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Harvesting of cyanobacteria Microcystis aeruginosa by flocculation 
 

The flocculation of Microcystis aeruginosa promoted by pH-induced salt precipitation was evaluated as a harvesting 
technique at test-tube scale in this study. This common bloom-forming cyanobacterium produces a hepatotoxin that 
poses a health problem related to water supplies. Be it for water treatment or biomass valorization, flocculation is a 
relatively simple, fast, and cheap method to harvest microalgae and cyanobacteria, which is considered a bottleneck in 
processes that deal with these microorganisms. 

 
Precipitates formed from CaCl2/MgCl2 and KH2PO4 solutions in milimolar range were characterized at pH from 8.0 to 

12.0 by turbidity and zeta potential, and used as agents to induce flocculation of Microcystis aeruginosa suspensions. 
The experimental results were compared to predictions given by a mathematical model called the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, which explains cell-precipitate surface interactions based on the physicochemical 
properties of the interacting surfaces. 

 
High flocculation efficiencies (over 80%) were achieved, especially at pH 12. This is attributed to the formation of 

positively charged calcium phosphate and magnesium hydroxide precipitates, which neutralize the cells’ negative 
surface charge, thereby reducing the repulsive forces and leading to coagulation, flocculation, and sedimentation. The 
DLVO theory proved to be helpful at predicting and explaining the adhesion of the particles at play. The results obtained 
can direct to optimal conditions to perform flocculation, depending on the process goals.   
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INTRODUCTION 
 
Cyanobacteria & Microcystis aeruginosa 

Cyanobacteria, formerly known as “blue-green 
algae”, are a large and diverse group of 
photolithoautotrophic gram-negative bacteria.1 Unlike 
microalgae, cyanobacteria are prokaryotes. Some 
produce toxins, turning the water toxic to those who 
drink it and acting as a defense mechanism against 
predators.1 These toxins are products of the secondary 
metabolism of cyanobacteria; they are known as 
cyanotoxins and can be hepatotoxins, neurotoxins or 
dermal toxins.2 

Microcystis aeruginosa is the most common toxic 
cyanobacterium in eutrophic freshwater, easily forming 
blooms that contaminate the water with powerful 
hepatotoxins (microcystins).3 Microcystis is one of the 
genera of cyanobacteria capable of producing several 
peptides, including microcystins, which are cyclic 
heptapeptide hepatotoxic compounds that can lead to 
death by acute liver failure upon exposition to 
contaminated water.4 These extremely acute toxins 
disrupt liver cell structure, leading to intrahepatic 

hemorrhage, hemodynamic shock, heart failure and 
death. Microcystins also affect kidneys and lungs, and 
cause intestinal damage when able to reach these 
organs. The presence of these toxins in drinking water 
is covered in World Health Organization guidelines.5 

Harvesting methods 

The recovery of these cells from a liquid suspension 
– harvesting –, is not only important from a water 
treatment and biomass valorization perspectives, but 
also happens to be considered a process bottleneck. In 
fact, the dilute nature of these suspensions and the size 
of the cells make it challenging to find an ideal 
harvesting method.6 

The currently available harvesting methods consist 
of one or more steps of thickening and dewatering, and 
the most common are coagulation/flocculation, 
bioflocculation, gravity sedimentation, flotation, 
electrical based processes, filtration, and centrifugation. 
These can be evaluated in terms of time and energy 
consumption, capital requirements, introduction of 
chemical/biological harvesting aids and the effects 
these may have on the product, applicability to different 
microorganisms, as well as efficiency.7 
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Auto and bioflocculation are inexpensive, non-toxic, 
and allow medium recycling, but cause cellular 
composition changes and possible contaminations. 
Autoflocculation relates to a phenomenon that can 
happen naturally by pH increase. Bioflocculation is 
caused by secreted biopolymers produced by bacteria 
or fungi in co-culture with microalgae/cyanobacteria.7,8 

Gravity sedimentation is simple and inexpensive, but 
it is time-consuming and results in a low density of the 
algal cake. It is a method with low reliability due to 
microalgal density, and is thus commonly applied only 
after a coagulation/flocculation step.9  

Flotation is adequate for large scale applications, it 
requires low cost and space, and has short operation 
times, but it usually entails chemical flocculants and is 
not applicable to marine species.10  

Electrical based processes can be applied to several 
microalgal species and don’t require chemical 
flocculants, but are still not disseminated and are 
associated with high energetic and equipment costs.7,11 

 Filtration allows for high recovery efficiencies and is 
adequate for shear sensitive species, but has high 
possibility of fouling and clogging, which increases 
operational costs, to which are added maintenance 
costs such as membrane cleaning and replacement, as 
well as pumping.7,12 

Centrifugation is fast and effective and broadly 
applicable, but it is energy and capital-intensive, and 
thus it is the most common microalgae harvesting 
method in commercial systems for high-value 
products.9 

All in all, the adequate harvesting method needs to 
be chosen based on the given microorganism and 
medium properties, while considering process 
constraints and the final product specifications. 

