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In this work, a membrane-based separation was investigate for Scenedesmus almeriensis solutions dewatering. A commercial polyvinylidene fluoride (PVDF) membrane, having a pore size of 3 m was used in order to allow the water passage through it (permeate), retaining, at the same time, algae biomass (retentate). The possibility to reuse the permeate for a second Scenedesmus almeriensis growth step, was also studied. The registered data evidenced the feasibility of the membrane-based dewatering as an alternative competitive technology, even though the recovery of water should need further investigations to be optimized.
1. Introduction
Microalgae represent a large group of aquatic organisms that have garnered remarkable interest since their manifest attracting physical-chemical properties (Molino et al. 2018a). The majority of microalgae species are able to convert solar into chemical energy by means photosynthesis (Pierobon et al. 2018). Microalgae are considered as valuable feedstock for biofuel generation, due to their high sugars and fats content, but also for animal feed, since they produce proteins (Pierobon et al. 2018, Molino et al. 2018b). Moreover, microalgae are able to synthesize bioactive molecules such as pigments that reveal health properties (Di Sanzo et al. 2018, Molino et al. 2018b, Molino et al. 2019a, Molino et al. 2019b). In particular, Scenedesmus almeriensis is characterized by a high content of lutein, which is a xantophile used as food additive and suggested for retinal degeneration, cancer prevention and cardiovascular diseases (Sánchez et al. 2008). 
Basically,  the microalgae production involves three steps, i.e. microalgae cultivation, dewatering and/or harvesting and extraction of  added-value compounds. After the microalgae cultivation, the dewatering operation consents to separate and concentrate the biomass from the algae culture. Commonly used separation technologies, mainly sedimentation, centrifugation, dissolved air and/or froth flotation, filter press and rotary vacuum filter, do not assure high efficiency, entail operating high costs costs and require chemicals addition (Coons et al. 2014). Additionally, they are difficult to scale-up and in some cases the achieved filtrate is unsuitable for recycle to microalgae cultivation. On the contrary, membrane-based filtration as emerging technology (Marino et al. 2017, Marino et al. 2019) should represent a cost-effective dewatering solution, due to the potential benefits in terms of process intensification performance. For microalgae dewatering step, a selected membrane allows water to pass across it matrix (permeate), hindering, at the same time, microalgae passage (retentate).
In this work, a preliminary membrane-based separation was carried out with the aim to recover water and to reuse it for a subsequent Scenedesmus almeriensis microalagae growth. A commercial PVDF membrane, having a pore size in the microfiltration range, was used for the filtration tests and morphologically characterized before and after filtration tests.
2. Materials and methods
2.1 Experimental design 
The chemical installation consisted of a tubular photobioreactors with volume-surface ratio of about 56.5 L/m2 equipped with control and monitoring systems of the microalgal biomass growth. Temperature and pH were monitored in real time by SCADA (Supervisory Control And Data Acquisition) with alarms. Photobioreactors were equipped with a feeding system (sparger) of gaseous mixtures, consisting of Nitrogen, Oxygen and Carbon Dioxide. Light was provided by LED (white, blue and red light) of three different wavelengths but in this experimental test only white light was used. Luminous flux, which was perpendicular to photobioreactor surface, varied in the range 500 – 4,000 lux on the surface. It was possible to regulate the optimal algal growth temperature through a single tube exchanger positioned inside the photobioreactor and connected to a cooling chiller for the dissipation of the excess heat supplied by the led. The operating temperature range was between 15 and 35 °C. For the growth of Scenedesmus Almeriensis in the photobioreactor, a luminous flux of 4,000 lux and a gas flow rate of 300 mL/min were used. The whole experimental apparatus was installed on an aluminum structure with the following dimensions: 2,500 mm x 1,000 mm x 500 mm and the cylindrical PBR with effective volume of 28.8 L was made in Plexiglas having dimensions height = 680 mm, external diameter = 250 mm and thickness = 10 mm. The bottom of the PBR is equipped with 6 filleted holes (1/2”), in which 6 sintered steel spargers of gaseous mixture were installed, and with 3 holes for temperature/pH sensor insertion. Temperature control systems consisted in an AISI 316L coaxial pipe (Diameter = 60.3 mm - Thickness = 1 mm) in which the cooling water flows and its temperature were regulated by special chillers. Experimental tests were performed  at 28 °C.
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Figure 1: Picture of the photobioreactor used for microalgal growth

Scenedesmus Almeriensis inoculum was bought by Algares Srl (Rome, Italy). The culture medium used for the growth of the microalga Scenedesmus Almeriensis in the photobioreactor was the Mann and Myers’s, while the inoculum starter used for experimental tests and deriving from Algares is reported in the table 1.

