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1. Introduction  

The global population is expected to increase by over a third, 

until 9 billion, by 2050 [1]. The emerging economies rely heavily on 

the natural resources of the earth and the demand for commodities 

will rise exponentially [2]. Therefore, more than ever, there is a 

challenge and necessity of developing a sustainable economy. 

Microalgae have received much interest as a sustainable biofuel 

feedstock, using its lipid content, in response to the uprising energy 

crisis [3]. And although it has been proved that the conversion of the 

microalgae lipids to biofuels is possible, the high production cost 

and overwhelming capital investments make this technology 

economically uncompetitive with the fossil fuel industry [4]. Hence, 

the extraction of high-value microalgal co-products has been studied 

to improve the economics of the process, applying a concept of 

microalgae biorefinery. Examples of these high-value products are 

pigments, proteins, lipids, carbohydrates, vitamins, and anti-

oxidants, with applications in cosmetics, nutritional and 

pharmaceuticals industries [3]. Some of the advantages of using 

microalgae for the extraction of high-value products is that it can be 

cultivated by utilizing only water, salts, and CO2, which may be 

available at minimum cost. It does not create the competition for 

land and food crops as microalgae can grow on degraded land [5]. 

Proteins are one of the microalgae co-products with higher 

scientific interest. There is a growing need for sustainable sources of 

protein for food and feed applications. It is estimated, that by 2050, 

the population growth would require a 70% increase in food 

production [6], which would be translated into a huge conversion of 

nature fields into agricultural land [2]. However, the fractionation of 

the protein content of microalgae is still an inefficient process, and 

the yields are still low.  

Some species of microalgae are known to contain protein levels 

similar to those of traditional protein sources, such as meat, egg, 

soybean, and milk [7], but to increase the applicability of microalgae 

protein in foods, and to follow a biorefinery concept, these have to 

be extracted from the cell. 

The aims of this work are therefore to improve the cell 

disruption of the species N. gaditana and N. oleoabundans for the 

maximum release of the protein content, optimize the centrifugation 

as a step for cell debris removal and study an ultrafiltration system 

as a way to obtain an enriched microalgal protein fraction, free from 

chlorophyll. 

One of the determinant factors in the cell disruption efficiency of 

microalgae is the structure of the cell wall.  For example, the cell 

disruption of Nannochloropsis is much more difficult than Dunaliella 

due to the presence of a thick resistant cell wall [8]. Both species used 

in this project have very resistant cell walls ([9],[10]). Nevertheless, 

Safi et al. (2017) [9] has obtained a disruption yield of 97% with N 

.gaditana, after one homogenization pass at 1500 bar and for N. 

oleoabundans, Wang et al. (2015) [10] reported 85% of cell disruption 

after 2 passes at 800 bar. Therefore, this seems to be an effective cell 

disruption method for these species disruption, which operates in 

relatively mild conditions, and so it was the method studied in this 

project. The combination of this mechanical disruption technique 

with a chemical treatment will be tested, by increasing the pH of the 

suspension to 9, before homogenization, since several reports state 

that the microalgae membranes cell are more fragile and more 

permeable at alkaline pH ([11], [12]). 

After homogenization, the solution will be centrifuged for the 

removal of cell debris. The objective of this step will be to recover 

the maximum volume of supernatant, as clarified as possible (the 

pellet must be compact) without decreasing the concentration of 

soluble protein in the supernatant and allowing a high recovery 

yield. 

Several different methods have been evaluated for the 

fractionation/concentration of proteins from microalgae. Cavonius 

et al., (2015) [13],  used a pH-shift precipitation method based on 

isoelectric points to obtain a protein isolate, and achieved a yield of 

80%(w/w). However, the authors report some proteins can lose their 

activity when precipitated [14]. Vanthoor-Koopmans et al. (2012) 

[15], has highlighted the use of surfactants for protein separation 

and Desai et al. (2014) [16] has tried ionic liquids based aqueous two-

phase separation. More recently, Waghmare et al. (2016) [14] studied 

a three-phase partitioning from crude microalgae obtaining a phase 

with 78%(w/w) of protein. Another possible protein fractionation 

process is ultrafiltration. This process is chemical-free, low energy, 

provides mild conditions, and therefore will be the tested 

fractionation process in this project. The integration of membrane 

technology to purify microalgal proteins is not highly developed. 

Ursu et al., (2014)  [11], has tried a polyethersulfone (PES) 300 kDa 

membrane on a supernatant from C. vulgaris, however, 87% (w/w) 

of the proteins remained in the retentate. More recently, Safi et al. 

(2017) [17] obtained a protein yield of 23% in the permeate for N. 

gaditana, using a PES 300 kDa membrane.  
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 This project was conducted with the objective of extracting the protein content, free from chlorophyll, from the green microalgae 

species Nannochloropsis gaditana and Neochloris oleoabundans. The combination of the high-pressure homogenization (HPH) with an 

alkaline pH adjustment of the microalgae suspension was tried in order to increase the protein release. Although the pH adjustment 

increased the permeability of intact cells, the results in combination with the homogenization were not satisfactory. The centrifugation 

parameters were optimized, leading to concentration ratios in the supernatant of 42.2% and 62.4%/initial concentration for N. gaditana 

and N. oleoabundans and yields of 31.0% and 49.4%(w/w initial protein) for the respective species. The flocculation of the cell debris by 

pH variations was studied to improve the centrifugations. More supernatant was recovered at acidic pH, but many proteins also 

precipitated at these pH values, and so the yields after centrifugation were lower than at native pH for both species. Next, it was 

discovered that by doing the centrifugations at lower biomass concentrations, for example, with 50 g/l instead of 100 g/l, the yield 

increases 5.5%(w/w initial protein) on N. gaditana and 12.8%(w/w initial protein) on N. oleoabundans. An ultrafiltration step was done 

to fractionate the protein content, using a 300 kDa polyethersulfone (PES) membrane. The variable in study was the pH, and for both 

species the highest yield was achieved at pH 5, with 29.0% and 35.5%(w/w supernatant protein), for N. gaditana and N. oleoabundans, 

respectively. 
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In this study, the ultrafiltration will be done on the supernatants, 

with the objective of retaining remaining cell debris that did not 

sediment in the centrifugation, and chlorophyll, since the green 

colour is a major obstacle for the industrial applications of 

microalgae protein [18]. A hydrophilic 300 kDa cassette membrane 

will be used (PES) in a tangential flow pattern to counter membrane 

fouling and concentration polarization [19]. The influence of the pH 

of the supernatant will be tested (pH 5, pH 7 and pH 9) to discover 

if it has an influence in both the fluxes and the yields of protein. 

2. Materials and Methods 

2.1. Microalgae and cultivation 

Nannochloropsis gaditana, CCFM-01 (Microalgae Collection of 

Fitoplancton Marino S.L., CCFM) was grown outdoors in horizontal 

tubular 2000 L reactors and harvested in the exponential phase. The 

reactors use pure CO2 injection as carbon source and to control pH 

in the culture. The pH was set at 7.5, while natural light-dark day 

cycles and ambient temperature were used (10-11 h of light, 

temperatures ranging from 10-25°C). The reactors were inoculated 

with cultures grown using the standard conditions of the supplier 

(Fitoplancton Marino S.L.) in saline media, and then were harvested 

by centrifugation during the exponential growth phase and 

supplied as a frozen paste (32%DW) at -20°C. The protein 

composition of the batches used in this project ranged from 45 to 

47%DW. 