Flocculation 

Flocculation falls onto the low-cost category, not only 
requiring low energy consumption, but also reducing the 
energy demand on the following step (e.g.  
centrifugation). It can be achieved through several 
ways, but its principle lies on reducing the repulsive 
interactions between microorganisms so that they 
coagulate, forming flocs that then sediment.13  

The formation of cell aggregates can be promoted by 
co-precipitation of positively charged salts associated 
with pH increase; excreted organic macromolecules;14 
inhibited release of microalgae daughter cells;15 and 
aggregation between microalgae and bacteria.16 
Focusing on the first, it has been shown that the 
formation of inorganic calcium phosphate precipitates 
causes flocculation by affecting the stability of the algal 
suspension, as its positive surface electric charge 
allows it to be adsorbed to algal cells, neutralizing their 
negative electric charge.17 Four chemical ions present 

in algae media are associated with this flocculation: 
magnesium, calcium, phosphate and carbonate. At pH 
above 10.5, magnesium hydroxide precipitates 
constitute the most active flocculation agent;18 below 
that pH (but still at basic conditions), calcium phosphate 
precipitates have been postulated to act as flocculation 
agents as well, in the presence of excess calcium ions.17 
This fact can be used to provoke flocculation simply by 
inducing carbon dioxide limitation in order to achieve 
alkaline conditions.17 

Microbial attachment & The DLVO theory 

Several aspects of microbial adhesive interactions 
can be successfully treated by physico-chemical 
approaches, and this complicated task can be tackled 
with the thermodynamic approach and the DLVO 
theory. The latter was chosen in this project as a tool to 
explain and predict whether flocculation requirements 
are met. This theory describes the interaction energies 
between surfaces based on van der Waals and 
electrostatic interactions and, although created to 
describe colloids, has proven useful regarding some 
microorganisms’ behavior, such as biofilm formation 
and flocculation.19 

A mathematical model associated with the DLVO 
theory allows for the calculation of a profile that 
indicates the stability of a given dispersion.20–22 Van der 
Waals forces result from the interactions of 
rotating/fluctuating dipoles of atoms and molecules and 
dictate the profiles at large and small distances, 
whereas the double layer force dominates the 
intermediate distances.23–25 Besides the size of the 
particles at play and the ionic strength of the solution, 
the model requires the zeta potential of the particles, 
which is directly related to the particle surface 
potential.17 

The typical DLVO profile (Figure 1) is characterized 
by a deep attractive well at short distances, referred to 
as the primary minimum, then followed by a primary 
maximum. If the repulsive force is not as high, there will 
be a shallow secondary minimum. 

The total interaction energy between two interacting 
surfaces (Gtot) is thus related to Lifshitz-van der Waals, 
GLW (d), and electrostatic, GEL (d), interaction energies 
through equations (1) to (3), regarding two interacting 
spherical particles with radii a1 and a2 as a function of 
the separation distance, d. A denotes the Hamaker 
constant, ε the medium permittivity (given by the ratio 
between solution permittivity - 80 for aqueous solutions 
- and the permittivity of free space)19, ζ the zeta 
potential, κ the inverse of the double layer thickness. 
Double layer thickness can be calculated from the 
inverse Debye length (1/κ) from equation (4), where e 
denotes the electron charge, k the Boltzmann constant, 
T the absolute temperature, zi the valency of the ions 
present and ni the number of ions per unit volume.26 It 
is usually preferred to deal with interaction energies with 
a kT scale, as 1 kT represents the thermal/Brownian 
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motion energy of an organism, providing a reference 
value for adhesion.26 

 