Table 1: Cations and Anions specie contained into the Inoculum starter bought from Algares

	Cations/Anions 
	Concentration 
(mg/l)
	
	 MICRONUTRIENTS
	Concentration 
(mg/l)

	Mg2+
	28.69
	
	 Fe2+
	0.25

	SO42-
	310.25
	
	 Mn2+
	0.21

	Na+
	234.75
	
	
	

	NO3-
	70.91
	
	
	

	NO2-
	5.66
	
	
	

	Ca2+
	49.95
	
	
	

	Cl-
	82.94
	
	
	

	K+
	15.24
	
	
	

	PO43-
	00.00
	
	
	


Monitoring of microalgal biomass growth was performed using a spectrophotometer. The used spectrophotometer was the Thermo Fisher Scientific Multiskan®, while analysis on the liquid phase was carried out by using Thermo Scientific Dionex™ ICS-1100 Ion Chromatography System (Dionex ICS-1100) that performed ion analyses using suppressed or non-suppressed conductivity detection. 
After the growth step  in the photobioreactor, the microalgal biomass was separated from the liquid medium by means of a commercial PVDF membrane with a pore size of 3 μm. The microalgal suspension passed through the membrane with the aid of a pump. The particles with a diameter bigger than 3 μm were retained by the membrane (the retentate, i.e. the microalgal biomass), while those with a diameter smaller than 3 μm passed through the membrane (the permeate, i.e. the liquid medium). The powder of the microalga Scenedesmus Almeriensis, after the growth and the harvesting phase, were frozen and then lyophilized for 24 hours with the aim of producing biomass with a first level of pretreatment and a very low degree of humidity, ready for the following phases of mechanical pretreatment and extraction.

2.2 Experimental setup
This sub-section describes the methodological approach used for the complete characterization of Scenedesmus Almeriensis. In table 2 the operative conditions adopted for the microalgae growth, are listed.


Table 2:  Operative conditions adopted for microalgal growth. White light; Q=300l/min; Irradiance at the wall=4000lux
	Test number
	Growth phase 
	Nitrogen composition
vol %
	Oxigen composition
vol %
	Carbon dioxide composition
vol %

	1
	1ST
	79.0
	21
	0.0

	2
	1ST
	78.5
	21
	0.5

	3
	2ND
	78.5
	21
	0.5




Test N°1 was chosen to have a baseline without using carbon source. In fact, only technical air was used for this test, while tests N°2 and N°3 were performed with 0.5 vol.% of CO2 and fixing oxygen composition at 21vol.%. The inoculum used for the first test (N°1) had a composition reported in table 1.

In order to obtain a volume of about 28 L for starting the growth phase, it was added the culture medium in the quantity as reported in the table 3.


Table 3: Volumes starter used for each experimental tests
	Test number
	Inoculum (L) 
	Culture medium (L)
	Permeate (L)
	Total volume(L)