Neochloris oleoabundans (UTEX 1185, University of Texas Culture 

Collection of Algae, USA) was cultivated using a fully automated 

1400 L vertical stacked tubular photo-bioreactor (PBR) located in 

inside a greenhouse (AlgaePARC, Netherlands) and then harvested 

and concentrated by centrifugation. The algae were cultivated at a 

pH value of 8.0 and the temperature was controlled at 30 °C. The 

media included NaCl (49.0 g/l), MgCl2 (19.6 g/l), CaCL2 (1.1 g/l), 

K2SO4 (1.7 g/l), NaSO4 (6,4 g/l), NaHCO3 (1.6 g/l). The cultivation was 

carried under natural light-dark day cycles. The microalgae were 

supplied as a frozen paste (22%DW) and stored at -20°C. The protein 

composition of the batches used in this project ranged from 40 to 

51% DW. 

2.2. Cell disruption by high-pressure homogenization 

The microalgae frozen pastes were diluted to 100 g/l of dry 

weight with distilled water and subjected to homogenization using 

a GEA Niro Soavi PandaPLUS 2000. The pressure applied was 1500 

bar with a flow rate of 11 L/h. The temperatures got to 50°C inside 

the machine, and so, a cooling system was integrated outside the 

homogenizer chamber to drop the temperature to around 22°C. 

To study how an alkaline pH affects the permeability of the cell 

membranes, two non-homogenized samples were agitated for 2 

hours with a magnetic stirrer, and the pH of one of them was 

adjusted to pH 9 with NaOH (2M). A sample from the same batch 

was submitted to homogenization to evaluate the relative efficiency 

of this step. After, the samples were centrifuged on centrifuge B (see 

section 2.3), for 15 min., at 22°C and 15000 g. 

In the study regarding the pH adjustment before and after 

homogenization, one microalgae suspension was adjusted to pH 9 

with NaOH (2M), and left agitating with a magnetic stirrer for 2 

hours before homogenization. On the contrary, another microalgae 

sample was first submitted to homogenization and then pH was 

adjusted to pH 9, and it was left agitating for 2 hours. A blanc 

solution, without any pH adjustment was also homogenized. After, 

the homogenized samples were centrifuged in centrifuge B (see 

section 2.3) for 20 min., at 22°C and 30000 g. For N. oleoabundans it 

was possible to obtain a clear supernatant for all samples. However, 

with N. gaditana, in the samples where the pH was adjusted to pH 9, 

the centrifugation was not efficient, being the supernatant extremely 

turbid. For that reason, the turbid supernatants were centrifuged for 

10 min., at 22°C and 30000 g and a clear supernatant was obtained. 

The protein content of that supernatant was then analysed. 

2.3. Centrifugation optimization 

Two centrifuges were used in this project. Both of them were 

used with fixed-angle rotors. The Termo Scientific Sorvall Lynx 6000 

(denominated “centrifuge A”) was equipped with a F14-14×50cy 

rotor, in which falcon tubes of 50 ml were filled with 46 ml of sample. 

The other centrifuge was the Termo Scientific Sorvall RC 6 + 

(denominated “centrifuge B”) and was equipped with a SS34 rotor, 

in which the 40 ml proper centrifugation tubes were filled with 36 

ml of sample. 

The first study regarding the centrifugation aimed to find the 

ideal parameters of the centrifugation (temperature, G force and 

duration), to maximize the yield of protein recovery, by maximizing 

the volume of supernatant recovered and the concentration of 

soluble protein in the supernatant, as well as minimizing its optical 

density. In order to discover the combination of these parameters 

that maximize the centrifugation efficiency, a design of experiments 

was conducted using the software MINITAB, applying the surface 

design tool, using three factors, two duplicates and six central 

points. The software receives as input a range of values for each 

parameter and creates a design of experiments to determine the 

possible outcomes. A broad range of temperatures will be studied, 

from 4°C to 22°C. As for the time, it was decided that the minimum 

duration will be 5 min., and the maximum 15 min., regarding the G 

force the minimum value would be 10000 g and the maximum 15000 

g, which according to previous work in the laboratory of FBR should 

be enough to get a good separation, without entering in high energy 

expense values. The software design of the experiment led to 13 

experiments, combining the different parameters. Two replicates 

were done for each experiment. To further analyse the isolated 

influence of the temperature of the centrifugation, a new study was 

made, fixating the G force at 15000 g, during 15 min., and trying 

several different temperatures: 4°C, 13°C, 22°C, 31°C and 40°C.  

Centrifuge A was used in this study. 

On the study regarding the pH effect on the centrifugation 

efficiency, the pH of the solutions was adjusted after 

homogenization, with either HCl (2M) or NaOH (2M), to pH 4,5,8 or 

9. The solutions were left agitating for 30 min. with a magnetic 

stirrer, before centrifugation on centrifuge B for 15 min., at 22°C and 

15000 g. In the cases of pH 8 and 9, the centrifugations were not 

efficient and therefore the supernatants of the previous 

centrifugation were centrifuged for 10 min., at 22°C and 30000 g to 

obtain clear supernatants. 

To address the influence of biomass concentration, the 

homogenized solutions were diluted with distilled water to obtain 

the desired concentrations and left agitating for 10 min.. Afterwards, 

the centrifugations were performed on centrifuge A.  N. oleoabundans 

was centrifuged for 15 min., at 22°C and 15000 g, and N. gaditana was 

centrifuged for 30 min., at 22°C and 30000 g. 

 

2.4. Ultrafiltration  

The solutions were centrifuged for 15 min., at 22 °C and 15000 g 

on centrifuge A, after homogenization. Afterwards, the pH of the 
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supernatants was adjusted with HCl (2M) and NaOH(2M) to pH 5, 

7 or 9, and the solutions were left agitating for 30 min, before the 

ultrafiltrations. The ultrafiltrations were running until 2/3 of the 

supernatant was filtrated. Every 5 minutes, the weight of the 

permeate was measured. 

The filtration process was conducted using a LabscaleTM TFF 

system (Millipore) fitted with a membrane with a cut-off of 300 kDa 

at a transmembrane pressure (TMP) of 1.38 bar and with a filtration 

area (A) of 50 cm2  (Pellicon XL Ultrafiltration biomax). 300 ml of the 

supernatant obtained after cell disruption and  centrifugation were 

filtrated until 2/3 of the initial volume was permeate. The mass of 

permeate was monitored every 5 min, and the permeate flow rate 

(Jv) was calculated with the following equation: 

 

 

After each trial, the membranes were flushed with distilled 

water and subsequently circulated during 60 min with 0.1 M NaOH. 

2.5. Native-PAGE  

The native protein compositions were also analysed using 

NATIVE-PAGE on a XCell SureLock Mini-Cell Electrophoresis 

System. All samples were diluted with distilled water to 1 mg/ml. 

