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Abstract

:

Arthrospira platensis (A. platensis) is a microalga with a wide range of commercial uses. One of the main concerns that needs to be addressed in microalgae biorefineries is the costs associated with the harvesting and concentration steps. Filtration has been shown to be an effective technique for concentrating microalgae and recent studies have attempted to enhance membrane filtration by applying an external electric field to the filtration cell. This study consisted of assessing the use of electrically assisted filtration (electrofiltration) at 60 A/m2 and 1 bar for the dewatering of A. platensis, as well as the effect of pretreating the microalgae with ultrasounds (US) on the filtration process. Untreated A. platensis exhibited better filtration kinetics than US-treated A. platensis, and electrofiltration was found to increase the cake dryness. More protein and pigments were present in the US-treated microalgae solution compared to the untreated microalgae, which led to the presence of higher concentrations of protein and pigments in the filtrate streams after pressure filtration at 1 bar without the application of an external electric field. Electrofiltration was found to consume less energy compared to traditional drying techniques used for A. platensis. However, electrofiltration degrades the biocompounds present in the filtrate and cake due to pH changes and other electrophoresis phenomena, which shows the need to optimize the process in future work.
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1. Introduction


Arthrospira platensis (A. platensis), commercially referred to as Spirulina, is a strain of microalgae that is categorized as a type of cyanobacteria. This microalgal strain has been associated with many benefits and potential applications [1,2,3,4,5,6]. It is mainly known for its ability to produce a blue pigment called phycocyanin that presents many benefits due to its color, antitumor, anti-inflammatory, and antioxidant properties [7]. Even though the phycobiliprotein phycocyanin offers many benefits and can be used in applications such as food and pharmaceuticals, it also presents many limitations. The main issue related to the use of phycocyanin in different contexts is its sensitivity to certain temperatures, pH values, alcohol concentrations, ionic strengths, and light conditions [7,8,9,10].



After the cultivation of microalgal cells under the desired conditions to accumulate high concentrations of the biocompounds of interest [11,12,13], the microalgae needs to be harvested and processed to recover these compounds [14,15,16,17,18]. A dry method of biocompound recovery is most often used. It includes the concentration of microalgal suspension by flotation [19,20,21,22,23] or centrifugation [24,25,26,27] and eventually by further dewatering by cross-flow microfiltration [28,29,30,31,32]. This is followed by drying the concentrated suspension to obtain a microalgal powder, which would then undergo a selective solvent extraction to recover the compounds of interest from the dried microalgae [33,34,35]. Alternatively, a wet pathway for microalgae compound recovery can be applied, including preliminary cell disruption, followed by solid–liquid extraction and selective separation of valuable compounds. Both dry and wet processing methods have their own significant shortcomings. While the dry way of microalgae processing is highly energy consuming, the wet processing pathway includes a complex separation stage to purify the obtained solution [33,34,36,37].



Dead-end filtration can be used to better dehydrate different sludges and to increase the filter cake dryness [38,39,40]. Preliminary mechanical concentration of a microalgae suspension by dead-end filtration can decrease the energy consumption required for the subsequent thermal drying of the filter cake. This can increase the global effectiveness of the dry way of microalgae processing. In spite of existing examples of the industrial implementation of filtration equipment [41,42,43,44,45], dead-end filtration of microalgae suspensions is poorly studied [32,46,47,48,49]. The high specific cake resistance of the microalgal filter cake leads to a low filtration velocity. This factor hinders the implementation of filtration techniques in microalgae processing. Electrofiltration has been found to enhance filtration velocity. The use of electrofiltration and electrodewatering has been studied for different industrial sludges [38,39,50,51,52,53,54,55,56,57,58,59] and biopolymers [60,61]. Two studies assessed the use of electrically assisted filtration of the microalgae Chlorella vulgaris by cross-flow filtration under a constant or periodic electric field [62] and the use of a cylindrical filter press at a pressure of 0.6 MPa for 1 h [63].



