. 
Rheological measurements
The rheological characterization of the microalgae slurries was performed on a Brookfield DV-II + Pro viscometer (Brookfield, Middleboro, MA, USA) equipped with a set of four cylindrical spindles (LV1, LV2-CYL, LV3-CYL, LV4), the Small Sample Adapter (SSA) and the Ultralow viscosity adapter (ULA). The cylindrical spindles (LV1 - LV4) provide a defined geometry that facilitates mathematical analysis allowing the calculation of the shear stress and shear rate values as well as the apparent viscosity, thus making them invaluable when measuring non-Newtonian fluids.
· For the low-viscosity samples or more diluted suspensions, the LV1 spindle and the ULA were used.  The LV1 spindle (Ri = 19 mm, L = 84 mm) requires a 600 mL container, where Ri is the inner cylinder diameter and L is the length of the solid cylinder. The ULA features coaxial-cylinder geometry with a removable polyethylene end cap for the outer cylinder (Ro= 16 mm, Ri = 10 mm, and L= 110 mm), where Ro is the outer cylinder diameter.  It is a jacketed adapter that holds a 16 mL sample volume.
· The LV4 spindle (Ri = 36 mm, L = 3 mm) was used for the more concentrated samples.  The measurements were done inside a 50 mL glass cylinder. The LV3-CYL (Ri = 6 mm, L = 55 mm) and LV2-CYL (Ri = 10 mm, L = 69 mm) spindles were also used for slightly less viscous samples than in the previous case.  For these, a 100 mL container was used for the LV3-CYL spindle and a 250 mL container for the LV2-CYL spindle.
· The SSA is also a jacketed coaxial-cylinder accessory that allows one to measure small volume samples.  In our case, the volume was 8 mL. 
The rheological tests were performed at 25°C. The temperature was controlled using a P Selecta TECTRON 200 thermostatic bath (Barcelona, Spain, E.U.) with internal and external circulation. The shear rates applied were between 3 and 180 rpm when possible (i.e., 0.05 s−1 – 3 s−1).
Rheological data analysis and adjustment of the raw data to the Power Law model
The Power Law model or Ostwalt-de Waelle mathematical model was used to analyze the rheological data. This model describes the non-linear variation of shear stress as a function of shear rate (Equation 1), where τ is the shear stress (Pa), γ is the shear rate (s−1),  K is the consistency index of the fluid (Pa·sn) and n is the behaviour index of the fluid. When n < 1 the fluid is called pseudoplastic and when n > 1, it is called dilatant. If n = 1, it is a Newtonian fluid. The viscosity is defined as the ratio between the shear stress and the shear rate (Equation 2), which is termed the apparent viscosity of the fluid,  (Pa·s).
	
	[bookmark: _Ref98172081]Equation 1

	
	[bookmark: _Ref98172223]Equation 2


Power consumption for mixing in an enzymatic hydrolysis process
As a case study, we considered the enzymatic hydrolysis of microalgae biomass used to produce L-amino-acids in a 200 L stirred-tank bioreactor operating in batch mode. This work focused on determining the energy consumption required according to the rheology of the microalgae slurry used.
1.1.1. Configuration of the stirred-tank reactor
The tank diameter was set at 0.535 m. The impeller configuration selected was a pitched-blade turbine (6 blades, 45° and downward pumping).  To determine the dimensions for this type of impeller, the geometrical ratio defined by Equation 3, Equation 4 and Equation 5 was considered (Doran, 2013), where Di is the impeller diameter (m), DT is the tank diameter (m), HL is the liquid height (m) and Ci is the blade clearance (m).
	
	[bookmark: _Ref98172699]Equation 3
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The installation of four equally spaced baffles is enough to reduce vortex and liquid swirling. The width of each baffle was calculated using Equation 6. The required number of impellers (ni) was then calculated using Equation 7.
	