The gels used Novex™ 4-20% Tris-Glycine. The running buffer was 

the Tris-Glycine native running buffer (10*), the sample buffer was 

Tris-Glycine Native (2×). The standard marker used as reference 

NativeMark™ Unstained Protein Standard from Novex™, all from 

ThermoFisher Scientific. A Power Pac 200 (BioRad) at 125 V was 

used to run the gel, for approximately 90 minutes. After, the gel was 

coloured with the SimplyBlue SafeStain solution and the pictures 

were taken with a GS-800 Calibrated Densitometer. 

2.6. Analytical Methods 

2.6.1. Viscosity  

The viscosity was measured with a LVT Brookfield Dial reading 

viscometer. 50 mL of sample were necessary to do the 

measurements. The values were read 10 seconds after the spindle 

was rotating in the samples. When the effect of the temperature was 

studied, the samples were immersed in a water bath at the respective 

temperatures. 

2.6.2. Optical Density and Optical Density Ratio 

To estimate the quantity of cell debris still in the supernatants 

after the centrifugation, optical density measurements were made at 

750 nm. Normally, the samples were diluted 10×, to keep the 

absorbance bellow 1. The values were measured with a Hach Lange 

DR 3900 spectrophotometer. 

The optical density ratio is a calculation to address the efficiency 

of the centrifugation in removing the cell debris from the solution, 

giving a value of the percentage of debris that are still in the 

supernatant. 
 

 𝑂𝐷𝑅 (%) =
𝑂𝐷𝑠𝑢𝑝𝑒𝑟𝑛.

 𝑂𝐷𝑛𝑜𝑛−𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

× 100 (Eq. 2) 

2.6.3.  Sugar quantification  

The sugars content in the supernatants was approximated by 

measuring the glucose content using a HANNA Instruments HI 

96803 Glucose Digital Refractometer. The instrument measures the 

refractive index to determine the % of glucose in the solution. 

Calibration was made with distilled water. 

2.6.4. Protein quantification 

Protein nitrogen was quantified by Kjeldahl method (Gerhardt 

Analytical Systems – Germany). Dried samples of 200 mg were 

digested by sulfuric acid and high temperature (420 °C) in a 

KJELDATHERM® block heating system. Once the digestion step 

was completed, the samples were transferred to a VAPODEST® 50S 

fully automated system for the distillation and titration. A 

conversion factor of 5.5 was used to calculate the total protein from 

total nitrogen.  

2.6.5. Protein yield  

Two variables were calculated in order to evaluate the process 

efficiency in terms of protein recovery. The first one was the 

concentration ratio (CR%), which gives an indication of the protein 

solubility under the process conditions, after homogenization and 

centrifugation. The second one was the yield of protein. When 

referring to the yield after the centrifugation (Y%), it considers as 

maximum concentration, the concentration of protein in the non-

centrifuged suspension, and as final concentration, the 

concentration of protein in the supernatant. It also takes into account 

the volume of supernatant recovered after the centrifugation, which 

was very dependent on the process conditions. The volume of liquid 

in the centrifugation tubes was considered to be the maximum 

recoverable volume, and corresponds to the total volume of solution 

in the tubes minus the volume occupied by the solids (density of 1 

kg/dm3). Regarding the yield of the ultrafiltration (UFY%), it 

considers the volume and concentration of protein in the 

supernatant, and the same parameters in the recovered permeate. 
 

The following equations were used: 

 

𝐶𝑅 (%) =
𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙)

 𝐶𝑛𝑜𝑛−ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛(𝑚𝑔/𝑚𝑙)
× 100               (Eq.3) 

 

𝑌(%) =
𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑚𝑙) × 𝐶 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙) 

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑡𝑢𝑏𝑒 (𝑚𝑙) ×  𝐶𝑛𝑜𝑛−ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛(𝑚𝑔/𝑚𝑙)
× 100     (Eq.4) 

 

 

 

3.  RESULTS AND DISCUSSON 

3.1. High-pressure homogenization optimization 

3.1.1. Influence of alkaline pH on the permeability of non-

homogenized cells  

The concentration ratios after centrifugation of the non-

homogenized suspensions (NH) at native pH (6.52 for N. gaditana 

and 6.00 for N. oleoabundans), were 10.7%/initial concentration for N. 

gaditana and 33.6%/initial concentration for N. oleoabundans (Fig. 1). 

With homogenization before the centrifugation, the concentration 

ratios obtained were 46.7%/initial concentration for N. gaditana and 

56.7%/initial concentration for N. oleoabundans.  

𝐽𝑣 (
𝑘𝑔

ℎ. 𝑚2
) =

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑀𝑎𝑠𝑠 (𝑘𝑔)𝑡+5𝑚𝑖𝑛. −  𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑀𝑎𝑠𝑠 (𝑘𝑔)𝑡

𝐴 (𝑚2) × 5(𝑚𝑖𝑛. )
× 60 (𝑚𝑖𝑛. )       (Eq.1) 

𝐺𝑙𝑜𝑏𝑎𝑙 𝑌(%) =
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑚𝑙) ×  𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒.(𝑚𝑔/𝑚𝑙)

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑡𝑢𝑏𝑒 (𝑚𝑙) ×  𝐶𝑛𝑜𝑛−𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒(𝑚𝑔/𝑚𝑙)
× 100     (Eq.5) 

𝑈𝐹 𝑌(%) =
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑚𝑙) ×  𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑚𝑔/𝑚𝑙)

𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑚𝑙) ×  𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡(𝑚𝑔/𝑚𝑙)
× 100   (Eq.6) 
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The values of the concentration ratios after centrifugation of the 

non-homogenized samples were surprisingly high when compared 

with the values of the homogenized samples, especially for N. 

oleoabundans, where the homogenization only brought an 

improvement of 23.2%. It is possible that some cells were already 

disrupted due to the freezing-thawing process, justifying the release 

of the intracellular proteins without the cell disruption step [20]. 

Ben-Amotz and Gilboa (1980) [21] reported that when algae are 

cultivated in a saline media, they became especially sensitive to this 

procedure due to the accumulation of salts in the solution. The 

author also reports that the degree of damage reflects different 

properties and compositions of the algal membranes, which may 

indicate that the cell wall of N. oleoabundans is less resistant. In fact, 

N. oleoabundans is a natively fresh water microalgae, with 

halotolerance capacity [22] (opposingly to N. gaditana, which is 

naturally a marine microalgae [23]) and since it was cultivated in a 

saline media, perhaps the cell wall is not so resistant to the osmotic 

pressures variations. Besides, the centrifugation itself can also cause 

the cell disruption of some cells. Xu et al. (2015) [24] reported that 

50% of the cells of Dunaliella salina were disrupted after 

centrifugation during 10 min. at 15000 g (same G force used in this 

study). However, this species has a very fragile cell wall [24], and so, 

the effect of the centrifugation shear stress would not be that 

relevant in microalgae with a rigid cell wall, like N. gaditana [9] and 

N. oleoabundans [10].  

 

 
Fig. 1–Top two graphics show the concentration ratio (CR) and optical density ratio (ODR) 

of the supernatants. The bottom two show the volume of supernatant obtained in each 

centrifugation and the yields. The homogenized solution (HPH) was submitted to 1500 bar. All 

samples were centrifuged on centrifuge B, in 40 ml tubes filled with 36 ml of sample (15 min., 

15000 g, 22°C). The native pH of the suspensions before homogenization was 6.52 for N. gaditana 

and 6.00 for N. oleoabundans. After high-pressure homogenization, the pH increased to 6.70 and 

6.07, respectively. 