	1
	3
	25
	-
	28

	2
	28
	-
	-
	28

	3
	2
	17
	9
	28




As illustrated in table 3, in the first test only inoculum and culture medium were used and after 11 days, the microalgae growth arrived at the maximum optical density. Therefore, the same inoculum with 28 L was fed with 0.5 CO2 for the test N°2. Test N°3 was carried out by using the permeate deriving from membrane separation and by adding 17 L of culture medium and 2 L of inoculum from test N°2. For the dewatering tests, a laboratory cross-flow cell (Delta E S.r.l., Italy) provided of a gear pump (Tuthill Pump Co., California) was used.  Microalgae aqueous solution was forced to pass through the membrane (area of 8 cm2) and the permeate was collected. Tests were performed starting with a pressure of 1-1.2 bar and corresponding to a feed flow rate 0.5 L/h, till to achieve the pressure of 5 bar (0.1 L/h) after 36 hours filtration. The lowering in the feed flow rate was attributed to the fouling phenomenon, in turn caused by the deposition of biomass on the membrane surface during time. Membrane morphology was observed by Zeiss-EVO MA10 scanning electron microscope (SEM) before and after its use. In order to improve image resolution preventing electrical charging, a conductive gold layer was deposited (Quorum Q150 RS) on the PVDF membrane before SEM analysis. 
3. Results and discussion
In Figure 2 the net biomass production and the time of growth are reported. For the test N°1, in absence of CO2, only 3.94 mg/L*d was observed after 11 days growth, which increased, reaching the highest registered value, for test N°2 (38.87 mg/L*d after 18 days), conducted in presence of 0.5% vol. CO2. The second growth (test N°3, 0.5% vol. CO2) led to a biomass production of 23.41 mg/L*d after 14 days.
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Figure 2: Net biomass production (blue) and time of growth (red) observed for Scenedesmus Almeriensis
Scenedesmus Almeriensis growth was related to the consumption of cations and anions, as shown in Table 4. During test N°1, in which no CO2 was supplied, the variation of ions was nearly negligible. This highlighted the importance of CO2 as essential growth factor for microalgae. During tests N°2 and N°3, the presence of CO2 guaranteed the microalgae growth, which was demonstrated by monitoring the variation of ions (Table 4). In particular, nitrates and phosphates were essential nutrients, as evidenced by their concentration reduction detected after 18 days (test N°2) and 14 days (test N°3). Nitrates consumption reached the highest values during test N° 2, ending at ~90% and ~100%, respectively.  Phosphates were also completely consumed in test N°2 as well as in test N°3. The obtained results were in accordance with literature data (Fried et al. 2003, Kwon et al. 2013) which evidenced as microalgae growth was strongly affected by the initial nitrate and phosphate content.
Table 4: Initial and final ions concentration detected by tests N° 1, 2 and 3
	Test 
N°
	Time
days 
	Mg(2+)
mg/L
	SO4(2-)
mg/L
	Na(+)
mg/L
	NO3(-)
mg/L
	NO2(-)
mg/L
	Ca(2+)
mg/L
	Cl(-)
mg/L
	K(+)
mg/L
	PO4(3-)
mg/L

	
1
	0
	100.44
	451.28
	259.45
	620.58
	0.66
	99.35
	165.78
	38.80
	47.58

	
	11
	100.25
	432.27
	235.82
	589.12
	0.52
	95.32
	161.87
	37.98
	25.68

	
2
	0
	100.25
	432.27
	235.82
	589.12
	0.52
	95.32
	161.87
	37.98
	25.68

	
	18
	75.63
	363.09
	219.20
	236.37
	0.48
	71.63
	125.21
	32.05
	0.00

	
3
	0
	96.09
	381.97
	268.43
	555.74
	1.90
	89.16
	181.03
	38.65
	30.14

	
	14
	89.00
	316.72
	218.14
	59.83
	0.00
	72.30
	141.13
	31.82
	0.00



Figure 4, which shows the SEM pictures of the PVDF membrane before and after the filtration tests, evidences as the membrane structure remained almost unchanged after its use. Accordingly, the same membrane may be potentially used for consecutive separation tests.
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Figure 4: SEM images of the PVDF membrane: 6A,6B,6C top and 6D, 6E, 6F bottom surface before the filtration tests; 7A, 7B, 7C top and 7D, 7E, 7F bottom surface after the filtration tests. Magnification: A) 500x, B)1000x, C)5000x
3. Conclusions
In this work the most relevant parameters affecting Scenedesmus Almeriensis growth were investigated. After the growth step, the possibility to recover water from the aqueous biomass solution, was preliminarily studied by means a PVDF membrane separation. The presence of CO2 was a dominant condition in order to observe microalgae growth. In fact, in absence of this gaseous nutrient, Scenedesmus Almeriensis production assumed the lowest obtained value (3.94 mg/L*d after 11 days). On the contrary, a noticeable growth was obtained by providing  0.5% vol. CO2. More precisely, a first growth in which was supplied fresh water led to a biomass content of  38.87 mg/L*d after 18 days, which reduced to 23.41 mg/L*d after 14 days when the membrane-recovered water was added to the growth medium. Nitrate and phosphate seemed to be crucial factor for the biomass production, as demonstrated by monitoring their depletion during growth tests. Dewatering step, carried out by using a commercial PVDF membrane with 0.3 m pore size, allowed to retain biomass on the feed-side and to collect water on the permeate-side. However, the process needs to be optimized, since the membrane flux was negatively influenced by cake formation on the membrane surface. Nevertheless, SEM analysis showed that the membrane structure did not change significantly after 36 hours filtration, evidencing the possibility to reuse the same membrane for consecutive separations.
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