Figure 1 – Typical DLVO energy profile. . Reproduced 
from Video Webinar “Characterizing the Zeta Potential 
& Isoelectric Point of Nanomaterials” by Malvern 
Instruments Limited (June 22nd 2017). 
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Zeta potential is the overall charge a particle 

acquires in a particular medium; it depends on the 
chemistry of the surface, as well as on that of the 
dispersant. When dealing with a multicomponent 
product and mixing chemistries, zeta potential becomes 
important. It provides information about the surface 
interface including the isoelectric point, gives you the 
effectiveness of the surface charge, predicts stability, 
helps understanding steric stability, and how compatible 
chemistries are when they are mixed.27 

When discussing zeta potential, it is essential to 
discuss the double layer theory. Considering a particle 
in an aqueous solution, the ions in that suspension will 
align so that there will be a very tightly bound layer of 
counterions balancing the charge (principle of 
electroneutrality) - the Stern layer, a fairly immobile 
layer of ions, also including water molecules.19 Moving 

further in distance, there will be a region comprised 
mostly of accumulated counter ions with depleted co-
ions - the diffuse layer. Together, they form the double 
layer. Beyond this layer, the ion concentration will tend 
to be that of the bulk solution.19 This explains the 
repulsive electrostatic force between two cells, that 
occur upon the overlapping of the double layers, which 
causes repulsive osmotic pressure between the ions in 
rapid thermal motion;19 thus, the double layer shields 
the particle from motion-associated alterations (kinetic 
non-lability).28 

Design of Experiments 

Design of experiments relies on statistical 
mathematical models rather than empirical methods of 
research. Its goal is to plan an approach to determine 
cause and effect relationships by collecting the 
maximum amount of relevant information while reducing 
the material expense and the time consumed to a 
minimum, thus increasing research efficiency. It aims at 
reducing the total amount of trials, simultaneously 
varying all factors, and choosing a strategy that reaches 
reliable solutions. The use of design of experiments to 
approach complex problems has been growing in all 
fields, fostered by the development of electronic 
computers that accelerate the statistical calculations.29 
Design of experiments also allows to mathematically 
model a system from experimental data. These models 
can be statistically evaluated in terms of variance 
(ANOVA, analysis of variance). 

The goal of this dissertation is to study the 
flocculation of this species at lab-scale, promoted by 
calcium phosphate and magnesium hydroxide 
precipitates, as a relatively simple and cheap harvesting 
method. The present project aims to identify the main 
driving forces of the interaction between surfaces, 
based on the accordance between experiments and the 
models. The results will help to develop an efficient and 
cheap harvesting method for this cyanobacteria with 
significant biotechnological potential. 

 

MATERIALS AND METHODS 
 
Microorganism characterization and growth conditions 
 

A sample of freshwater Microcystis aeruginosa SAG 
17.85 was obtained from the Culture Collection of Algae 
at Göttingen University (SAG), Germany (for additional 
information on the strain consult http://sagdb.uni-
goettingen.de/detailedList.php?str_number=17.85) 
(Accessed on November 3rd 2017). 

The strain was grown in Z8 medium30 in batch mode 
and at room temperature.  1 L cultivations were carried 
in 1 L laboratory bottles and aerated at 0.3 VVM with 
filtered air (0.2 µm membrane), bubbling of which also 
provided mixing. The flasks were subjected to 12 h 
light/dark cycles with photon flux of 55 µmol/(m2.s) (PAR 
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sensor QSL-2101, Biospherical Instruments Inc., USA). 
pH was set naturally by the culture in a range between 
8.5 and 9.0. 

The growth was followed by optical density at 750 
nm and converted to dry weight through a calibration 
curve performed by gravimetry. To that end, the 
biomass was separated from the medium by 
centrifugation for 15 min at 6000 rpm (aprox. 4427 g) 
(Hermle Labortechnik GmbH Z206 A, Germany) and the 
pellet was weighed after drying at 105ºC for 24 h. 

Cultivations were carried on for about 8 weeks until 
the achievement of stationary phase, at which a 
biomass concentration of approximately 0.33 g/L (dry 
weight) was obtained. Then, cultures were centrifuged 
for 15 min at 6000 rpm (aprox. 4427 g) (Hermle 
Labortechnik GmbH Z206 A, Germany) and used to 
prepare cell suspensions of a defined concentration for 
subsequent flocculation experiments or zeta potential 
measurements. 

Cell diameter and compactness was evaluated with 
the integrated microscope/software system Cellavista 
(Synentech, Germany). Strain toxicity was confirmed by 
the Abraxis Microcystins-ADDA ELISA immunoassay. 