The pH 9 adjustment caused an increase in the concentration 

ratios for both species, from 10.7% to 13.4%/initial concentration in 

N. gaditana and from 33.6% to 39.1%/initial concentration in N. 

oleoabundans. This result goes in agreement with Ursu et al. (2014) 

[11], which also denoted an increase of the concentration ratio after 

treatment at pH 9 for the green microalgae C. vulgaris, and with Safi 

et al. (2014) [12], that achieved an increase of soluble protein with 

several green microalgae, at pH 12. According to Safi et al. (2014) 

[25],  for cellulose-rich cell walls, such as N. gaditana and N. 

oleoabundans, the sodium hydroxide is able to penetrate the cellulose 

microcrystalline structure, forming alcoholates in a process similar 

to mercerisation, and can also dissolve the hemicelluloses attached 

to the cellulose, favouring solubilisation of cell wall proteins. 

Besides that, Li et al. (2016) [26] reported that the polar lipids located 

in the cell and chloroplast membranes, can be saponified in this 

bleaching process, weakening the resistance of the cell wall and 

increasing the permeability of the membrane and release of proteins. 

The volumes of supernatant recovered were higher in the 

centrifugations of non-homogenized cells. The non-homogenized 

cells are naturally bigger than the cell debris, which facilitates the 

sedimentation. Nevertheless, since the concentration of soluble 

proteins were lower, the yields turned out to be higher for the high-

pressure homogenized cells. 

3.1.2. Influence of alkaline pH in combination with high-pressure 

homogenization 

After the homogenization, it was very difficult to centrifuge of 

N. gaditana adjusted to pH 9, either before or after homogenization, 

with the supernatant and the pellet being practically 

indistinguishable. At the native pH (6.70) however, there was a 

significant difference between the colour of the supernatant (clear) 

and the colour of the pellet (dark), and so it was possible to separate 

the supernatant, although the pellet was still quite liquid. The 

volumes of supernatant of the samples adjusted to pH 9 were higher 

because, since there was no difference between the supernatant and 

the pellet, the turbid liquid was poured out of the tubes and only 

some particles were sedimented on the bottom. Regarding N. 

oleoabundans, it was possible to get clearer supernatants in all of the 

samples, however, the pH adjustment also had a negative effect on 

the centrifugation efficiency, since the volumes of supernatant 

recovered were lower than at the native pH (6.21). The influence of 

the pH on the volume of supernatant recovered will be studied in 

detail in section 3.2.5.  

Regarding the concentration ratios obtained for N. gaditana, the 

higher values were achieved with the samples treated at pH 9, 

around 75%/initial concentration. At the native pH, a concentration 

ratio of 46.7%/initial concentration was obtained (Fig. 2). However, 

as previously said, the supernatants of the samples treated at pH 9 

were very turbid, meaning that a lot of debris were in the 

supernatant and consequently a lot of insoluble proteins were 

present in those cell debris, making these results misleading. The 

relation between the turbidity and the concentration of insoluble 

proteins will further be explored on section 3.2.1. 

 

 

Fig. 2 – Top two graphics show the concentration ratio (CR) and optical density ratio (ODR) of 

the supernatants. The bottom two, show the volume of supernatant obtained in each centrifugation 

and the yields. The high-pressure homogenized samples (HPH) were submitted to 1500 bar. All 

samples were centrifuged on centrifuge B, in 40 ml tubes filled with 36 ml of sample (20 min., 

30000 g, 22°C). The native pH of the solutions before homogenization was 6.52 for N. gaditana 

and 6.12 for N. oleoabundans. After the high-pressure homogenization, the pH increases to 6.70 

and 6.21, respectively. In the samples treated with pH 9 before homogenization, the pH decreased 

to 8.10 and 7.84. 
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Because the concentration ratios of the N. gaditana samples 

treated at pH 9 were being enhanced due to a high amount of 

proteins included in the cell debris, the supernatants were 

centrifuged again, in order to sediment the cell debris and to 

subsequently analyse accurately the protein concentration of these 

supernatants. After these centrifugations, the concentration ratios 

values were similar (±5,0%) (results not shown), with the value for 

the native pH being slightly superior, which shows that the pH 

adjustments either before or after homogenization don´t have a 

positive influence in the process. 

The yields were higher in the sample treated with pH 9 before 

homogenization on N. gaditana, however, as previously said, these 

results are misleading since the supernatants were very turbid. For 

N. oleoabundans, the higher yield was obtained at the native pH, since 

the concentrations of soluble protein were not affected by the pH but 

it was possible to recover more supernatant at the native pH.  

 

3.1.3. Analysis of the yields obtained at native pH 

 

The yields of protein extraction after homogenization without 

pH adjustment were relatively low, around 27.6%(w/w initial 

proteins) for N. gaditana and 29.7%(w/w initial proteins) for N. 

oleoabundans. And naturally these values are due to the low 

concentration of proteins in the supernatant and the low volume of 

supernatant recovered. 

The values of the concentration ratios were 46.7%/initial 

concentration for N. gaditana and 44.4%/initial concentration for N. 

oleoabundans. The first reason to explain these low results is that the 

microscope pictures show that that there was still a relatively high 

number lot of intact cells after homogenization (pictures not shown), 

and so the intercellular protein wasn´t released. These values are, 

however, in the range of the values reported in the literature for the 

extraction of protein from these species by mechanical cell 

disruption methods. Safi et al. (2017) [9], reported a concentration 

ratio of 50%/initial concentration after high-pressure 

homogenization for N. gaditana and Postma et.al (2016) [27] reported 

a concentration ratio 35%/initial concentration for N. oleabundans 

after bead mill cell disruption. Safi et al. (2017) [9] states that the 

majority of the protein released to the aqueous phase after cell 

disruption by high-pressure homogenization is cytosolic. The fact 

that such low concentration ratios are obtained can be related whit 

the physiology of microalgae cell itself. Like all eukaryotes, but 

unlike the bacteria and archaea domains, algae cells contain 

membrane-bound organelles, including the nuclei containing their 

genetic information [28] and Phong et al. (2016) [27] also reports that 

the intracellular compounds of microalgae, including proteins, are 

mostly located in globules or bound to complex membranes, making 

the extraction of cell contents a great challenge. The majority of this 

membranes and organelles aggregates are expected to sediment in 

the pellet, taking a lot of protein with them. Large amounts of 

anionic cell-wall polysaccharides, such as alginate, in the case of N. 

gaditana, and neutral polysaccharides, like cellulose, present 

abundantly in the cell walls of both species, can also difficult the 

protein accessibility [29].  