The aim of this work is to compare the behavior of dead-end filtration and electrofiltration, without any additional mechanical pressure, to improve the dewatering of the microalgae Arthrospira platensis while causing minimal damage to biocompounds of interest. Untreated and ultrasound-treated (US) microalgae suspensions were used for dead-end filtration and electrofiltration. The US-treated A. platensis was used to extract more biocompounds from wet biomass and create a more difficult to filter feed solution. Filter cakes obtained by the filtration of untreated A. platensis were freeze dried and the obtained powder was qualitatively and quantitatively assessed. This allowed us to study the effect of the order of the processing steps for the recovery and purification of bioactive compounds from A. platensis. Filtration characteristics of the filter cakes (specific cake resistance and cake dryness) as well as qualitative and quantitative attributes of the electrically treated and untreated filtrates were evaluated.




2. Materials and Methods


2.1. Arthrospira platensis Suspensions


The microalgae A. platensis was used in this study. The algae was purchased from SAS TAM- Cyane (Plougastel-Daoulas, France), as a frozen algae paste (≈14 ± 1.2% dry weight content) to prevent its spoilage during its transportation to Compiègne, France. The frozen A. platensis paste was stored at −20 °C. The pastes were thawed at ambient temperature and diluted with deionized water to prepare algal solutions with a concentration of 5% by weight dry matter (henceforth %). The feed solution had a pH of 7.06 ± 0.3, a conductivity of (1.62 ± 0.12) mS/cm, and a zeta potential of −17.3 ± 0.9 mV (Zetasizer, Malvern Panalytical Ltd, Malvern, UK). An A. platensis feed solution that did not undergo further treatment was used for control experiments hereby referred to as untreated.



Scanning electron microscopy (SEM, Quanta FEG 250, FEI, Eindhoven, The Netherlands) was used to monitor any changes in the microstructure of the algal cells, with an applied voltage of 20 kV. The SEM image of the untreated feed solution is shown in Figure 1a.



To study the effect of preliminary cell disruption on the filtration and electrofiltration behavior as well as its effect on the extractability of biocompounds, A. platensis suspensions were pretreated by an ultrasonic processor at 400 watts for 20 min (UP-400S, Hielscher Ultrasonics, GmbH, Teltow, Germany). A. platensis cells were disrupted into cell debris after the US pretreatment as shown by the SEM image in Figure 1b. The untreated and US-treated solutions had the same pH values of 7.7 ± 0.1, whereas the electrical conductivity increased from (1.03 ± 0.12) mS/cm to (2.49 ± 0.24) mS/cm after the US treatment due to the release of cellular compounds.




2.2. Dead-End Filtration and Electrofiltration


Two types of dead-end filtration experiments were carried out: pressure filtration at a constant pressure of 1 bar and electrofiltration at a constant electric current of 60 A/m2 and the same pressure of 1 bar. The filtration equipment (Figure 2) consisted of a 1 L feed tank connected to a pressurized air system, a stainless-steel support with a screw to secure the independent parts of the system together, and a polypropylene filtration cell (circular cross section 24.6 cm2, volume 49.2 cm3) equipped with a feed inlet and valve. Both sides of the filtration cell were covered with a disposable PVDF membrane (Nafion MV020T, Millipore, Burlington, MA, USA) with a pore size of 0.2 µm. Prior to use, the membranes were activated by soaking them in deionized water for 30 min. The wire mesh electrodes made of titanium (anode) and inox (cathode) were placed on the outer side of the filtration cell in a way that would prevent them from being in direct contact with the filter cake.