Design of Experiments and modeling 

Experiments were planned based on a face-
centered Central Composite Design using the software 
Design-expert (version 9.0.4.1., Stat-Ease Inc, Mn., 
USA). The designs were constructed to evaluate the 
simultaneous influence of pH and phosphate and 
magnesium/calcium ions on the zeta potential of 
precipitates formed from these ions, as well as to model 
the zeta potential of cells depending on pH and ionic 
strength. 

The fitting and validation of the proposed models 
was evaluated statistically and optimized by removal of 
non-significant terms based on their p-value, 
simultaneously with the overall model p-value and its R2 
and predicted R2 values, and residuals plots. 

Flocculant characterization 

Calcium chloride, magnesium chloride, and 
monopotassium dihydrogen phosphate (CaCl2, MgCl2, 
KH2PO4, respectively) aqueous solutions 
(demineralized water) were prepared and the zeta 
potentials as well as turbidities of these precipitates 
were measured. Concentrations ranged from 0.05 to 
0.35 mM for KH2PO4 and from 0.5 to 5.5 mM for 
CaCl2/MgCl2 based on the work of Sukenik and 
Shelef.17 

Zeta potential measurements 

Zeta potential of Microcystis aeruginosa cells and 
precipitates was obtained at 25ºC using the device 
Zetasizer Nano-ZS (Malvern, United Kingdom) which 
calculates zeta potential from electrophoretic mobility of 

the particles based on the Smoluchowski equation.31 
Measurements were performed three times with a 
duration of 10 to 100 runs using disposable folded 
capillary cells (DTS1070). 

In the case of the salt solutions, the measurements 
were carried out with freshly prepared solutions, starting 
about 3 min after pH adjustment (device set-up time). 
Concentrations ranged from 0.05 to 0.35 mM for 
KH2PO4 and from 0.5 to 5.5 mM for CaCl2/MgCl2, and 
pH from 8.0 to 12.0. Experiments were planned based 
on a face-centered Central Composite Design with 3 
center points. 

In the case of cell suspensions, culture samples 
were centrifuged for 15 min at 6000 rpm (aprox. 4427 g) 
(Hermle Labortechnik GmbH Z206 A, Germany) and 
resuspended in the solution at a concentration of 
approximately 0.50 g/L with the appropriate pH (8.0 to 
12.0) and ionic strength (10 to 40 mM), using KOH to 
adjust pH and KCl to adjust ionic strength. Experiments 
were planned based on a face-centered Central 
Composite Design with 1 center point and performed in 
duplicate. 

Turbidity measurements 

Turbidity of CaCl2/MgCl2 and KH2PO4 solutions at 
different pH was measured with the Hazemeter Model 
MZN-93-MC2 (MZN-93 V28VKK Ver.2U DesEBC; 
Prague University) measured in a clean brown beer 
bottle. This apparatus measures scattered light intensity 
simultaneously at two angles to the incident light beam 
in a wide concentration range of scattering particles.32 
The values at 90º were considered as a qualitative 
measure of the amount of precipitates in solution. 

Flocculation tests 

Flocculation tests were performed in 18 x 180 mm 
(diameter x height) glass test tubes with 25 mL of 0.51 
± 0.02 g/L Microcystis aeruginosa cell suspensions. The 
procedure took place as follows: culture broth was 
centrifuged for 15 min at 6000 rpm (aprox. 4427 g) 
(Hermle Labortechnik GmbH Z206 A, Germany); the 
supernatant was discarded, and the pellet was 
resuspended in fresh solutions (with determined salt 
concentrations and adjusted pH) by vortexing at 
maximum speed for 10 s (IKA Vortex Genius 3, 
Germany). Flocculation efficiency, E (equation 5), was 
evaluated through optical density at 750 nm of samples 
taken 2 cm below the surface and measured within 5 
minutes of sampling (TECAN Infinite® 200 PRO, 
Switzerland). 

E =
OD  

 (Control) − OD  
 (Sample)

OD  
 (Control)

 
 

(5) 
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RESULTS AND DISCUSSION 
 
Microcystis aeruginosa characterization 
 

Microcystis aeruginosa growth was followed by 
optical density at 750 nm and converted to dry weight 
through a calibration curve performed by gravimetry 
(Figure 2). Cultures took about 49 days (7 weeks) to 
reach the stationary phase of growth, having achieved 
an average maximum biomass concentration of about 
0.33 g/L. Strain toxicity in these growth conditions was 
confirmed by the Abraxis Microcystins-ADDA ELISA 
immunoassay: samples taken at the stationary stage of 
growth resulted in values of about 1-1.2 µg of 
microcystins per gram of biomass. 