The high-pressure homogenization may also be responsible for 

some protein aggregation and consequent sedimentation on the 

centrifugation. The temperatures that the microalgae solution 

attains inside the chamber of the high-pressure homogenizer are 

around 50°C. At temperatures higher that 35°C, proteins start the 

unfolding process, forming an intermediate state, between the 

native and the unfolded state. When the proteins are in the 

intermediate state, it is possible that they attach to other proteins in 

the same state, forming aggregates [30]. In addition, according to 

Jenkins et al. (2002) [31], when there is a partial polymer unfolding 

or denaturation (normally caused by heating), carbohydrates 

molecules can cross-link with each other and with proteins in an 

interconnected three-dimensional network structure. Microalgae 

have high percentages of proteins and carbohydrates in their 

composition, which might enhance this phenomenon. The shear 

stress inflicted throughout this operation can also alter the native 

fold of the protein and break the non-covalently bound subunits, 

leading to further aggregation [32]. 

The other factor that greatly influences the yield is the quantity 

of supernatant recovered. After the centrifugation, the pellets were 

still very loose and liquid, and therefore the decantation of the 

supernatants had to be done carefully so that the debris where not 

taken in the supernatant.  

3.2. Centrifugation Optimization 

3.2.1. Operational Parameters 

After submitting the experimental results in the software, it 

calculated the optimal parameters to optimize each variable. The 

aims were: high supernatant concentration, low optical density, high 

volume, and high yield. The results are exposed in tables bellow 

(Table 1, Table 2).  

Table 1 – Optimized variables according to the Minitab software for N. gaditana, and respective 

centrifugation parameters. 

 
 

 

 

 

 

 
Table 2 – Optimized variables according to the Minitab software for N. gaditana, and respective 

centrifugation parameters. 

 

 

 

 

 

 

 

By analysing the results given by the software, it is possible to 

draw up several assumptions on how the centrifuge efficiency 

depends on the operational parameters 

N. gaditana 

Regarding the concentration of protein in the supernatant of N. 

gaditana, the software indicates that the concentration would be 

higher at cold temperatures, 4.18°C, and for the lowest duration (5.0 

min.) and G force (10000 g) studied. Interestingly, the conjugation of 

parameters that minimize the optical density demonstrate an 

opposite tendency, that is, the highest temperature (22.0°C), 

duration (15.0 min.) and G force (15000 g) studied, which indicates 

that the supernatants with the highest concentrations were also the 

supernatants with the highest optical densities, and therefore with 

the highest concentration of cell debris. In fact, when comparing the 

values of protein concentration with the optical density (Fig.3), we 

find a correlation between the two factors. 

Variable Optimization Temp. (°C) Time (min.) G Force (x1000G) 

Supern. Conc. (g/l) Max. = 23.82 4.18 5.00 10.0 

Supern. OD  Min. = 2.21 22.0 15.0 15.0 

CR (%) Max= 50.17 4.18 5.00 10.0 

ODR (%) Min. = 2.33 22.0 15.0 15.0 

Vol. Supern. (ml) Max.= 18.48 22.0 15.0 15.0 

Yield (%) Max.= 20.56 19.9 15.0 15.0 

 

Variable Optimization Temp. (°C) Time (min.) G Force (x1000G) 

Supern. Conc. (g/l) Max. = 26.17 4.00 5.0 15.0 

Supern. OD  Min. = 0.35 22.0 14.4 15.0 

CR (%) Max. = 63.27 4.00 5.0 15.0 

ODR (%) Min. = 0.33 22.0 14.4 15.0 

Vol. Supern. (ml) Max.= 22.53 22.0 15.0 15.0 

Yield (%) Max.= 32.01 4.00 15.0 15.0 
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Fig. 3 – Relation between the supernatants protein concentration and the supernatant O.D of N. 

gaditana and N. oleoabundans, using the experimental values obtained after the centrifugations 

according to the MINITAB Design of Experiments. 

Knowing that a high quantity of microalgae protein is located in 

the cell membranes [23], it is possible that the reason the software 

indicates that a centrifugation at 4.18 °C, 5.0 min. and 10000 g would 

maximize the protein concentration, is because that same 

supernatant would be the one with the highest turbidity, and 

therefore more insoluble proteins attached to the cell debris. That 

way, it is possible to assume that the range of parameters studied 

does not has a significant effect on the concentration of the soluble 

protein in the supernatant. 

As for the volume of supernatant, the software calculated the 

parameters, 22°C, 15.0 min. and 15000 g to maximize it, which were 

the same parameters for the supernatant with less OD. This means 

that the sedimentation of the cell debris is more efficient the higher 

the temperature, duration, and G force. Although it may be intuitive 

that the higher the duration of the centrifugation and G force, the 

more efficient the centrifugation would be, the relation with 

temperature was studied more intensively in the section 3.2.3. 

Lastly, with respect to the yield, the optimal parameters 

calculated by the software were: 19.9°C, 15.0 min., 15000 g. The 

temperature is 19.9°C because probably it takes into account the 

temperature at which the concentration of the supernatant is 

higher, 4.18°C, and the temperature at what it is possible to get the 

highest quantity of supernatant, 22°C, and the software finds the 

19.9°C as the best temperature when balancing the two factors. 

However, since the temperature did not seem to influence the 

concentration of soluble protein in the supernatant, it plausible to 

conclude that the higher yield would be obtained at 22°C, 15 min. 

and 15000 g.  

N. oleoabundans 

Regarding N. oleoabundans, the majority of the results reflect the 

same tendencies as for N. gaditana, nevertheless, there are some 

considerable differences. Similarly, to N. gaditana, the supernatant 

with less OD would be found close to the maximum values of the 

parameters: 22.0°C, 14.14 min. and 15000 g, and the concentration of 

protein also correlates with the optical density (Fig. 3). 

As for the concentration of protein in the supernatant, the 

software indicates that it would be higher at 4.0°C and 5.0 min. of 

centrifugation, at 15000 g, opposing to the 10000 g of N. gaditana. So, 

although the concentration of debris is higher at 4.0°C, 5.0 min. and 

10000 g which would make that protein concentration higher due to 

the amount of insoluble protein, there has to be a more significant 

cause for the increase in the concentration, related to an increase of 

the G force to 15000 g. From the study done in section 3.1.1, there 

was the indication that the N. oleoabundans cell wall was more 

sensitive to the shear stress inherent to the centrifugation than N. 

gaditana, and some cells may have been disrupted during the 

process. Possibly, some cells still intact after the homogenization, 

might have been disrupted during the centrifugation at 15000 g, 

causing an increment in the protein concentration. 

The software indicates that the yield would be higher at 4.0°C, 

15.0 min. and 15000 g. It reports 4.0°C as the optimum temperature 

because it is influenced by the fact that the concentration would be 

higher at 4.0°C (possibly due to insoluble protein bound to cell 

debris), and that effect overpowers the fact that the volume of 

supernatant would be higher at 22.0°C. Nevertheless, assuming that 

the parameters don’t affect the concentration of soluble protein, as 

reported above, we can deduce that the protein yield would be 

higher at 22.0°C, 15.0 min. and 15000 g. 

3.2.2. Maximization of the supernatant recovery 

As stated above, the yield is highly dependent on the quantity of 

supernatant recovered. The software predicts that the maximum 

volumes recovered with centrifugations at 22°C, 15000 g and for 15 

min. are 18.5 ml for N. gaditana and 22.5 ml for N. oleoabundans. Since 

even in these cases, the pellet has a lot of moist and is relatively 

loose, a new study was made, to know the maximum quantity of 

supernatant that can be recovered, however, the new parameters 

require a lot more energy. 