The filtration time of 150 min was needed to fill the filtration cell by the cake in filtration conditions. The graph t/V vs. V curve presented in Figure 3 deviates from the straight line at the filtration time   t > ~  150 min indicating that the filtration cell is completely filled by the cake. This was assessed based on Ruth–Carman’s filtration model [44] as presented in Equation (1):


    t −  t 0    V −  V 0    =   ∝ · μ ·  C 0    2  A 2  Δ P    (  V +  V 0   )  +    R m  · μ   A · Δ P    



(1)




where t is the time (s), V is the total volume of filtrate (m3), α is the specific resistance of filter cake (m/kg), A = 49.2 cm2 is the total cross sectional filtration area, µ = 10−3 Pa.s is the filtrate viscosity, C0 is the concentration of the feed solution (kg/m3), ΔP is the applied pressure (Pa), Rm is the filter media resistance (m−1), and V0 (mL) is the initial volume of filtrate recuperated at the time t0 (s) needed to attain stabilized filtration regime. The specific resistance of the filter cake α obtained by filtration at 1 bar was found to be equal to 1.94 × 1013 m/kg for the untreated sample (Figure 3) and 3.87 × 1015 m/kg for the US-treated sample. Similarly, the high specific cake resistances of the order of 1.0 × 1014 m/kg were recorded for the filtration of powdered Chlorella vulgaris microalgae [32].



The increase in the specific cake resistance α after US treatment is related to the disruption of A. platensis cells.



The same experimental setup was used for both filtration and electrofiltration experiments. Filtrates from each outlet of the filtration cell were collected in separate beakers. The electricity supply was set using the EV261 direct electric current generator (0–1 A, 0–600 V, Consort, Turnhout, Belgium) and was monitored using a multimeter (FLUKE 45). The filtration rates were obtained by continuously measuring the mass of the obtained filtrates with two electronic balances (METTLER PM6000, max weight: 6000 g, resolution: 0.01 g and SARTORIUS (max weight: 600 g, resolution: 0.1 g). The filtrate masses, and the applied currents and voltages were recorded by the HPVEE filtration acquisition software (Electronic Service, UTC, Compiègne, France). The interval between each measurement was fixed at 60 s. The temperature at the electrodes was measured using flexible K-type thermocouples, connected to a 4-channel thermometer (Extech Instruments, Nashua, NH, USA). The pH and conductivity of the filtrate were measured using a Consort multimeter.




2.3. Freeze Drying the Filter Cake


For the experiments using untreated microalgae, the filter cakes obtained by both filtration and electrofiltration were freeze-dried. The samples were initially frozen at −20 °C, they were then placed on a pre-cooled shelf at ≈−20 °C in a SMH 15 freeze-dryer (Usifroid, Maurepas, France) and freeze-dried until each sample reached a constant weight, indicating that they were completely dry.




2.4. Filtrate and Filter Cake Characterization


Filtrates and dispersed filter cake samples were centrifuged at 13,500× g RCF for 10 min; then, the supernatants were collected and analyzed. The freeze-dried cakes were hand pulverized into a finer powder; then, the obtained powder was dispersed into deionized water and vortexed.



2.4.1. Protein Characterization


The protein content of the samples was determined using Bradford’s method [64], where 100 μL of the supernatant was vortexed with 1 mL of Bradford dye reagent (Alfa Aesar, Thermo Fisher Scientific, Bremen, Germany). Then, the mixture was incubated for 10 min in the dark at room temperature and the absorbance was measured at 595 nm (Biochrom Libra S32, Biochrom Ltd., Cambridge, UK). The blank consisted of 100 μL of deionized water with 1 mL of Bradford dye reagent. The calibration curve was obtained using Bovine Serum Albumin (BSA) as a standard and the results were expressed as milligrams BSA equivalent per gram dry algal biomass (mg BSA equivalent/g d.m.).