 
Figure 2 – Microcystis aeruginosa growth curve. The strain was 
grown in 1 L laboratory bottles, in volumes of 1 L of Z8 medium, 
aerated at 0.3 VVM, at room temperature, and subjected to 12 h 
light/dark cycle (photon flux of 55 µmol/(m2.s)). The data presented 
corresponds to the mean values and standard deviation of triplicate 
cultures. The growth was followed by optical density at 750 nm and 
converted to dry weight through a calibration curve performed by 
gravimetry. 

The values for cell diameter and compactness were 
determined as they are relevant when dealing with the 
DLVO model. Cell size is an input, and both cell size 
and circularity (compactness) are important to evaluate 
the applicability of the model to the system at study. The 
obtained values were: cell diameter of 6.55 µm and 
compactness of 0.73 (ideal circle compactness = 1). 
Cell size has been measured to average 3.54 µm and 
reported to be ovoid or spherical in shape (Kütz. 
Strain).33 

Also needed as an input to the DLVO model, the zeta 
potential of cells was measured in a range to cover the 
pH and ionic strength being used in flocculation tests, 
thus mimicking their environment. Based on a face-
centered Central Composite Design, nine data points 
were measured within pH range 8 to 12 and ionic 
strength ranging from 10 to 40 mM achieved with KCl. 

The Analysis of Variance of the obtained model 
(Figure 3, equation (6)) concludes its significance 
(overall model p-value 0.0002; model terms p-value 
below 0.05; R2 0.9757). As expected, the surface 
charge of the cells becomes more negative with pH 
increase, and less negative with ionic strength. 

 

 

Figure 3 – 3D Surface response model for the Zeta potential of 
Microcystis aeruginosa cell suspensions in pH 8 to 12 (adjusted with 
KOH) and with ionic strength 10 to 40 mM (adjusted with KCl). 

ZP(mV) = −33.91 − 0.98 × pH 
−0.82 × I(mM) + 0.03 × I(mM)  

(6) 

 

Extra measurements were performed to verify the 
applicability of the model for cell suspensions at pH 8.0 
and ionic strength 1 mM, which is out of the range the 
model was based on, but is needed as input for the 
DLVO model (solutions 1, 4, 6 and 7, both for calcium 
and magnesium - Table 1 and Table 2). 

Calcium precipitates 

Flocculation efficiency was expected to increase as 
calcium and phosphate concentrations increased, when 
in the presence of excess calcium ions.17 This 
expectation was met (Table 1). Positive zeta potential 
values were observed in solutions in which 
calcium/phosphate stoichiometric proportion was 
around at least 15:1 (with one exception: pH 10.0, 
solution Ca2+/PO43- 3.00/0.35 mM; 8.6:1). Precipitates 
such as amorphous calcium phosphates, 
calcium-deficient hydroxyapatite and hydroxyapatite 
can be formed at these pH.34 

Moreover, a combined effect of zeta potential and 
turbidity is clear. Flocculation efficiency of at least 70% 
was only verified when both factors contributed 
positively to flocculation, namely, zeta potential of at 
least 4 mV and turbidity of at least 2 FTU. In fact, it is 
intuitive that only in the presence of positively charged 
precipitates (measured by zeta potential) in sufficient 
amounts (measured by turbidity), is it possible to 
promote cell flocculation. Conversely, solutions 
characterized by a negative zeta potential and/or low 
turbidity, generally led to flocculation efficiency values 
no greater than those measured in demineralized water 
(2 to 4%). 

Magnesium precipitates 

Flocculation efficiency was expected to increase as 
the magnesium concentration increased and at from pH 
10 up,17 promoted by the reaction of magnesium in 
solution with the base KOH being added to adjust pH, 
precipitating as magnesium hydroxide. This expectation 
was met (Table 2). 
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At pH 8, there are virtually no detectable precipitates 
regardless of salt concentrations, which in addition to 
negative zeta potential, leads to flocculation efficiencies 
comparable to those in demineralized water cell 

suspensions (efficiency 2-4%). At pH 10 and 12, 
flocculation efficiencies above 70% were obtained when 
turbidity was of at least 1 FTU and zeta potential above 
-2 mV.  

 

Table 1 – Central composite design matrix and response values of flocculation efficiencies of Microcystis aeruginosa (E), average zeta potentials 
(ZP) of precipitate particles and turbidities (T) of precipitate particles as a result of variations in Ca2+ and PO4

3- concentrations, ionic strength (I) and 
pH. 

