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SUMMARY 

 Harvesting of microalgae from their different cultivation media has pointed out challenges in 

resolving the problems of flocculation. These challenges must be faced with a  suitable method for 

inducing flocculation that avoid or limit the microalgae’s contamination. This study developed the 

fundamental experiments with a support of chemicals and some bacteria strains inducing the 

flocculation of Chlorella vulgaris SAG 211-19.  Particularly, the determination of minimum content 

of Mg2+, Ca2+, E. coli ATCC 85922 and Bacillus subtilis MT300405 was effectuated with co-

cultivation of microalgae and set up in batch culture in Bold’s Basal Medium. As a result, the 

adjustment in 25 minutes of 199.2 mg/L CaCl2.2H2O, 50 mg/L KH2PO4, and of 141 mg/L 

MgSO4.7H2O induced a microalgal settling efficiency of 81% and 70%, respectively. Meanwhile, the 

perfomance of microalgal removing reached up to 83.6% and 84% by the inoculation into microalgal 

culture media of a minimum initial cell density of 8.1  105 CFU/mL of Bacillus subtilis MT300405 

and 12  105 CFU/mL of E. coli ATCC 85922, respectively. The flocculation of microalgal cells by 

bacterial inoculation did not require a high pH adjustment as in the case of salt addition. 
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INTRODUCTION 

 Microalgae flocculation can also be 

obtained by the precipitation of salts such as 

calcium carbonate or phosphate, which have 

high enough concentrations in corresponding 

ions in the culture medium (Wang et al., 2022; 

Vandamme et al., 2013). Compared to 

flocculation by coagulation with hydrolyzing 

metal salts, precipitation occurs at lower pH, 

typically 8.5-9.0 for calcium phosphate and 9.5-

10.0 for carbonate calcium, but with lower 

sedimentation efficiency (Smith, Davis, 2012). 

Various mechanisms have been proposed, 

including charge neutralization by a positively 

charged calcium phosphate precipitate at the 

cells surface (Sukenik, Shelef, 1984), weighting 

effects and sweep flocculation (Smith, Davis, 

2012; Semerjian, Ayoub, 2003). Weighting 

effects are related to the deposition of a dense 

precipitate at the particle surface that acts as a 

‘weighting agent’ by increasing the apparent 

density of cells leading to their decantation 

(Semerjian, Ayoub, 2003). Chemistry of the 

solution has a great influence on flocculation 

efficiency, in particular the presence of anions 
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according to their capacity of aggregating 

aluminum in place of the hydroxyl anion. The 

presence of sulfate ion in the solution can 

reduce significantly the positive charge of 

aluminum hydrolysis products, and sulfate, 

bicarbonate or chloride ions have a great 

influence on the pH range for which Mg(OH)2 

precipitate can aggregate to settleable flocs.  

 Basic principles governing the coagulation of 

colloidal particles by hydroxides of hydrolyzing 

trivalent metal Al3+ or Fe3+ are quite well-

understood, even if some uncertainties remain 

regarding the detailed mechanisms (Duan, 

Gregory, 2003; Wang et al., 2022). As a 

consequence, charge neutralization of negatively 

charged particles can be achieved only at pH 

values below the isoelectric point (IEP) of the 

precipitated oxide. This is not a problem when a 

microalgae suspension is destabilized by 

Mg(OH)2 precipitation because its IEP is above 

11.5 (various values have been reported in the 

literature: 11.5 (Li, Somasundaran, 1991), 11.9 

(Liu et al., 2008), 12.4 (Parks, 1967)). It is 

known that IEP vary according to the conditions 

of precipitation and the anions present, and 

maybe with the age of the precipitate as Luo et 

al., 2004 reported that an aged Mg(OH)2 had an 

IEP around pH 10. It seem be routine with these 

salt methods in microalgal harvesting because of 

the emergence of those with bacteria. Up to day, 

the flocculation of microalgal cells has been 

investigated with various bacteria strains or 

bacteria community while microalgae were 

cultured in traditional media as well as 

wastewater media (Schryver et al., 2008; 

Nguyen et al., 2018). Various studies proved that 

bacteria helped suspended cells into an 

aggregation by forming a biofilm (Syafri et al., 

2017; Zhang et al., 2019; Schryver et al., 2008). 