2.4.2. Pigment Characterization


The phycobiliprotein content was determined by applying a slightly modified version of the formulas developed by Bennett and Bogorad [65], as shown in Equations (2)–(4):


   C  C − P C   =  [   A  620   −  (  0.474    A  652    )   ]    /   5.34  



(2)






   C  A P C   =  [   A  652   −  (  0.208    A  620    )   ]    /   5.09  



(3)






   C  P E   =  [   A  562   −  (  2.41    C  C − P C    )  −  (  0.849    C  A P C    )   ]    /   9.62  



(4)




where    C  C − P C     is the C-phycocyanin concentration (mg/mL); CAPC is the allophycocyanin concentration (mg/mL);    C  P E     is the C-phycoerythrin concentration (mg/mL); and    A  562    ,    A  620     and    A  652     are, respectively, the absorbances of the sample at 562 nm, 620 nm, and 652 nm. The concentrations were then converted to mg/g dry A. platensis (hereby, referred to as mg/g d.m.).




2.4.3. Filter Cake Dryness


To determine the dryness of filter cake, the wet cake was placed in an oven at 105 °C for 24 h. The filter cake’s dryness was calculated based on Equation (5) [54]:


  % d r y n e s s =    m  w e t   c a k e        m  d r y   c a k e       × 100  



(5)




where    m  w e t   c a k e       and    m  d r y   c a k e       are, respectively, the masses of wet and dry filter cake (g).





2.5. Energy Consumption


The specific energy consumption during electrofiltration was calculated using Equation (6) [54]:


  E =  1   M l      ∑   j = 1  Z     I j  ·  U j  · Δ t   3600    



(6)




where E is the specific energy consumption (kWh/kg water removed),    M l    is the mass of water removed under the influence of an electric field (kg), Ij is the current intensity (A), Uj is the voltage (V), and Δt is the time interval between subsequent measurements (s). j and Z represent the number of measurements, with j being the first measurement when an electric field is applied, thus only taking into account the volume of water removed due to the application of an electric field.




2.6. Statistical Analyses


All the experiments were repeated at least three times. All the results are presented with the calculated standard deviation.





3. Results and Discussion


3.1. Filtration and Electrofiltration Behavior


Filtration and electrofiltration kinetics for the untreated A. platensis microalgae are presented in Figure 4. The quantity of filtrate obtained during electrofiltration from the anode side of filter cell was very small (24.93 ± 7.45 mL), while the quantity of filtrate obtained from the cathode side of the filter cell was considerably larger (116.6 ± 0.96 mL). This is explained by the negative charge of the microalgae particles, which migrate towards the anode due to electrophoresis forces. As a result, the filter cake is more intensively built near the anode, which in turn decreases the filtration kinetics on the anode side. Simultaneously, electroosmotic forces in the pores of the filter cake push the liquid to flow towards the cathode, thus increasing the quantity of filtrate obtained from the cathode side. Similar observed behavior during electrofiltration has been reported in literature for different types of suspensions [38,50,61,66]. The total quantity of filtrate obtained after 150 min of electrofiltration (EF-total) was higher (141.52 ± 6.09 mL) than that obtained by pressure filtration (F-total) (111.84 ± 10.18 mL). It appears that the total quantity of filtrate obtained by electrofiltration and pressure filtration is nearly identical during the first 50 min and then gradually deviates, increasing more rapidly for electrofiltration (Figure 4). This difference in kinetics can be explained by the mechanism of cake formation at the cathode side of filter chamber, which has several stages [67]. Initially, the cake gradually becomes thicker on the cathode side, subsequently decreasing the filtration rate. However, only a rather thin layer of particles is deposited on the cathode side because of the electrophoretic force that pushes the negatively charged microalgae particles towards the anode. When the velocity of cake formation on the cathode side decreases and becomes equal to the electrophoretic velocity, the cake stops growing, and the filtration rate from the cathode side becomes constant. This leads us to speculate that the first stage of more intensive cake formation on the cathode side lasted for about 50 min in our experiments. The cake formation on the cathode side reached a state of equilibrium with the particles flowing towards the anode, which can explain the faster filtration rate obtained by electrofiltration.