 Ca 
# pH PO43- Ca2+ ZP T I E 
  mM mM mV FTU mM % 
1 8.0 0.05 0.50 -4.45 ± 5.16 0.02 ± 0.02 2 3.71 ± 0.80 
2 8.0 0.05 5.50 10.28 ± 6.19 0.00 ± 0.00 17 2.48 ± 2.48 
3 8.0 0.20 3.00 5.27 ± 1.27 0.06 ± 0.02 10 2.26 ± 2.26 
4 8.0 0.35 0.50 -1.53 ± 0.43 0.00 ± 0.00 3 2.31 ± 2.31 
5 8.0 0.35 5.50 9.76 ± 0.35 2.50 ± 0.42 18 64.13 ± 11.83 
6 10.0 0.05 3.00 10.08 ± 1.00 1.16 ± 0.12 9 20.73 ± 0.92 
7 10.0 0.20 0.50 -6.46 ± 0.20 8.38 ± 1.38 2 24.68 ± 9.39 
8 10.0 0.20 3.00 10.40 ± 0.30 4.55 ± 0.50 10 78.79 ± 15.54 
9 10.0 0.20 5.50 11.07 ± 0.25 3.90 ± 0.34 17 74.04 ± 13.42 

10 10.0 0.35 3.00 9.18 ± 0.52 8.42 ± 0.22 10 89.77 ± 8.20 
11 12.0 0.05 0.50 -9.15 ± 0.44 2.54 ± 1.12 12 5.35 ± 1.69 
12 12.0 0.05 5.50 9.29 ± 0.86 0.26 ± 0.20 28 52.63 ± 5.90 
13 12.0 0.20 3.00 4.35 ± 0.87 6.02 ± 1.86 21 80.44 ± 15.98 
14 12.0 0.35 0.50 -26.83 ± 1.55 5.16 ± 3.28 14 7.05 ± 2.09 
15 12.0 0.35 5.50 6.51 ± 0.94 6.50 ± 0.14 29 95.53 ± 0.58 

 

 

Table 2 – Central composite design matrix and response values of flocculation efficiencies of Microcystis aeruginosa (E), average zeta potentials 
(ZP) of precipitate particles and turbidities (T) of precipitate particles as a result of variations in Mg2+ and PO4

3- concentrations, ionic strength (I) and 
pH. 

 Mg 
# pH PO43- Mg2+ ZP T I E 
  mM mM mV FTU mM % 
1 8.0 0.05 0.50 -7.91 ± 1.60 0.00 ± 0.00 2 4.77 ± 2.55 
2 8.0 0.05 5.50 -5.24 ± 0.94 0.02 ± 0.02 17 5.97 ± 0.80 
3 8.0 0.20 3.00 -5.20 ± 2.16 0.00 ± 0.00 10 6.57 ± 0.63 
4 8.0 0.35 0.50 -9.87 ± 2.80 0.02 ± 0.02 3 3.11 ± 0.35 
5 8.0 0.35 5.50 -4.34 ± 1.36 0.00 ± 0.00 18 4.81 ± 0.51 
6 10.0 0.05 3.00 7.01 ± 2.12 0.00 ± 0.00 9 10.77 ± 5.23 
7 10.0 0.20 0.50 -14.37 ± 1.42 0.00 ± 0.00 2 1.59 ± 0.10 
8 10.0 0.20 3.00 2.57 ± 1.29 0.12 ± 0.10 10 20.95 ± 3.38 
9 10.0 0.20 5.50 4.94 ± 0.83 1.42 ± 0.60 17 86.51 ± 6.67 

10 10.0 0.35 3.00 1.77 ± 0.86 1.28 ± 0.70 10 72.51 ± 3.75 
11 12.0 0.05 0.50 -0.98 ± 1.10 5.58 ± 0.10 13 94.54 ± 0.38 
12 12.0 0.05 5.50 5.06 ± 0.30 41.51 ± 20 40 99.89 ± 0.11 
13 12.0 0.20 3.00 -1.97 ± 0.57 21.8 ± 0.72 27 97.94 ± 0.95 
14 12.0 0.35 0.50 -25.33 ± 0.70 8.56 ± 1.94 14 18.11 ± 9.32 
15 12.0 0.35 5.50 -1.48 ± 0.66 38.22 ± 0.18 43 99.96 ± 0.04 

Generally, at pH 12 the higher the magnesium 
concentration, the higher the turbidity and the better the 
flocculation efficiency, as long as the salt solution zeta 
potential is positive or near zero. However, the 
presence of phosphate decreases it, possibly because 
other precipitates are being formed, such as 
magnesium phosphates.  