The centrifugations were done at 30000 g (close to the centrifuge 

maximum). The maximum supernatant recovered was achieved 

after 50 minutes of centrifugation with N. gaditana, and after 40 

minutes for N. oleoabundans. The results are given on Table 3. The 

yields increased considerably due to the higher amount of 

supernatant, being now 31.0%(w/w initial protein) for N. gaditana 

and 49.4%(w/w initial protein) for N. oleoabundans., which shows the 

importance of recovering the highest quantity of supernatant 

possible. 
 

Table 3 – Results after centrifugations on centrifuge A to maximize the supernatant 

recovery. Prior to the centrifugation, the samples were high-pressure homogenized at 1500 bar. 

 

3.2.3. Influence of the temperature on the centrifugation 

efficiency 

The results from the MINITAB (Table 1, Table 2) reported that 

the quantity of supernatant recovered would be higher at the higher 

temperature studied, 22.0°C. To better understand this tendency, a 

new study was made, setting the duration of the centrifugation at 15 

minutes and the G force at 15000 g, and trying several different 

centrifugation temperatures. In Fig. 4, the results clearly show that 

the volume of recovered supernatant increases with the temperature 

in both microalgae. The concentration ratios weren´t affected by the 

different temperatures (results not shown). As a consequence of the 

higher volumes of supernatant recovered at higher temperatures, 

the yields are also higher. 

 
Fig. 4 –The two graphics show the volume of supernatant obtained in each centrifugation and the 

yields. The homogenized solution was submitted to 1500 bar. All samples were centrifuged on 

centrifuge A, in 50 ml tubes filled with 46 ml of sample (15 min., 15000 g, 22°C). The samples 

were adjusted to the respective temperature in water baths. 

 Centrifugation parameters      

 Temp. 

(°C) 

Time 

(min.) 

G Force 

(x1000G) 

CR 

(%) 

ODR 

(%) 

Vol. 

Supern. 

(ml) 

Yield 

(%) 

DW of 

pellet 

(%) 

N. gaditana 30 50 30 42.17 

± 0.29 

1.05 

± 

0.03 

30.50 

± 0.10 

31.00 

± 0.52 

22.38 

± 0.13 N. oleoabundans 30 40 30 62.42 

± 0.45 

0.78 

± 

0.02 

32.51 

± 0.07 

49.40 

± 0.38 

23.95 

± 0.08 
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Thus, knowing that the higher the temperature, the higher is the 

yield after the centrifugation, it is interesting to know what variables 

are being influenced by the temperature, and causing the 

centrifugation to be more efficient. The velocity of the sedimentation 

is influenced by the density of the particles, the density of the liquid 

phase and the viscosity of the liquid. It is possible that the density of 

the liquid decreases with the temperature, since the liquid phase is 

manly composed by water and lipids, and their density decreases 

with the temperature [33]. Another important parameter is the 

viscosity, which will be object of study in section 3.2.4. 

3.2.4. Influence of the temperature on the viscosity of 

homogenized samples  

The results show that the viscosity decreases with the increasing 

temperature until 31°C (Fig. 5), where this tendency gets inverted 

and the viscosity starts to increase. Since the solution is manly 

composed by water and its viscosity decreases with temperature, it 

would be expected that the viscosity kept decreasing with the 

temperature increase. However, this tendency gets inverted after 

31°C, for both species. At temperatures higher than 35°C, proteins 

can  form aggregates, and if the medium conditions allow the 

formation of linear aggregates, a gel viscoelastic response can be 

possible (gelation of proteins) [30]. Carbohydrates molecules can 

also cross-link with each other and with proteins in an 

interconnected three-dimensional network structure, forming a 

polymeric high viscosity gel, when subjected to heating [31]. Starch 

gelatinization catalysed by the heating may also have 

occurred, which causes the viscosity of the solutions to rise steeply 

[34]. 

 
Fig. 5 – Viscosity of the homogenized samples after homogenization at 1500 bar. The samples 

were adjusted to the respective temperature in water baths. 

3.2.5. Influence of the pH on the centrifugation efficiency and 

protein solubility 

The studies of section 3.2.2, revealed that the centrifugation step 

requires a high G force and duration to be efficient, which could lead 

to a high running cost. Besides that, according to Roe et al. 2001 [35] 

when the product of G force and spinning time is greater that 

2.0 × 107g.s, the settling time is considered to be very high and a 

flocculation strategy is recommended. The value for N. gaditana, 

considering 30000 g and 50 min., is 9. 0 × 107 g.s, and for N. 

oleoabundans, 30000 g and 40 min., it is 7. 2 × 107g.s. 

The first evidence worth analysing is the influence of the pH on 

the volume of supernatant recovered. The results in Fig. 6 clearly 

show that the pH has a great effect on the quantity of supernatant 

recovered. Such as in the studies from section 4, the alkaline pH led 

to less efficient centrifugations, especially for N. gaditana. The 

volume of supernatants of N. gaditana at pH 8 and pH 9 were higher 

because the supernatants were not distinguishable, and so the turbid 

liquid was poured out of the tubes and only some particles were 

sedimented on the bottom (Fig. 7). For both species, decreasing the 

pH allowed the recovery of clearer supernatant than at the native 

pH, with more influence for N. gaditana, as at pH 4 it was possible to 

recover more 25.9% of the volume recovered at the native pH.  

 

 

Fig. 6 – The top two graphics show the concentration ratio (CR) and optical density ratio (ODR) 

of the supernatants. The bottom two, show the volume of supernatant obtained in each 

centrifugation and the yields. The samples were submitted to homogenization at 1500 bar. All 

samples were centrifuged on centrifuge B, in 40 ml tubes filled with 36 ml of sample (15 min., 

15000 g, 22°C). Before centrifugation, homogenized samples were agitated for 30 min. at the 

respective pH, with a magnetic stirrer. The native pH after homogenization was 6.60 for N. 

gaditana and 6.07 for N. oleoabundans. 

The presence of anionic and cationic groups (charged carboxyl, 

phosphate or amine groups) as well as hydrophobic zones highly 

controls the ability of microorganisms to flocculate [36]. The pKa of 

carboxyl groups varies between 2 and 6 [36] and so this is the cell 

surface constituent that probably influences the aggregation at 

acidic pH. Liu et al. (2013) [37], reports that for pH > 6.0, the 

microalgae surface charge is dominated by negatively charged 

carboxylate ions and neutral amine groups. As the pH decreases, 

carboxylate ions accept protons and the surface charge of the cells is 

reduced, leading to a reduction of the electrostatic repulsion, and the 

formation of aggregates [38], which are easier to sediment and 

compact in the pellet, leading to an increase of the volume 

recovered.  

On the contrary, when the pH was increased to alkaline values, 

the separation of the supernatant proved to be more difficult. This 

may be caused by the fact that the microalgae cells usually receive 

their negative surface charge and exhibit dispersing stability from 

the ionization of carboxyl groups into carboxylate ions [37]. Since 

more negative charges, in the form of OH‾, are being added to the 

medium, the electrostatic repulsion between the cell debris is 

enhanced, increasing their dispersion, and therefore making it more 

difficult to aggregate and sediment in the pellet. The centrifugation 

was more affected by the alkaline pH for N. gaditana than for N. 

oleoabundans because possibly the repulsion between the cells on the 

first was higher, which can may indicate that the N. gaditana cell 

surface has more negative charges than N. oleoabundans. 