The filtration and electrofiltration kinetics for US-pretreated A. platensis are presented in Figure 5. US pretreatment reduces the size of the microalgae particles and destroys the cells’ structure, as revealed by the SEM imaging (Figure 1b). Consequently, cellular compounds are better extracted after the US pretreatment. However, US pretreatment considerably decreases the filtration rate due to the higher specific resistance of the formed filter cake, which increased by approximately 200 times in our case (from 1.94 × 1013 to 3.87 × 1015 m/kg). Moreover, cell debris and the released intracellular compounds can lead to membrane fouling by pore blocking [48,62,68,69,70]. During the filtration of A. platensis polysaccharides, cell debris, and exopolymeric materials secreted from the microalgal cells were reported to be the main cause of membrane fouling [71,72].



The quantity of filtrate obtained during pressure filtration of US-treated A. platensis was very small, reaching a total volume of 12.84 ± 0.71 mL. The same volume of filtrate was approximately obtained from the anode side of the filter cell during electrofiltration of US-treated A. platensis (EF-anode). Electrofiltration considerably increased the filtration rate from the cathode side of the filter cell (EF-cathode). Consequently, the final total volume of filtrate obtained by electrofiltration (EF-total) was 4 times larger than that obtained by filtration (F-total).



Figure 6 presents the photos of filter cakes formed by filtration and electrofiltration. Filter cakes formed by both filtration and electrofiltration of the untreated microalgae suspension have a thickness of 2 cm and occupy the entire volume of the filter chamber after a filtration time of 150 min (Figure 6a,b).



The dryness of the filter cake formed by electrofiltration is somewhat higher (16.04 ± 0.2)% than that of the filter cake formed by filtration (13.0 ± 0.47)%. Filter cakes formed from the US-treated A. platensis suspension incompletely occupy the volume of the filter chamber (Figure 6c,d). This is more prominently observed with the filter cake formed by filtration (Figure 6c), which remains in liquid form and has a dryness of (6.75 ± 0.02)%. The filter cake formed by electrofiltration is better structured (Figure 6d) and has a higher dryness (10.07 ± 0.32)%. The difference observed between the cakes formed using untreated and US-treated A. platensis can be associated with the difference in the particles’ shape and size as clearly illustrated in the SEM imaging (Figure 1a,b). Many studies have investigated the influence of the particle shape and size on filtration kinetics and the properties of the filter cake [66,73,74,75]. The higher cake dryness reported for the electrofiltration experiments compared to the filtration experiments was expected, since the application of an electric filed during filtration has been proven to increase the cake dryness due to the electrokinetic phenomena that take place [39,40,50,76].



Figure 7 presents the specific energy consumption over time during electrofiltration of the untreated and US-treated A. platensis suspension, calculated using Equation (6). It is observed that the energy consumption increases more rapidly during the electrofiltration of US-pretreated microalgae. As a result, the final energy consumption was 0.24 kWh/kg water removed for the electrofiltration of US-pretreated A. platensis, while it was limited to 0.07 kWh/kg water removed for the electrofiltration of the untreated A. platensis. This is easily explained by the higher electric resistance of the filter cake as well as the higher voltage during the electrofiltration of US-pretreated A. platensis. For instance, the initial value of the voltage (at a constant electric current density, I = 60 A/m2) was U0 = 4.51 V. At the end of the electrofiltration process at I = 60 A/m2 the value of the voltage increased up to (38.61 ± 1.77) V and (50.37 ± 5.01) V, respectively, for the untreated and US-pretreated microalgae. A study had also reported that electrically assisted filtration became more efficient with an increase in voltage and/or ionic strength [63]. The temperature increase measured near the electrodes was moderate for both untreated (final temperature reaching up to   ≈ 32   °C) and US-pretreated (final temperature reaching up to   ≈ 35   °C) A. platensis.