This enhances the attachment of microalgal cells 

into bioflocs, which resolve the difficulty in 

harvesting of suspension. According Nguyen et 

al. (2018), Chlorella vulgaris was cultured in 

seafood wastewater in 14 days, then cells were 

flocculated under the presence of bacteria in 

media, resulting in 90% cell removing by 

forming bioflocs  (Nguyen et al., 2018). 

 From an operational point of view, flocs 

settling rates, flocs strength and ions 

consumption are of great importance from an 

economic point of view as they can have a great 

impact either on CAPEX (Capital expenditures) 

or OPEX (Operating expenses). Harvesting 

microalgae by autoflocculation under the support 

of Mg2+, and Ca2+ in high pH media is one of the 

best efficacy methods that have been carried out. 

Besides, some bacteria strains was also added in 

culture media of microalgae for cell flocculation 

without increasing pH. In this study, the 

autoflocculation of microalgae was investigated 

in simple experimental set-up which was suitable 

for laboratory conditions in Vietnam. Microalgae 

was cultured in batch under the white light with 

a standard environment. During this cultivation, 

the microalgal growth was monitored by 

recording alive cells until the death phase 

appeared. At this moment, cations of salt and 

bacteria were separately supplied into the 

culture, and their aggregation with microalgal 

cells were observed. The performance of cell 

flocculation or settling efficiency was calculated 

to determine the ability of salt cations, and 

bacteria in microalgal harvesting through auto-

flocculation. 

MATERIALS AND METHODS 

Strain and growth conditions 

 For starter culture, Chlorella vulgaris SAG 

211-19 was cultured in 250 mL of BBM medium 

with ingredients as follows: 1151.98 mg/L 

NaNO3, 140.00 mg/L MgSO4. 7H2O, 100.00 

mg/L KH2PO4, 840.00 mg/L NaHCO3, 25.00 

mg/L CaCl2.2H2O, and 0.5 mL Hutner solution; 

LED white light at a flux of 150 μmoL/m2/s. It is 

easy to access further manipulations with a 

correlation between the absorbance at 680 nm of 

microalgal growth and its chlorophyll-a (Nguyen 

et al., 2014).  

 Bacillus subtilis MT300405 and E. coli 

ACTT 85922 (isolated and identified by Tran et 

al., 2021) were grown as described in this article. 

For bacterial cells, the correlation between cell 

absorbance at 600 nm and number of cell per mL 
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(CFU/mL) was drawn by experimental spreading 

colonies on LBA for B. subtilis MT300405 and 

TSA for E. coli ACTT 85922, respectively (Tran 

et al., 2021). 

Experimental setup 

 A starter culture with microalgal cell density 

(OD680) of 0.8 was collected for a mass culture in 

an Erlenmeyer of 2.0 L with standard media of 

BBM while bacterial strains was grown in LB 

broth and TSB for B. subtilis MT300405 and  E. 

coli ATCC 85922, respectively. The miccroalgae 

growth was recorded daily in OD680 for 

evaluating final biomass before harvesting. After 

9-day when microalgal population reached the 

death phase, cells flocculation was carried out by 

the addition of Ca2+, Mg2+ with adjustment of pH 

to 9, and E. coli ATCC 85922, B. subtilis 

MTT300405. The screening for flocculation of 

minimal concentrations of these two ions was 

performed by increasing pH with solution of 

NaOH 0.1M. The autoflocculation process was 

stopped when the flocs increase ended.   

Settling efficiency  

 The settling efficiency of microalgal cell which 

evaluates the performance of cell flocculation or 

cell removing out of media is estimated according 

to the Beer-Lamber law as follows:  

 

 Where Af, Ao was absorbance of cell 

microalgal suspension at 680 nm at the final and 

initial harvesting suspension, respectively. 

Analysis 

 Biomass dry matter (DM) was obtained by 

cell filtration on GF/F filters, dried and weighed. 

Pigments were extracted from cells using 

methanol for 4 h. Total chlorophyll a content was 

determined according to Ritchie, 2006. Analysis 

data were recorded as the average of triplicate 

measurements and barre error was calculated. 

RESULTS AND DISCUSSION 

Cell growth evaluation  

 The correlation between microalgal 

absorbance at 680 nm and chlorophyll a as well 

as number of cells was drawn to the following 

equation y = 0.1056 x with y as absorbance at 

680 nm, x as chlorophyll a (mg/L), and R2 = 

0.9971. The growth of microalgae for 14 days 

was shown in figure 1. Results in Figure 1 

illustrated the cell growth curve in 9 days of 

cultivation. After 9-day culture, microalgae 

induced the phase death, and this time was 

chosen for cell harvesting. 