	Equation 6

	
	[bookmark: _Ref98172822]Equation 7
	


1.1.2. Determination of the power consumption 
The power consumption in a stirred-tank bioreactor is a function of the speed of the agitator, the shape and size of the impeller, the vessel geometry, and the density and viscosity of the fluid.  Reynolds and Power numbers are the expressions that relate to these variables. The Reynolds number (Re′) determines the flow regime of the fluid (Equation 8), where Di is the impeller diameter (m), N is the impeller rotational speed (s−1), ω is the angular velocity (), ρ is the fluid density (kg/m3) and μ is the viscosity of the fluid (Pa·s). 
	
	[bookmark: _Ref98172934]Equation 8


However, calculating the power consumption is more complicated for non-Newtonian fluids because it is almost impossible to achieve complete turbulence with viscous fluids. The viscosity of non-Newtonian fluids is not constant and varies with the share rate. Therefore, the modified Reynolds number (Re) was used, redefining the Reynolds number based on the apparent viscosity (Equation 9). Hence, considering the Power Law (Equation 2), the following Equation 10 is obtained:
	
	[bookmark: _Ref98173092]Equation 9
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The average shear rate in the fluid is a function of the impeller speed (Sánchez Pérez et al., 2006). Substituting Equation 11 for Equation 10 gives the modified Reynolds number for pseudoplastic fluids (Equation 12), where ρi is the microalgae slurry density (kg/m3).
	
	[bookmark: _Ref98173253]Equation 11
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The power number () was determined using the empirical correlation determined experimentally between Re and  for a pitched-blade turbine (6 blades, 45° and downward pumping) (Doran, 2013). Once the  value was obtained, the average power consumption per unit volume () was calculated using Equation 13, with η being the agitator motor efficiency (0.7).
	