Data presented in Figure 7 show that electrofiltration consumes less energy for the dewatering of microalgae when compared to thermal processing techniques. For instance, drum drying of microalgae has an energy consumption of 0.9 kWh/kg water removed, and spray drying has an even higher energy consumption of 1.09 kWh/kg water removed [77].




3.2. Qualitative Characteristics of Extract Solutions and Filter Cakes


Table 1 shows the characteristics of the untreated and US-pretreated A. platensis feed solutions used for the filtration and electrofiltration experiments. The untreated and US-treated feed solutions had similar pH values which were close to being neutral, whereas the conductivity increased by a factor of 2.4, i.e., from (1.03 ± 0.12) mS/cm for the untreated solution to (2.49 ± 0.24) mS/cm for the US-treated feed solution.



The change in conductivity for US-treated microalgae can be directly related to the release of bioactive compounds from the cells into the medium after cell disruption. This is further proven by the spectrophotometric analyses (Table 1). For instance, after the US treatment the concentrations of protein, phycocyanin concentration (C-PC), allophycocyanin concentration (APC), and phycoerythrin concentration (PE) in the feed solution were, respectively, increased by approximately 1.73, 1.20, 1.98, and 10.4 times.



Table 2 presents the qualitative characteristics of filtrates obtained by filtration and electrofiltration of the untreated and US-pretreated A. platensis suspensions. Electrofiltration significantly modified the characteristics of the filtrates obtained from the cathode and anode sides of the filter chamber. The filtrate obtained from the anode side was acidic with a pH, respectively, equal to 2.7 ± 0.02 and 4.05 ± 0.09 for the untreated and US-pretreated A. platensis. On the contrary, filtrate obtained from the cathode side was alkaline with approximatively the same pH of 12.1–12.3 for both untreated and US-pretreated A. platensis microalgae. The observed pH changes are related to the electrolysis reactions on the electrodes and are in accordance with the findings reported in literature for electrofiltration of microalgal solutions [62] as well as for other types of solutions [50,60,78].



The conductivity of the filtrates obtained by electrofiltration was significantly higher than the conductivity of the filtrates obtained by filtration, especially for US-pretreated A. platensis. The quantity of proteins detected in the filtrate obtained by filtration was very low for the untreated microalgae, (1.37 ± 0.27) mg/g d.m., and it significantly increased after the US treatment, (15.56 ± 1.5) mg/g d.m. The PVDF membrane with a pore size of 0.2 µm used in this paper may retain a small portion of protein molecules, as many studies have found that different extents of protein binding can occur when using PVDF membranes [79,80,81,82]. The formed A. platensis filter cake, which has a significant specific resistance, may also hinder the passage of proteins into the filtrate. The concentration of C-phycocyanin was lower in the filtrate obtained by filtration than in the feed solution. However, the blue was clearly visible for the filtrates obtained by filtration from both the untreated (Figure 8a) and US-treated (Figure 8b) microalgae suspensions. The concentration of other pigments in the filtrate was very low and can be considered negligible. Electrofiltration led to the extraction of different concentrations of protein in the filtrate obtained from the anode and cathode sides of the filter cell. The quantity of proteins obtained in the filtrate on the cathode side was somewhat higher (in comparison with the filtrate on the anode side), but it remained lower than the concentration detected in the feed solution. Other microalgae compounds that are present in the filtrate were detected in negligible amounts, which explains the absence of the blue color for the filtrates obtained by electrofiltration (Figure 8c–f).



The extraction of negligeable amounts of phycoerythrin (PE) was expected, given the initially lower concentration of PE detected in the feed solution compared to the other biocompounds that were extracted. This has been observed in a study extracting phycocyanin and phycoerythrin from A. platensis using protic ionic liquids and it was also associated with the lower concentrations of PE initially present in the algal cells compared to the more abundantly present phycocyanin [83].