Comparatively to the calcium and phosphate 
solutions (previous section), it was possible to achieve 
greater flocculation efficiencies with magnesium 
solutions at pH 12. Also, magnesium precipitates have 
lower zeta potential. 

The amount of precipitates also interferes with the 
height of the resulting biomass in the tube; solutions 
with highest turbidity (Mg-12 and Mg-15) resulted in a 
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much bulkier sediment than solutions with lower 
turbidity (e.g. calcium solutions or Mg-11). 

Enriched medium solutions 

Even though high flocculation efficiency was 
achieved in the experiments, it was important to study 
the eventual interference of culture media composition 
with the flocculation process. Therefore, the conditions 
yielding best flocculation efficiency were selected and 
repeated in the presence of fresh culture medium 
supplemented with the proper amounts of CaCl2/MgCl2 
and KH2PO4. From an economic and safety point of 
view, pH 10 conditions were used since they require 
less base and are less extreme than pH 12. 

It was verified that the presence of medium 
components did not significantly alter the flocculation 
efficiency values registered previously in model 
solutions (Table 1 and Table 2 vs Table 3). 

It is additionally important to test flocculation in spent 
medium, where cellular organic matter produced by the 
cells will be present. This matter consists mainly of 
carbohydrates and proteins which can interfere with the 
flocculation process.35 

Table 3 – Flocculation efficiency of Microcystis aeruginosa cells 
suspended in fresh Z8 medium with adjusted pH and PO4

3-, Ca2+/Mg2 
concentrations, measured 30 min after resuspension of biomass. 

pH PO43- Ca2+/Mg2+ E (Ca) E (Mg) 
 mM mM % % 

10.0 0.20 5.50 - 
94.67 
± 2.95 

10.0 0.35 3.00 
90.40 
± 3.11 

- 

 

DLVO-theory-based predictions 

The DLVO theory was tested as a tool to qualitatively 
predict the adhesion between Microcystis aeruginosa 
cells and the precipitates. To that end, the zeta potential 
of cells and of precipitates, cell radius, and ionic 
strength were used as inputs for the model. Precipitates 
were arbitrated as spherical and having a radius of 
0.5 µm, as this factor influences only the order of 
magnitude of the energy involved, not the shape of the 
DLVO profile; in other words, only the y-axis is affected 
in a typical DLVO chart. 

The obtained DLVO profiles can be divided in two 
groups: those where attractive forces are always 
dominant (type 1, Figure 4) and those where there is an 
energy barrier (type 2, Figure 5). 

Overall, in the presence of precipitates characterized 
by a positive zeta potential, the interactions resulted in 
a Type 1 DLVO profile, and in the presence of 
precipitates characterized by a negative zeta potential 
the interactions resulted in a Type 2 DLVO profile, as 
expected. However, it is worth noting that some colloidal 
solutions of precipitates with a zeta potential value as 

low as -2 mV still originated a Type 1 DLVO profile 
(solutions Ca-4, Mg-11, Mg-13 and Mg-15; see Table 1 
and Table 2). 

Solutions associated with a Type 1 DLVO profile are: 
Ca-2 to Ca-6, Ca-8 to Ca-10, Ca-12, Ca-13, Ca-15, Mg-
6, Mg-8 to Mg-13, and Mg-15. In these cases, both van 
der Waals interactions and electrostatic interactions are 
attractive and thus associated to a negative Gibbs 
energy (Figure 4). This means that cell-precipitate 
interactions are energetically favorable and 
spontaneous, thus resulting in adhesion between the 
particles. 

 

 

Figure 4 – DLVO profile regarding interactions between 
Microcystis aeruginosa cells and salt precipitates Type 1: both van der 
Waals interactions and electrostatic interactions are attractive and 
thus associated to a negative Gibbs energy. This profile corresponds 
to conditions of magnesium and phosphate solution number 12 (Table 
2), assuming precipitate radius of 500 nm.  