	[bookmark: _Ref98173467]Equation 13


Results and discussion
Influence of the biomass concentration on the rheological properties of the microalgae slurries
To determine the influence of the biomass concentration on the rheology of the microalgae slurries, microalgae concentrate samples from a wide range of biomass concentrations were prepared. Fresh biomass was taken directly after centrifugation to prepare samples to be measured. Note that the biomass slurry was so viscose after centrifugation that it was impossible to measure this concentrate using the available viscometer, not even with the S64 spindle. To perform the rheological characterization, the biomass slurry was diluted after centrifugation with supernatant recovered during the centrifugation step, thus maintaining the same composition as the culture medium. Measurements were performed at microalgae biomass concentrations ranging from 0.5 to 63.2 g/L for the freshwater strain (Scenedesmus almeriensis) and from 1.2 to 264.0 g/L for the seawater strain (Nannochloropsis gaditana)(Figure 1). The biomass concentrations assayed ranged from the initial microalgae culture itself to the highest concentration at which measurements could be taken using this kind of viscometer.
The flow curves representing the resulting shear stress values as a function of the applied shear rates (i.e., the rheograms) obtained for microalgae slurries from freshwater and seawater samples are shown in Figure 1 (A1 and B1). The figures show non-Newtonian behaviour, where the shear stress does not linearly increase with increasing shear rate. Overall, the shear stress increased as a function of the shear rate; furthermore, the shear stress increased when the biomass concentration increased. The results also show notable differences between the rheograms for the microalgae slurries from the freshwater and seawater strains. Concerning the apparent viscosity, the variation in this parameter based on the shear rates is shown in Figure 1 (A2 and B2). The data show that the apparent viscosity of the freshwater microalgae slurry decreased more rapidly when the shear rates were under 10 s-1 for concentrations from 20.1 to 63.2 g/L. For instance, at the highest concentration, 63.2 g/L, the apparent viscosity decreased from 86 Pa·s to 7 Pa·s when the shear rates increased from 0.63 to 10 s-1, whereas it decreased from 7 to 2.63 Pa·s when they increased from 10 to 3.76 s-1. Regarding the apparent viscosity values for the seawater microalgae slurries, they also decreased rapidly when the shear rates were under 40 s-1 at the highest concentrations of 252 and 264 g/L. Nevertheless, the apparent viscosity remained constant with increasing shear rates from 1.2 to 39.1 g/L, which indicated Newtonian flow behaviour in this concentration range. In both cases, the apparent viscosity decreased with increasing shear rates, exhibiting non-Newtonian shear-thinning behaviour, and thus agreeing with what the rheograms revealed. 
This phenomenon became more evident when the biomass concentration increased. The shear-thinning behaviour might be due to interactions between the algae cells and the soluble polymers released. The rheological parameters, shear stress and apparent viscosity all rose as the biomass concentration increased. This is because microalgae cell aggregates are formed as the biomass concentration increases. Hence, interactions between the algae cells also increase, causing an increase in viscosity. Moreover, to deform these aggregates, extra force is needed, greater than the shear stress applied - this comes from the cell interactions producing increased shear stress as the biomass concentration increases (Souliès et al., 2012; Adesanya et al., 2012).
The behaviour reported here agrees with that reported elsewhere regarding non-Newtonian shear-thinning behaviour in microalgae slurries (Dos Santos et al., 2013; Torres et al., 2018; Wileman et al., 2012). However, the biomass concentration ranges assayed were very different, making it difficult to compare our data with that available in the literature. Furthermore, those studies were carried out using different microalgae strains, culture media and cultivation/harvesting methods. One should also mention that those works were performed using different viscometers and rheometers. Each device functions on very different geometries (needle rotating in an infinite cylinder, cone-plate, among others). Consequently, the shear rates and maximal torque applied to vary greatly. It is also important to remark that the biomass concentration ranges we assayed were significantly greater than those previously analyzed, especially for the seawater strains (reaching a concentration of 264 g/L) (Wileman et al., 2012; Souliès et al., 2012; Adesanya et al., 2012; Dos Santos et al., 2013; Torres et al., 2018). Our work has focused on high concentrations because of the huge interest in these results from the industrial perspective.
The rheograms were fitted to the Power Law model to describe the rheological characteristics of microalgae slurries. This model is one of the most common models used to study the rheology of biological materials, especially in the food industry. It is also the one most used for non-Newtonian fluids in engineering (Berker, 2002). The variation in the Power Law parameters obtained for the two microalgae slurries produced (using both freshwater and seawater strains) as a function of biomass concentration is shown in Figure 2. The data show that the consistency index (K) of the freshwater microalgae slurries increased from 2·10-4 to 0.32 Pa·sn when the biomass concentration ranged from 1.5 to 9.4 g/L, whereas the flow behaviour (n) varied from 1.04 to 0.31, demonstrating pseudoplastic behaviour. Up to a concentration of 1.5 g/L, the freshwater microalgae suspensions exhibited Newtonian behaviour. From 9.4 to 17.7 g/L, K increased from 0.32 to 1.78 Pa·sn, whereas n decreased from 0.31 to 0.24, indicating significant pseudoplastic behaviour. From 17.7 to 50.1 g/L, K varied from 1.8 to 27.3 Pa·sn, increasing 15.3-fold. In contrast, n ranged from 0.24 to 0.19. In the upper biomass concentration range, from 50.1 to 63.2 g/L, K increased from 27.3 to 54.3 Pa·sn, twice that of the latter range of concentrations, whereas n ranged from 0.19 to 0.14. Therefore, these results revealed that freshwater algae slurries undoubtedly exhibited accentuated pseudoplastic behaviour (n<1). As for the seawater microalgae biomass, the slurries behaved as Newtonian fluids from 1.2 to 36.4 g/L, with K values ranging from 7·10-5 to 4·10-4 Pa·sn, whilst n decreased from 1.04 to 0.97. At higher biomass concentrations, from 36.4 to 186.0 g/L, K values increased sharply by 950-fold, rising from 4·10-4 to 0.38 Pa·sn, whereas n decreased from 0.97 to 0.72, thus exhibiting pseudoplastic behaviour. At the higher concentrations, from 186 to 264 g/L, K increased from 0.38 to 29.1 Pa·sn (a 76.6-fold increase), whereas n ranged from 0.72 to 0.31, indicating emphasized pseudoplastic behaviour. 
Regarding the flow behaviour indexes of both freshwater and seawater slurries (Figure 2B), the results show that three distinct ranges could be distinguished as the biomass concentration increased - n initially decreased rapidly, then reached a certain concentration at which it remained constant, and finally, it dropped again but slowly. For both the freshwater and seawater algae slurries, the consistency index increased as the concentration increased. In contrast, the flow behaviour index decreased. As mentioned before, this is likely due to the formation of microalgae cell aggregates produced at high concentrations. In addition, the hardship of shear deformation on the microalgae slurries causes larger aggregates to form and, therefore, increases the viscosity (Souliès et al., 2013).