 

Figure 1. Growth curve of microalgal cultivaiton in Bold’s Basal Media. 
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 For bacterial cells, the correlation between 

cell absorbance at 600 nm and number of cell per 

mL (CFU/mL) was drawn to a line for B. subtilis 

MT300405 with equation y = 11.612x-1.220 

with y as CFU  107/mL, x as absorbance at 600 

nm, and R2 = 0.9955. For E. coli ACTT 85922, 

the equation was y = 14.534x + 0.2797 with y as 

CFU x 107/mL, x as absorbance at 600 nm, and 

R2 = 0.9924. Based on these equations, bacterial 

cells could be determined  by recorded 

absorbance at 600 nm.  

Determination of Mg2+ minimum 

concentration for cell harvesting 

 In order to establish the required minimum 

Mg2+ concentration to allow flocculation, cells 

were harvested after cell dry matter reached 0.8 

g DM/L, then cells were resuspended in a volume 

of sterile and distilled water so that the final 

concentration was 0.4 g DM/L. The 

concentration of control sample is carried out by 

measuring the pigments and the pigment/cell 

concentration following calibration curves.  

 Increasing volumes of MgSO4.7H2O stock 

solution were added to test tubes containing 

microalgae cell suspension and cell settling was 

recorded. The settling curves obtained after 

adding 1 N sodium hydroxide to pH 11.8 on 

Figure 2 showed that it is possible to obtain a 

clarification of close to 100% in the supernatant 

located above the flocs for a Mg2+ concentration 

of 505 mg/L MgSO4. 7H2O (the efficiency at 750 

nm was 95%). The minimum quantity of Mg2+ 

necessary to obtain an efficiency E greater than 

80% after 20 minutes, the value that we have 

chosen as a criterion for comparison between the 

different experiments, was approximately 14 

mg/L (0.58 mM) corresponding to 121 mg/L 

MgSO4.7H2O. Maximum lightening, under the 

various conditions tested, was achieved after 

about twenty minutes. 

 
Figure 2. Determination of minimum content of Mg2+ for cell autoflocculation. 

 

Determination of Ca2+ minimum 

concentration for cell harvesting 

 Similarly, the minimum Ca2+ and PO4
3- 

concentrations required to allow cell flocculation

by calcium phosphate were examined. The tests 

were carried out for 3 different concentrations of 

both Ca2+ and PO4
3-. However, unlike the 

flocculation induced by magnesium, maximum 

clarification could not be achieved, even at high
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Ca2+ and PO4
3-concentrations.  

 Regarding magnesium compounds, only 

magnesium hydroxide has been assumed to 

contribute to microalgae flocculation 

(Vandamme et al., 2015). As the magnesium 

hydration enthalpy is much higher than that of 

calcium, the incorporation of Mg into a crystal is 

much difficult and it has been estimated that 

magnesite (MgCO3) precipitation rates were at 

least three to four orders of magnitude lower than 

calcite (CaCO3) (Arvidson, Mackenzie, 2000). 

According to this explanation, it can be 

hypothesized that magnesium phosphates would 

also precipitate slower than calcium phosphates. 

However, Wright et al. (2011) reported that in 

presence of magnesium, a substituted form of  

tricalcium phosphate can precipitate from low 

temperature aqueous solutions as whitlockite 

(Ca18Mg2H2(PO4)14) (Wright et al., 2011). In 

fact, concentrations of 199.2 mg/L CaCl2. 2H2O 

and 50 mg/L KH2PO4 were sufficient to achieve 

an efficient flocculation (E = 81%). By doubling 

the concentration of phosphate ion, it is 

necessary to increase the concentration of Ca2+ to 

500 mg/L CaCl2 to have cell flocculation, that is 

to say a molar Ca/PO4 ratio higher than the 

previous case (4.6 against 3.7). Then, as the test 

at 500 mg/L CaCl2 with 300 mg/L, and 50 mg/L 

KH2PO4 showed a increase so high in level of 

metal concentrations, the ratio of Ca/PO4 

dropped sharply to 1.55. In the first two cases, 

this could be explained by differences in 

precipitating compounds. In the latter, the 

concentrations are such that whatever the 

compound involved, the precipitation of cations 

entrains the microalgal cells very quickly. 

