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ABSTRACT. Microalgae hold great potential for producing purified high-value products (e.g. pigments and 
polyunsaturated fatty acids) and represent a source of bioavailable nutrients in aquaculture feeds; however, its 
production is limited by the high costs of harvesting. Recently, microalgae autoflocculation has been considered 

a useful solution due to the easy recovery of cell aggregates and natural increase in pH that prevents cell lysis. 
This work evaluates some cultivation conditions that could contribute to autoflocculation, such as natural pH 

increase and precipitate formation over the productivity and flocculation of 16 microalgae consortia. Results 
showed a biomass production of 1.4 to 4.4 dry weight (g L-1) and high flocculation of 81 to ~100%, probably 

due to Ca3(PO4)2 formation. Moreover, the alkaline pH could have facilitated the assimilation of CO2 and 
explained the increase of inorganic carbon in the solution obtained. Likewise, results showed a marked descent 

in electrical conductivity (EC) in solution and high mineral content in the biomass (21.4-35.9%). Finally, this 
study suggests that the studied culture conditions facilitated microalgae harvest, and the resulting biomass could 

be a source of bioavailable dietary minerals. Therefore, some of these results might be addressed in future studies 
with individual microalgae species. 
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While the microalgae biomass could be used as 

feedstock to extract high-value products (e.g. bioactive 

compounds such as polyunsaturated fatty acids, phyco-

biliproteins, and carotenoids), the complete biomass 

could be directly used as food for human, aquaculture, 

and animal nutrition. Due to the supply of high 

bioavailability macro-and micronutrients (Dineshbabu 

et al. 2019), the use of microalgae as feed or feed 

supplements in aquaculture production represents an 

attractive alternative to replace fishmeal. Besides the 

nutritional value (e.g. protein, carotenoids, omega 3 

fatty acid, and minerals), microalgae supplementation 

has shown the ability to improve the survival rates and 
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growth in fishes (e.g. Oreochromis niloticus) and 

shrimps (e.g. Penaeus monodon) (Dineshbabu et al. 

2019). Microalgae biomass as feed for aquaculture can 

be sustainably produced because it uses fewer nutrients 

and water than terrestrial crops. Moreover, microalgae 

can sequester CO2 (greenhouse gas) more efficiently 

than higher plants (Rashid et al. 2014). Despite these 

advantages, no procedure has been developed so far for 

cost-effective microalgae harvesting, which is a critical 

step that contributes to a high cost of the total 

production (20-30% or even more) (Wan et al. 2015). 

Microalgae harvesting typically employs methods such 

as centrifugation, filtration, or sedimentation. Still, it  
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can become technically challenging for large volumes 

of operation due to the small size (2-20 μm diameter), 

low density (0.5-5.0 g L-1 dry weight; DW), and high 

colloidal stability of microalgae (Vandamme et al. 

2013). Therefore, it is essential to develop viable 

strategies to harvest microalgae in large cultures. 

Flocculation technologies have recently been consi-

dered feasible alternatives because the formation of cell 

aggregates of easy recovery is induced (Wan et al. 

2015). Different methods of flocculation have been 

developed for microalgae harvesting. For instance, 

chemical flocculation adding organic polymers/ 

polyelectrolytes (e.g. cationic starch and chitosan) 

shows high efficiency with minimal biomass 

contamination. Still, it increases the whole process cost 

making them unsuitable for low-value products 

(Vandamme et al. 2013, Rashid et al. 2014). Also, 

chemical flocculation using inorganic metal salts (e.g. 

AlCl3, Al2(SO4)3, FeCl3 and Fe2(SO4)3) and biofloccu-

lation using bacteria, fungi, and yeast, have the 

disadvantage of potentially contribute to biomass 
contamination (Wan et al. 2015).  

Autoflocculation has recently caught the attention 

as a viable low-cost method for harvesting microalgae. 

The autoflocculation process is based on the 

neutralization of negatively charged cells surface with 

positively charged salt precipitates (Ca, P, or/and Mg) 

at alkaline pH >8 (Vandamme et al. 2012, Nguyen et al. 