The results from both the freshwater and seawater samples confirm the significant influence of the culture medium and strain on the viscosity of the produced slurry. In the freshwater slurries, the K and n values were higher at lower concentrations and thus more viscous than the seawater slurries. The K value increased notably up to a concentration of 186 g/L while the maximum value was 29.1 Pa·sn at the highest achieved concentration of 264 g/L. Nevertheless, the K value increased up to 9.2 g/L in the case of freshwater algae slurries and 54.3 Pa·sn was the highest value at 63.2 g/L. Therefore, these results confirm that microalgal slurry from the seawater media was less viscous. Likewise, the n value also showed that the freshwater microalgal slurry was more viscous (reaching an n value of 0.144), whereas the seawater microalgal slurry was less so (reaching an n value of 0.31).
Although this rheological study has focused on comparing the rheological behaviour of microalgae slurries from two different culture media, one should bear in mind that different microalgae strains might also influence the slurry behaviour. The predominant strains were Scenedesmus almeriensis and Nannochloropsis gaditana in the freshwater and seawater media, respectively. According to the results obtained, microalgae slurries of Scenedesmus almeriensis were more viscous than those of Nannochloropsis gaditana. The differences in the rheological behaviour of each microalgae slurry media (and thus between each biomass) are significant since this has a considerable influence on the energy consumption and the consequent operating costs of whichever process.
Influence of the rheological properties on the power consumption of the enzymatic hydrolysis process
Rheological information is crucial for guaranteeing the profitability of the enzymatic hydrolysis process when it is scaled up because the energy consumption is directly influenced by the apparent viscosity of the microalgae biomass. Furthermore, throughout this process, effective mixing and improved mass and heat transfer must be ensured so turbulent conditions are present in the bioreactor to achieve effective mixing. Consequently, when mixing high-viscosity fluids, one should expect non-turbulent conditions and inefficient mixing. Increasing the speed of the impeller is a possible option but this requires a considerable increase in power consumption and is therefore not feasible.
For this reason, an energy consumption evaluation was carried out to determine the effect of the rheology of the biomass from microalgae grown in two different culture media and to ascertain the importance of the studied phenomenology. This evaluation is only a rough estimate to compare how power consumption changes when considering Newtonian or non-Newtonian conditions. To this end, the impeller chosen was a pitched-blade turbine (6 blades, 45° and downward pumping), a well-known technology due to its blending effectiveness and high pumping capacity. The turbine’s dimensions were calculated according to the procedure mentioned in section 2.5, where Di = 0.177 m, HL = 0.535 m, and Ci = 0.177 m. In addition, four equally spaced baffles, each one with a WBF = 0.022 m, were installed and three impellers were required. The power consumption values for agitation were calculated using the impellers’ rotational speed (N = 192 rpm) based on a Re of 105 in the turbulent regime and Newtonian conditions (i.e., water properties, ρ = 1000 kg/m3, and µ = 0.001 Pa·s).
Concerning the density measurements, the values were similar for both media. Hence, the culture medium does not influence the densities of the algal slurries. Moreover, the density does not vary as a function of the biomass concentration, so it did not affect the density in a relevant way since the microorganisms are largely composed of water. Therefore, to determine the power consumption, a mean density value of 1025 kg/m3 was used, very similar to that of water. The modified Reynolds number, power number and power consumption were determined for 100 g/L  of microalgae slurry (see Table 2), which corresponds to the microalgae slurry concentration commonly achieved in continuous centrifuges in industrial applications. In the case of the freshwater microalgae slurries, a 100 g/L concentration could not be achieved since the viscometer spindles were unable to measure slurries containing more than 63.2 g/L. Consequently, the calculations were carried out considering the values determined for 63.2 g/L, the maximal concentration measured. As for the degree of mixing, the Re obtained for the freshwater slurry (36) showed it was in the laminar regime, indicating low mixing efficiency whereas the Re for the seawater slurry was in the turbulent regime (5.95∙104), comparable to the Re obtained under standard Newtonian conditions (1∙105).
The results demonstrated a significant difference in the power consumption values obtained when using freshwater microalgae slurry (77.4 W/m3) compared to seawater microalgae slurry (42.8 W/m3). This means that there is an increase of 34.6 W/m3 in the former, almost double that of seawater microalgae slurry. These results are in agreement with the rheological characterization data for each biomass since the freshwater slurry (2.79) has a higher apparent viscosity () than the seawater slurry (1.68∙10-3). This is logical since the higher the , the higher the power requirements. On the other hand, the mixing power of seawater microalgae slurry was similar to the power consumption value under standard Newtonian conditions (42.8 W/m3). Again this makes sense as its   is comparable to that of a Newtonian fluid (1∙10-3 Pa·s). 
From an economic perspective, we considered 4 h to be the optimum hydrolysis time to obtain the maximum level of hydrolysis, an electrical cost selected for small industries and a peak price in the case of hydrolyzing based on harvesting at 10.00 am. Using freshwater algae biomass in the enzymatic hydrolysis process involved a cost increase of 60% compared to standard Newtonian conditions. In contrast, there was no cost increase when using seawater biomass. These results reflect the important influence that microalgae biomass rheology can have on power consumption and energy costs, which vary depending on which biomass from which culture medium is used.
Conclusions
Microalgae slurries from two microalgae strains (Scenedesmus almeriensis and Nannochloropsis gaditana), produced in freshwater and seawater, respectively, were rheologically characterized. Slurries from both the culture media exhibited non-Newtonian behaviour,  with the apparent viscosity increasing along with the biomass concentration of the slurry. Significant differences were found between the slurries from each media. Freshwater slurries were far more viscous than seawater slurries. Regarding the importance of microalgae biomass rheology on the power requirements for mixing in an enzymatic hydrolysis bioreactor, the freshwater slurry required higher energy consumption whereas the seawater slurry required a similar energy consumption to that of Newtonian fluids. These findings are crucial for designing and optimizing processes that enable energy-efficient microalgal biomass processing, thus promoting enhanced large-scale applications.
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Tables