The filter cakes obtained by filtration and electrofiltration of the untreated A. platensis suspension were analyzed after they had been freeze-dried (Table 3). This helped preserve the residual microalgae compounds within the cake by eliminating the use of high drying temperatures, which have been associated with pigment and protein denaturation [84,85,86,87]. It is evident from the data presented in Table 3 that the protein, C-phycocyanin, allophycocyanin, and C-phycoerythrin were conserved in the filter cake obtained by filtration. However, protein and other microalgae compounds were detected in very low concentrations in the freeze-dried filter cake obtained by electrofiltration. This could be explained by protein denaturation for more alkaline and acidic pH values of 11 and 4.5 as interpretated in previous studies [85,88].



Figure 9 shows the images of the freeze-dried filter cakes obtained by filtration (a) and electrofiltration (b) from the untreated microalgae. The surface of the freeze-dried filter cake obtained by filtration has a clearly visible blue pigmentation. However, the surface of the filter cake obtained by electrofiltration has brown and dark green tints, as well as a white residue, which could indicate the presence of salts. The visual attributes of the cake obtained by electrofiltration are probably due to the formation of electrolysis products.



Dispersing the freeze-dried cakes obtained by filtration (Figure 9a) and electrofiltration (Figure 9b) provided further visual evidence that very low amounts of C-phycocyanin were present in the cake formed by electrofiltration compared to the relatively higher amount present in the cake formed by filtration, as quantitatively demonstrated in Table 3.





4. Conclusions


Dead-end filtration of untreated A. platensis can efficiently concentrate this microalga and increase the concentration of dry matter from 5 to 13%. Moreover, the obtained filter cake is rich in protein, phycocyanin, and allophycocyanin, whereas the filtrate is poor in these extracts, eliminating the need of additional separation steps. However, the specific resistance of the formed filter cake is rather high (1.94 × 1013 m/kg), which reduces the filtration kinetics.



Ultrasonic (US) pretreatment disrupts A. platensis cells and permits a better release of microalgae biocompounds in the filtrate. However, US pretreatment leads to the reduction in the filtration rate due to the formation of a filter cake with a very high specific resistance (3.87 × 1015 m/kg). The lower filtration rate subsequently leads to the formation of a cake with a low concentration of dry matter (6.75%).



Electrofiltration of the untreated A. platensis suspension increases the cake dryness (to 16%) and enhances the filtration rate with an energy consumption of 0.07 kWh/kg water removed, which is considerably lower than the energy consumption of thermal drying techniques. However, microalgae biocompounds extracted from the untreated A. platensis were denatured during electrofiltration, probably due to the extreme pH conditions and electrolysis phenomena.



Furthermore, electrofiltration of US-pretreated A. platensis is also effective for enhancing the filtration rate and increasing the cake dryness (up to approximately 10%). However, this process consumes more energy (0.27 kWh/kg) and does not have any additional advantages in comparison with the electrofiltration of untreated microalgae.



Due to the ability of electrofiltration to enhance the filtration rate and subsequently improve the cake dryness, further studies should be conducted to optimize the processing conditions and prevent the denaturation of biocompounds of interest. More specifically, electrofiltration should be performed at neutral pH conditions, which can be achieved by filtrate recirculation.
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Figure 1. SEM images of the untreated (a) and US-treated (b) suspensions of A. platensis microalgae. 
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Figure 2. Picture of the dead-end filtration/electrofiltration cell and feed tank (a) and a schematic representation of the dead-end filtration/electrofiltration equipment (b). 
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Figure 3. Typical example of filtration data for the untreated A. platensis samples. 
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Figure 4. Filtrate volume obtained from the anode side (EF-anode), cathode side (EF-cathode), and both sides (EF-total) during electrofiltration of the untreated A. platensis suspension. F-total is the total filtrate volume obtained during pressure filtration. 
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Figure 5. Filtrate volume obtained on the anode side (EF-anode), cathode side (EF-cathode), and both sides (EF-total) during electrofiltration of the US-treated A. platensis suspension. F-total is the total filtrate volume obtained during pressure filtration. 
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Figure 6. Filter cakes formed from the untreated A. platensis suspension by filtration (a) and electrofiltration (b). Filter cakes formed from the US-treated A. platensis suspension by filtration (c) and electrofiltration (d). 
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Figure 7. Specific energy consumption over time during electrofiltration of the untreated and US-treated suspension of A. platensis. 
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Figure 8. Filtrates obtained by filtration from the untreated (a) and US-treated (b) microalgae suspensions. Filtrates obtained by electrofiltration from the untreated ((c): anode side, (d): cathode side) and US-treated ((e): anode side, (f): cathode side) microalgae suspensions. 
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Figure 9. Images of freeze-dried filter cakes obtained by filtration (a) and electrofiltration (b) from the untreated microalgae and the same freeze-dried cakes dispersed in water for filtration (c) and electrofiltration (d). 
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Table 1. Characteristics of the untreated and US-treated A. platensis.
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	Feed Solution
	Untreated
	US Treated