Although it was possible to recover more supernatant (and 

clearer) at acidic pH than at the native pH, the concentration ratios 

were lower. The decrease of protein concentration in the 

supernatant is possibly caused by the neutralization of the proteins 

charge, which leads to a decrease of solubility and consequent 

precipitation in the pellet [13]. This indicates that the isoelectric 

point of a great amount of proteins is in the range of pH 4 to 5. 

Regarding the alkaline pH, for N. gaditana, the concentration ratios 

were much higher because there were still a lot of debris in the 

supernatant with proteins attached to them. As showed in section 

3.2.1, there is a direct relation between the turbidity of the 

supernatant and the protein concentration.  For that reason, the 

supernatants were centrifuged one second time to equilibrate the 

values of OD and eliminate the influence of the proteins attached to 

the cell debris. As for N. oleoabundans, the concentration ratio was 

higher for pH 8 and pH 9, however, since the turbidity was also 
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higher when compared to the values of the other pH, this 

supernatant was also subjected to a second centrifugation to have a 

more accurate concentration of soluble proteins. After the second 

centrifugation, the debris sedimented in the pellet and the 

concentration ratios of the supernatants the centrifugations at pH 8 

and pH 9 were very close to the ones at native pH (results not 

shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7 – Pictures of the pellets and supernatants after the first centrifugations at the different 

pH, for 15min, at 22 °C and 15000 g. Prior to the centrifugations, the samples were high-pressure 

homogenized at 1500 bar. The native pH was 6.60 for N. gaditana and 6.07 for N. oleoabundans. 

Abbreviatures: P-pellet; S-supernatant. 

Regarding the yields, after the first centrifugations, the lower 

values were for observed for pH 4 and pH 5 in both species. For N. 

gaditana the yield was 14.8%(w/w initial protein) at pH 4 and 

15.8%(w/w initial protein) at pH5, and for N. oleoabundans the yield 

was 22.9%(w/w initial protein) at pH 4 and 32.6% (w/w initial 

protein) at pH 5. Which indicates that the increment of volume 

recovered is not sufficient to compensate the lower concentrations 

of protein in the supernatant. The yields were higher at pH 8 and 9 

for N. gaditana, but these values are not reliable because the 

supernatants were extremely turbid and full of insoluble proteins. 

As for N. oleoabundans the yield was higher for the native pH, since 

it was the pH with the highest volume of recovered supernatant, 

comparing with pH 8 and pH 9. Therefore, the best approach to 

achieve the highest yields should be to centrifuge both species at its 

native pH. 

3.2.6. Influence of the concentration of biomass on the 

centrifugation efficiency 

The homogenization and centrifugation were done at a biomass 

concentration of 100 g/l. The concentration is relatively high to 

reduce the running costs, given that less volume is being processed. 

However, this may influence the efficiency of the centrifugation and 

the volume of supernatant recovered, and therefore several other 

concentrations were studied on the centrifugation step: 50, 60, 70, 80, 

90 g/l. 

 
Fig. 8 – The two graphs show the volume of supernatant obtained in each centrifugation and 

the yields. The samples were submitted to homogenization at 1500 bar. All samples were 

centrifuged on centrifuge A, in 50 ml tubes filled with 46 ml of sample (15 min., 15000 g, 22°C). 

N. oleoabundans centrifugations were done for 15 min., at 22 ° and 15000 g, N. gaditana ones 

were done for 30 min., at 22 °C and 30000 g. 

It is clear that the volume of recovered supernatant increases 

when the concentration of biomass is lower (Fig. 8). Obviously, there 

is more water in the solution and less cell debris, however, the pellet 

was much more compact when the concentration of biomass was 

lower. A hypothesis to explain this is that when the concentration of 

biomass is lower, less cell debris need to sediment to form pellet, 

meaning that less liquid gets trapped in the interstitial spaces 

between the cell debris, which makes the pellet easier to sediment, 

and therefore more supernatant is recovered. Besides that, when 

there is less debris in the suspension, the resistance to sedimentation 

in suspension is lower, making it easier for the solids to sediment.   

The yield was also higher for the lower concentration of biomass, 

consequence of the higher volume of supernatant recovered. This 

solution should, however, be evaluated together with the increasing 

of the running costs of the centrifugation, since more volume has to 

be processed to recover the same mass of protein, which could 

implicate buying a centrifuge with higher capacity or doing more 

centrifugations cycles. 

4. Ultrafiltration Optimization 

The ultrafiltration step is used after the centrifugation, to purify 

the protein extract and separate the chlorophyll and the remaining 

cell debris. In this study, the influence of the pH on the permeate 

yield and fluxes was tested. 

4.1. Fluxes of permeate 

One of the important factors on the ultrafiltration operation is 

the permeate flux rate. The effect of pH on the fluxes and yields for 

each microalgae are displayed in Fig. 9. The ultrafiltrations were 

carried on until 2/3 of the supernatant was filtrated. 

 

 

Fig. 9 – Permeate fluxes throughout the ultrafiltration of the supernatants at the different pH, 

using a 300 kDa PES membrane and at a TMP of 1.38 bar.  

Table 4 – Durations of the ultrafiltrations until 2/3 of the supernatant was filtrated and average 

fluxes. 

 

 

 

 

 

It is clear from the flux curves that there was a rapid decrease of 

flux during the first 15 min. of filtration, especially for N. gaditana. 

This decrease can be due to the formation of a concentration 

polarization layer enhanced by gel formation on the membrane 

surface, as the deposition of the proteins occurred [39]. The cell 

debris and polysaccharides deposition on the membrane can also 

have contributed to this resistance increase.  

The lowest permeation fluxes were obtained at pH 5, for both 

species. From the previous studies in this report (section 3.2.5), it 

was found that a high amount of proteins precipitate at pH 5, 

indicating that the isoelectric point of a considerable amount of 

proteins is at that pH. The fact that the lower fluxes were at the pH 

near the isoelectric point of a considerable amount of proteins goes 

in agreement with the study of Fouzia et al. (2015) [39], which 

 N. gaditana N. oleoabundans 

 Duration 
(min.) 

Jm (average) 
(kg.h-1.m-2) 

Duration  
(min.) 

Jm (average) 
(kg.h-1.m-2) 

pH 5 160 15.3 240 10.4 

pH 7 75 33.0 115 21.6 

pH 9 74 33.6 165 16.0 

         N. oleoabundans 

N. gaditana 

N. gaditana          N. oleoabundans 
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studied the effect of pH in the filtration of whey proteins, and 

reported that this phenomenon could be due to the development of 

membrane fouling caused by the deposition of aggregates of 

uncharged protein molecules.  