Table 1.- Composition of the culture media.
	Medium

	Nutrients
	Freshwater
	Natural Seawater

	Sodium nitrate (g/L)
	0.9
	1

	Magnesium sulphate (g/L)
	0.18
	0.25

	Monopotassium phosphate (g/L)
	0.14
	0.3

	Karentol (Kenogard, Spain) (g/L)
	0.03
	0.03




[bookmark: _Ref98183289]Table 2.- Comparison of mixing power consumptions of microalgae slurries from freshwater and seawater culture media considering standard Newtonian conditions.
	
	K (Pa·sn)
	n
	 (Pa·s)
	
	
	P (W/m3)

	Freshwater
	54.3
	0.144
	2.79
	36
	2.7
	77.4

	Seawater
	0.004
	0.75
	1.68∙10-3
	5.95∙104
	1.7
	42.8

	Newtonian fluid (water)
	0.001
	1
	1∙10-3
	1∙105
	1.7
	42.8






Figure legends
Figure 1.- Rheograms (A1 and B1) and apparent viscosities (A2 and B2) of microalgae slurries of freshwater (A) and seawater (B) culture media.
[bookmark: _Ref98176114]Figure 2.- Effect of biomass concentration on consistency (A) and flow behavior (B) indexes of microalgae slurries of freshwater and seawater culture media.
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