	pH
	7.87 ± 0.06
	7.38 ± 0.13



	Conductivity (mS/cm)
	1.03 ± 0.12
	2.59 ± 0.3



	Protein concentration (mg/g d.m.)
	15.69 ± 0.79
	27.18 ± 2.38



	C-PC concentration (mg/g d.m.)
	2.65 ± 0.96
	3.17 ± 0.3



	APC concentration (mg/g d.m.)
	1.07 ± 0.3
	2.12 ± 0.33



	PE concentration (mg/g d.m.)
	0.12 ± 0.08
	1.25 ± 0.07
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Table 2. Qualitative characteristics of filtrates obtained by filtration (F) and electrofiltration (EF) of the untreated and US-pretreated A. platensis microalgae.
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Untreated

	
US Treated




	

	
F

	
EF

	
F

	
EF






	
pH

	
Anode

	
7.43 ± 0.19

	
2.71 ± 0.02

	
7.73 ± 0.25

	
4.05 ± 0.09




	
Cathode

	
12.3 ± 0.02

	
12.1 ± 0.08




	
Conductivity (mS/cm)

	
Anode

	
2.19 ± 0.21

	
5.66 ± 0.76

	
2.98 ± 0.14

	
10.37 ± 4.24




	
Cathode

	
6.71 ± 0.27

	
16.2 ± 1




	
Protein concentration (mg/g d.m.)

	
Anode

	
1.37 ± 0.27

	
0.28 ± 0.01

	
15.56 ± 1.5

	
Negligible




	
Cathode

	
4.88 ± 0.05

	
2.71 ± 0.2




	
C-PC concentration (mg/g d.m.)

	
Anode

	
0.43 ± 0.04

	
Negligible

	
0.21 ±0.02

	
Negligible




	
Cathode

	
Negligible

	
Negligible




	
APC concentration (mg/g d.m.)

	
Anode

	
Negligible

	
Negligible

	
0.17 ± 0.03

	
Negligible




	
Cathode

	
Negligible

	
Negligible




	
PE concentration (mg/g d.m.)

	
Anode

	
Negligible

	
Negligible

	
Negligible

	
Negligible




	
Cathode

	
Negligible

	
Negligible
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Table 3. Qualitative characteristics of freeze-dried filter cakes obtained by filtration and electrofiltration of untreated A. platensis.






Table 3. Qualitative characteristics of freeze-dried filter cakes obtained by filtration and electrofiltration of untreated A. platensis.





	Cake
	Filtration
	Electrofiltration





	Protein concentration (mg/g d.m.)
	164.5 ± 0.57
	1.81 ± 0.02



	C-PC concentration (mg/g d.m.)
	43.2 ± 0.12
	0.33 ± 0.01



	APC concentration (mg/g d.m.)
	18.14 ± 0.06
	0.28 ± 0



	PE concentration (mg/g d.m.)
	0.6 ± 0.41
	0.09 ± 0
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