It is also interesting to analyse the fact that the permeate fluxes 

of N. gaditana were considerable higher than for N. oleoabundans. One 

of the reasons that may justify this has to do with the quantity of 

debris in the supernatant after the centrifugation, which was higher 

for N. oleoabundans (OD=9.6) than in N. gaditana (OD=3.1). Since the 

cell debris are retained completely, it can increase the concentration 

polarization layer thickness, lowering the permeate flux. The 

quantity of protein in the supernatant might also play a role in the 

decreasing of the flux, the concentration of protein in the 

supernatant of N. oleabundans (31.8 g/l) being almost the double of 

the one from N. gaditana (17.1 g/l), creating a more rapid kinetic in 

the deposition process and concentration polarisation [40]. In 

addition, the fact the sugar concentration is higher in the N. 

oleoabundans supernatant (7.2%w/w) in comparison with N. gaditana 

(3.9%w/w) could also influence the resistance. Polysaccharides can 

increase the resistance not only by creating a boundary layer on the 

membrane surface at the early beginning of the ultrafiltration but 

also by adsorption in the membrane and pore blocking [41]. 

4.2. Chlorophyll removal 

The chlorophyll removal was evaluated qualitatively, based on 

the colour of the permeates. The supernatants of both species had a 

dark green colour and all permeates presented a clear yellow 

tonality, apparently indicating a full removal of chlorophyll (Fig. 

10). Being chlorophyll a hydrophobic pigment, it is possible that it 

got repelled by the hydrophilic polyethersulfone (PES) membrane 

[42]. Nevertheless, further quantitative analysis and identification of 

pigments should be performed to all fractions to confirm these 

results. 

 
Fig. 10 - Rretentates and permeates at the end of the filtrations of the supernatants from N. 

gaditana. 

4.3. Yields on the permeate 

The yields of protein in the permeate were slightly higher at pH 

5 for both species (Fig. 11). This goes in agreement with several 

publications that also reported higher ultrafiltration yields in the 

permeate when the pH is at the isoelectric point of the proteins. 

Burns and Zydney  (1999) [43] reported that when the pH is higher 

than the pI, there can be electrostatic repulsion due to charge of the 

membrane and the charge of the proteins being both positive, or 

both negative. PES gets an apparent negative charge at pH higher 

than 3.1 due to the adsorption of OH‾ ions [44]. When the pH of the 

protein solution is at pH 7, a lot of proteins should also be charged 

negatively and so the electric repulsion between some proteins and 

the membrane may prevent the proteins from going through the 

membrane.  

 

 

Fig. 11 – Permeate yields after ultrafiltration at the different pH, using a 300 kDa PES membrane. 

The highest yields obtained were 29.0%(w/w supern. protein) 

for N. gaditana and 35.5%(w/w supern. protein) for N. oleoabundans. 

The first reason that may explain this low yields is the fact that the 

supernatant used after the centrifugation still had some cell debris 

and a high quantity of microalgae proteins is attached to the cellular 

membranes and debris [8], which do not permeate the ultrafiltration 

membrane. Also, since chlorophyll can be aggregated with proteins 

[11], and chlorophyll is a hydrophobic pigment that is completely 

retained by the hydrophilic membrane (polyethersulfone) [42], the 

proteins linked to chlorophyll are restrained from crossing the 

membrane. 

When analysing the Native-PAGE profiles (Fig. 12), it is clear 

that a high amount of proteins is forming complexes with molecular 

weights above 300 kDa, which can also explain the low transmission 

of proteins through the membranes. The presence of the RuBisCo 

protein complex on the Native-PAGE is clear (above the 480 kDa 

band), and this protein is completely retained on the retentates, not 

appearing on any of the permeate profiles.  

The polarisation/fouling layer can reduce the permeation of the 

proteins with lower molecular weight than the membrane cut-off, 

contributing to the lower yield [45]. Hwang and Sz (2011) [46] state 

that membrane fouling is especially difficult to manage when the 

product stream is a bio-mixture with several different components 

coexisting, like polysaccharides and proteins, identically to the 

composition of the microalgae supernatant. In a different study, 

when protein/polysaccharide mixtures were prepared to simulate 

the bio-product of fermentation broths, the filtration flux was much 

lower than that in pure component filtration. This was attributed to 

the more compact structure of the fouled layer formed by multi-

component [47].  In addition, Safi et al. (2017) [17] reports that 

microalgae contain some glycoproteins, covalently linked to large 

polysaccharides, that are retained in a 300 kDa cut-off membrane. 

For all these reasons, the microalgae supernatant seems to be a 

complicated source of native proteins for purification by 

ultrafiltration at 300 kDa. 
 

 
 

 

Fig. 12 – Native-PAGE profiles of N.gaditana and N. oleoabundans samples. M: Marker; 1: 

Supernatants after centrifugation for 15 min., at 22°C and 15000 g (mother solution); 2: Retentate 

pH 5; 3: Retentate pH 7; 4: Retentate pH 9; 5: Permeate pH 5; 6: Permeate pH 7; 7: Permeate pH9. 
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5. Overall Performance 

The following graphs represent the maximum yields achieved in 

this project, when processing 100 g/l microalgae solutions (Fig. 13). 

The ultrafiltration yield is respective to the ultrafiltration at pH 5, 

since it was the one in which the highest yield was obtained.  

  

Fig. 13 – Yields of the centrifugation, ultrafiltration and global of the process, with 100 g/l 

microalgae solutions. The homogenization was done at 1500 bar, the centrifugations were done at 

30°C, and 30000 g for 50 min. with N. gaditana and 40 min. with N. oleoabundans. The pH of the 

supernatants was adjusted to pH 5 and the ultrafiltrations were done using a 300 kDa PES 

membrane  

6. Conclusions 

The high-pressure homogenization at 1500 bar, was proven to be 

a relatively efficient method to disrupt the cell walls. The pH 

adjustment increased the permeability of the cell walls of intact cells, 

but the results of the conjugation with homogenization significant.  

The concentration ratios after the centrifugation, at native pH 

varied between 40 - 48%/initial concentration for N. gaditana and 44 

- 62%/initial concentration for N. oleoabundans in the batches used in 

this project, which means that the cell membranes (and some intact 

cells) in the pellet still account with a substantial amount of insoluble 

protein, and new process strategies should to be applied to recover 

this protein.  

The centrifugation proved to be one decisive step in the process. 

The separation of the cell debris was hard to accomplish in this 

process conditions, especially with N. gaditana. The volume of 

supernatant recovered after the centrifugation was found to be 

temperature dependent, increasing with higher temperatures, and a 

correlation between the temperature and viscosity of the sample was 

verified. 

By doing the centrifugations at acidic pH values (4 and 5) it was 

possible to recover more supernatant because the cell debris 

aggregated and formed more compact pellets. However, since the 

isoelectric point of a lot of proteins was around that pH, a lot of 

proteins precipitated in the pellet, which decreased the yield.  

The concentration of biomass on the centrifuged solutions also 

had a considerable influence in the centrifugation efficiency. It was 

verified that the more diluted is the solution, the more volume of 

supernatant is possible to recover, leading to higher yields.  

The ultrafiltration was the chosen method to fractionate the 

protein content. The pH had a considerable influence on the 

permeate fluxes, in which the fluxes at the lowest pH, 5, were lower 

in both species. It was also the pH in which the highest yield was 

achieved, 29.0%(w/w supern. proteins) for N. gaditana and 

35.5%(w/w supern. proteins) for N. oleoabundans. The permeates 

were free of chlorophyll but the yields are considered low and so 

further investigation would be needed to optimize the fractionation 

of the proteins by membrane processing 
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