2014). One of the major advantages of autoflocculation 

is that natural pH increases (a result of photosynthetic 

activity and OH- accumulation) can be accompanied by 

avoiding cell lysis and loss of intracellular content 

(Rashid et al. 2014). Autoflocculation and pH increase 

can also be facilitated by culture conditions such as the 

low buffering capacity of the carbonate system (based 

upon C supply) and the use of NO3
- as the source of N 

(given that 1 mole of assimilated NO3
- produces 

equivalently 1 mole of OH-) (Nguyen et al. 2014). This 

work evaluated the general effects of some culture 

conditions that ease harvest by autoflocculation during 

microalgae growth. Sixteen different algal consortia 

were cultivated under conditions that allow the natural 

increase of pH (low pH buffering, N-source) and 

theoretically formation of salt precipitates of Ca, P, and 

Mg already present in the nutrient solution. 

Sixteen distinct native microalgae consortia (predo-

minantly chlorophytes) (MC01-MC16) were collected 

from different freshwater bodies belonging to the San 

Juan hydrological sub-watershed in Nuevo Leon, 

Mexico (26°21’55”N, 98°51’15”W) were provided by 

the Environmental Research Lab from Autonomous 
University of Nuevo Leon. Details regarding for 

collection, propagation, and concentration of microal-

gae consortia are given in earlier work (Beltrán-Rocha 

et al. 2017). Microalgae consortia were cultivated in 

LC-Y nutrient solution (López-Chuken & Young 2010) 

containing: KNO3 5 mM, KH2PO4 1 mM, MgSO4∙7H2O 

2 mM, Ca(NO3)2∙4H2O 6.25 mM, H3BO3 46 μM, 

MnCl2·4H2O 9.15 μM, ZnSO4·7H2O 765 nM, 

CuSO4·5H2O 320 nM, (NH4)6Mo7O24·4H2O 15 nM, 

FeSO4·7H2O and Na2EDTA 20 μM. Likewise, the 

elemental concentrations of C, Ca, Mg and P in the LC-

Y nutrient solution were 0.20, 6.25, 2.00 and 1.00 mM, 

respectively. All 16 microalgae consortia inoculums 

were standardized to give a DW of 0.03 (mg mL-1) in a 

volume of 700 mL of LC-Y nutrient solution. The 

experiment was conducted in single batch culture (i.e. 

one biological replicate) for 30 days using 16 bubble 

column photobioreactors (1 L). Photo-bioreactors were 

continuously aerated from the bottom at 0.5 vvm (air 

volume per liquid volume per minute) to provide CO2 

and gentle agitation, using filtered (0.45 μm) 

atmospheric air. During the experiments, all cultures 

were propagated at ambient temperature (30 ± 2°C) 

under constant illumination (78 μM photons m-2 s-1). 

The pH in the solution was monitored daily (Hach 

method 8156) for 30 days to investigate the effect of pH 

alkalinization on microalgae flocculation and 

production. Electrical conductivity (EC) (Hach method 

8160) and inorganic carbon (TOC-VCSH, Shimadzu, 

Japan) were measured at 0 and 30 days, while biomass 

content DW (g L-1) was determined at 5, 10, 15, 20, 25, 

and 30 days. The % of flocculation for each microalgae 

culture was determined at 10, 20, and 30 days, using the 

following methodology: 10 mL aliquots were collected 

at 1/3 of the reactor height to determine both the total 

microalgae biomass content (from previously homo-

genized culture), and the microalgae suspended 

biomass after a settling time of 15 min. Subsequently, 

the aliquots were filtered and dried. The percentage of 

flocculation was calculated according to the equation: 

(A/B) × 100, where A is the DW (g L-1) of the 

suspended biomass after the settling period and B is the 

total biomass in DW (g L-1). The microalgae biomass 

was then analyzed to determine the % of total mineral 

content (measured as ash content) using the AOAC 
method 942.05 (AOAC 1997). 