However, the higher the content of salt in culture 

media, the lower the acception in application of 

cell harvesting because of involving 

environmental factors and salt-adapted cell. 

 

Figure 3. Determination of Ca2+ minimum concentration for cell autoflocculation. 

 

 The literature highlights the importance of 

the composition of the medium on its ability and 

efficiency to flocculate microalgae. Thus, Cao et 

al. (2007) showed that the precipitation of 

calcium phosphate compounds (in particular 

hydroxyapatite HAP Ca5(PO4)3OH) was 

inhibited by the presence of several types of 

compounds, in particular the magnesium ion 

Mg2+ or humic acids, and in to a lesser extent, 

SO4
2- ions or silica (Cao et al.,  2007). Their 
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incorporation into the precipitate of PAHs may 

prevent the formation of a clean crystal structure, 

or these compounds (especially humic acid) may 

adsorb onto the crystalline nuclein formation and 

limit their growth (Metsoviti, Papapolymerou, 

Karapanagiotidis, Katsoulas, 2019). 

Determination of minimum content of 

bacterial cell for microalgal harvesting 

 Unlike microalgal harvesting by salt cation 

that flocs of microalgae were collected in 25 

minutes, experiments with bacterial strains were 

lasted up to 24 hours. Results of microalgal 

flocculation by bacteria in Figure 4 showed that 

both of bacterial strains enhanced the 

aggregation of microalgal cells, leading to 

increase the elimination of microalgal cells out 

of culture suspension. In fact, microalgal cells 

were settled to the bottom of Erlenmeyer with the 

highest settling efficiency of 93% under the 

presence of E. coli ACTT 85922 over night. 

Comparing with harvesting methods of adding 

salt cations in culture media, the efficiency was 

much higher than those of salt cations.  

 
Figure 4. Microalgal autoflocculation - function of initial cell density of bacteria strains as E. coli and B. Subtilis. 

 

 In figure 4, results also indicated that type 

strain of bacteria did not involve the settling 

efficiency, which was over 80% with the 

adjustment of E. coli and B. subtlilis in 

microalgal culture media at initial cell density of 

12  105 CFU/mL, and 8.1  105 CFU/mL, 

respectively. Various studies proved that using 

technologies of microalgal-bacterial aggregation 

enhanced the removing of nutrients in 

wastewater treatment. According to Arcila and 

Buitrón, (2016), the formation of microalgal-

bacterial bioflocs (MABAs) increased the 

settling velocity (Vs) up to 8.3 m/h in the 

treatment of municipal wastewater as compared 

to an average Vs of 2 m/h (Gardes et al., 2011). 

Otherwise, microalgal biomass forming MABAs 

enable the downstream processing facilitate to 

large scale as compared to chemical harvesting 

(Hende et al., 2016; Chen et al., 2011). In their 

research, MABAs were able to be dewatered in a 

filter press with average large pores of 200 m , 

which was once a huge obstacle in harvesting 

microalgae. A recent study proposed a promising 

method to obtain better performance in nutrient 

removal by establishing stable algal-bacterial 

aerobic granular sludge in wastewater treatment 

system (Zhang et al., 2019). However, most of 

previous studies did not discuss about the initial 

cell density of bacteria, which was adjusted in the 

treating media to provoke the bioflocs. 

Meanwhile, our study did not only resulted in the 

high settling efficiency of microalgae cultured in 
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conventional media but also indicated minimum 

number of bacterial cell to conduct microalgae-

bacteia aggregates.  

CONCLUSION 

 In this study, C. vulgaris 211-19 was 

investigated following a new method to rapidly 

establish flocculation in harvesting. Normally, 

chemical flocculation has once proved to have 

better microalgal settling efficiency in 

microalgal harvesting than other ones. Likewise, 

bacterial strain was also an important object to 

conduct MABAs, which led to rapidly settle 

microalgae and nutrients. This work proposed a 

promising method to establish stable microalgal-

bacterial flocs in their own media with minimum 

cell density of B. subtilis and E. coli at 12  105 

CFU/mL, and 8.1  105 CFU/mL,  respectively. 

With chemical flocculation, the microalgal 

settling efficiency was recorded up to 81% for 

the adjustment of minimum 199.2  mg/L CaCl2. 

2H2O, 50 mg/L KH2PO4, and to 70% for adding 

of minimum 141 mg/L MgSO4. 7H2O. 
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