Biomass concentration results indicated final 

productivity ranging from 1.42 ± 0.03 to 4.37 ± 0.10 

DW (g L-1) (Fig. 1). At the end of the trial, all 16 

microalgae consortia showed high flocculation, ranging 

from 81.2 ± 0.8 to 99.5 ± 0.03% (Fig. 2). It was also 

observed that all cultures required only stopping 

agitation (i.e. aeration) from starting to settle as 

microalgae flocs. During the experiment, natural 
increases in pH varied from the initial pH (4.74) to pH 

values above ~8.5, highlighting consortia MC15 that 

reached a pH of 10.24 at the end of culture (Fig. 3), the 
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Figure 1. Microalgae biomass concentration during the culture period. Error bars indicate standard error, where n = 2.  

 

 

Figure 2. Flocculation of microalgae consortia at 10, 20, and 30 days of cultivation. Average ± standard error, where n = 3. 

 

 

inorganic carbon concentration was analyzed to 

validate the close relationship of pH and atmospheric 

CO2 dissociation in solution. The results of inorganic 

carbon indicated increases in concentration from 310 to 

799% compared to the initial value (2.02 ± 0.02 mg L-1) 

(Fig. 4). As this trial studied the potential formation of 

salt precipitates during the increase of pH and the 

microalgae capacity to recover inorganic micronu-
trients, our results indicated a marked EC decrease of 

36.1 to 55.7% (Fig. 5) and high mineral accumulation 

in biomass, ranging from 21.4 ± 0.7 to 35.9 ± 0.9% 
(Fig. 6). 

According to the settling results, all cultures 
resulted in high values (81 to ~100%) that fits within 
flocculation efficiency values (60 to 100%) reported 
when using chemical flocculants (e.g. Al2(SO4)3, FeCl3, 
cationic starch, or chitosan) after settling times of 30 or 
60 min (Wan et al. 2015). Despite the high flocculation 
obtained, future research should address flocculation 
responses in monoalgal cultures, biomass properties for 
nutritional applications, and other considerations 
discussed below. 

Changes in pH in the nutrient solution for micro-

algae flocculation can be achieved using hydroxide  
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Figure 3. pH evolution during the culture period of microalgae consortia. The absence of an error bar indicates negligible 

standard error, where n = 3. 

 

 

Figure 4. Initial concentration of inorganic carbon and after 30 days of microalgae consortia cultivation. Average ± standard 

error, where n = 3. 

 

 

salts. Considering practical applications, pH adjust-

ments in large volume operations could prove 

expensive and need to be carefully evaluated because 

the shift of pH at high values can cause cell lysis and 

reduce nutritional quality (Rashid et al. 2014). 

Conversely, a potential advantage of natural pH 

increase is that microalgae have biological control over 

pH. The photosynthetic activity could be slowed down 

or even stopped once that pH tolerance is reached 

(Spilling 2007). In this study, for all consortia, natural 

increases in pH reached values above ~8.5 which 

certainly contributed to enhancing flocculation. It is 

also important to note that gradual pH increases in the 

present experiment might be explained by processes 

associated with the production of OH-. One of them is 

the assimilation of atmospheric CO2 and NO3
-, given 

that it provides 1 mole of OH- under the following 

equation: NO3
- + 5.7(CO2) + 5.4(H2O) → C5.7H9.8O2.3N 
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Figure 5. Initial concentration of electrical conductivity (EC) in solution and after 30 days of microalgae consortia 

cultivation. Average ± standard error, where n = 3.  

 

 

Figure 6. The total mineral content of algal biomass. Average ± standard error, where n = 3.  
 

 

+ 8.25(O2) + OH- (Rashid et al. 2014). Also, assi-

milation of HCO3
- provides CO2 necessary for 

microalgae growth, at the same time that generates an 

accumulation of OH-. Likewise, pH alkalinization in 

the present study was a factor that could have contri-

buted to the formation of HCO3
- that predominates at 

pH values ranging from 6.36 to 10.33 (Markou & 

Georgakakis 2011). According to this approach, 

biomass production in the present trial was favored by 

the consumption and dissolution of CO2 (i.e. HCO3
-) 

into the nutrient solution at alkaline pH. Following the 

formation of HCO3
-, inorganic carbon concentration in 

the present experiment indicated high increases ranging 

from 310 to 799%. In addition, it is important to 

consider the decrease in microalgae growth at pH >10. 

It is caused by reduced bioavailability of C and P at 

these pH values due to limited microalgae assimilation 

of CO3
-2 forms that predominate at pH >10.33 (Markou 

& Georgakakis 2011), and the unavailability of 

phosphorus fraction that precipitates with calcium 

(Ca3(PO4)2) from 8.5 to 10.5 of pH (Sukenik & Shelef 

1984). 

Autoflocculation has been better associated with the 

concentration and formation of inorganic precipitates 
of Ca-P and Mg in a nutrient solution rather than pH 

alkalinization alone (Vandamme et al. 2013). It is 
important to emphasize that flocculation at alkaline pH 

can only occur by interacting charges between cell 
walls and precipitates. For example, Vandamme et al. 

(2012) observed that precipitates of CaCO3 (under pH 

10.5, 11, and 12) had no contribution to flocculation of 
Chlorella vulgaris due to the absence of charge in the 

CaCO3 crystals. On the other hand, precipitation of 
Ca3(PO4)2 crystals with a positive charge under alkaline 

conditions (pH 8.5 to 10.5) plays an important role in 

autoflocculation (Sukenik & Shelef 1984, Vandamme 
et al. 2012), requiring concentrations of PO4

-3 of 0.1-

0.2 mM and Ca 1.5-2.5 mM (Sukenik & Shelef 1984). 
Moreover, Mg at concentrations above 0.15 mM can 

significantly induce flocculation (Vandamme et al. 
2013) since at high pH (~10.2-11.5), superficial 

positively charged Mg(OH)2 precipitates are formed 
(Nguyen et al. 2014). During the trial, pH values 
(ranging from 8 to 10) were unsuitable for Mg(OH)2  

formation (except for MC15), suggesting that the main 
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cause of flocculation in the present study was due to 

Ca3(PO4)2 formation. 

In this work, two indirect effects were perceived 

from the process of autoflocculation: 1) a marked EC 

decrease in solution and 2) high mineral content in the 

biomass. The assimilation of nutrients explains the 

observed EC declination in ionic forms by the 

microalgae and by precipitation of ionic compounds, 

such as NO3
-, PO4

-3, SO4
-2, Na+, K+, Ca+2, Mg+2, 

Fe+2/Fe+3 and trace elements that contribute to the 

overall EC (Cai et al. 2013). In the case of harvested 

biomass, an unusually high mineral concentration (21.4 

to 35.9%) was found, which exceeded values of 4 to 

20% generally found for freshwater and marine 

microalgae (Fox & Zimba 2018). It is noteworthy that 

microalgae biomass has been suggested as a source of 

highly bioavailable minerals (e.g. Ca, P, Mg, K, Na, 

and Fe) and biomolecules (e.g. amino acids, caro-

tenoids, fatty acids, sterols). It could contribute to 

animal and human nutrition and aquaculture production 

(Fox & Zimba 2018, Dineshbabu et al. 2019). 

In conclusion, the present cultivation conditions 

favored high flocculation (81 to ~100%) in all the 16 

microalgae consortia studied regardless of their 

biomass productivity (ranging from 1.4 to 4.4 DW in g 

L-1). The effect on rapid and efficient biomass harvest 

was almost certainly caused by natural pH increase and 

nutrient solution composition that favored the 

formation of Ca3(PO4)2 as the main mechanism of 

flocculation. Alkaline pH in solution was favorable, 

allowing CO2 assimilation and increased inorganic 

carbon concentration supplied by atmospheric air. 

Besides, two side-effects were noticed during micro-

algae flocculation: a pronounced decrease in EC and an 

elevated concentration of minerals in biomass (21.4-

35.9%). As a result, the produced microalgae biomass 

could be a bioavailable minerals resource for feed or 

feed supplements in the aquaculture industry. Finally, 

for further research to add value, it is necessary to 

investigate how present culture conditions might affect 

pure microalgae cultures to facilitate easy harvesting. 
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