In fact, the solutions characterized by this DLVO 
profile yielded high flocculation efficiencies in the 
presence of precipitates. It is important, however, to 
recall the combined effect of zeta potential and turbidity. 
One must be careful to assure the sufficient amount of 
precipitates before concluding based on the DLVO 
profile. For instance, solutions Ca-2 to Ca-4 give a Type 
1 DLVO profile but do not result in flocculation because 
there are not enough precipitates (turbidity is below 2 
FTU). This happened mainly at pH 8, where calcium 
phosphate is not yet expected to precipitate in large 
amounts. 

Solutions associated with a Type 2 DLVO profile are: 
Ca-1, Ca-7, Ca-11, Ca-14, Mg-1 to Mg-5, Mg-7 and 
Mg-14. In these cases, attractive van der Waals 
interactions compete with repulsive electrostatic 
interactions, resulting in a positive Gibbs energy barrier 
(Figure 5). This means that cell-precipitate interactions 
are unfavorable, preventing adhesion between the 
surfaces. This Type 2 DLVO profile also describes 
cell-cell interactions. 

In fact, the solutions characterized by this DLVO 
profile yielded flocculation efficiencies comparable to 
those attained in demineralized water. Some solutions 
with negative zeta potential still resulted in some 
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flocculation in the cases where turbidity was higher, 
which is the case of solutions Ca-7 and Mg-14 (about 
20% efficiency). So, even though negatively charged 
precipitates are not attracted to cells, they still affect 
their flocculation. 

 

Figure 5 – DLVO profile regarding interactions between 
Microcystis aeruginosa cells and salt precipitates Type 2: attractive 
van der Waals interactions compete with repulsive electrostatic 
interactions, resulting in a positive Gibbs energy barrier. This profile 
corresponds to conditions of magnesium and phosphate solution 
number 14 (Table 2), assuming precipitate radius of 500 nm. 

In conclusion, the DLVO theory was shown to be 
able to predict whether particle adhesion occurred. It is 
worth noting that the necessity for turbidity 
measurements in this work does not imply a fault in the 
DLVO model. It can only predict interaction between 
particles if there are indeed particles present, and that 
was another side of the study. 

There was no need to resort to the extended version 
of the DLVO theory, since the classical proved to be 
sufficient in explaining the results, which also lessens 
the experimental burden, there being no need to 
account for Lewis acid-base forces. 

 

CONCLUSIONS, FUTURE PERSPECTIVES 

The aim of the project was met. Flocculation of 
Microcystis aeruginosa promoted by precipitation of 
salts by pH increase was achieved at test-tube scale. 
Moreover, turbidity and zeta potential measurements of 
salt solutions and cell suspensions separately were 
shown to be sufficient to predict whether flocculation 
would occur. The DLVO theory proved to be helpful at 
predicting and explaining the adhesion of the particles 
at play. 

The results obtained can direct to optimal 
conditions to perform flocculation, depending on the 

goal. From an economic and safety point of view, pH 10 
conditions seem to be advantageous since they require 
lower addition of hydroxide and the environment is less 
aggressive than pH 12. Moreover, the less salts are 
introduced into the system, and the less the pH is 
changed, the more feasible it is to recycle the culture 
medium back to the culture after flocculation, if desired. 

The DLVO theory, although born about seventy 
years ago, was shown to be valid in the case of 
Microcystis aeruginosa SAG 17.85 despite its 
simplifying assumptions. Although we are dealing with 
particles above the colloidal range, that are not perfectly 
spherical and homogeneous, this approach revealed 
itself to be useful to explain and predict the phenomena 
of flocculation. 

Understanding and explaining complex 
phenomena involving biological entities has always 
taken a long path, built on models and theories that help 
to focus research, and microorganism adhesion is no 
exception. A physico-chemical approach is highly likely 
to never be accurate enough to describe and predict 
microbial adhesion in every situation. However, models 
such as the ones based on the DLVO theory have 
allowed exploration of the subject and, in many 
instances, have shown to be sufficient, especially in a 
qualitative manner. 

It is additionally important to test flocculation in 
spent medium, where cellular organic matter produced 
by the cells will be present. Further studies on floc 
structure, strength and bulkiness should be performed, 
which are important operational parameters in 
solid/liquid separation techniques for efficient removal 
of aggregated particles.36 The lower the volume of 
biomass sludge resulting from the flocculation step, the 
lower the cost will be for the second mechanical 
dewatering step.11,37 

The experiments could be complemented with 
studies of calcium carbonate precipitates as flocculants. 
Moreover, in the future it will be important to assure cell 
viability, and to transfer the tests to larger scale, to 
which end a mixing procedure that substitutes vortexing 
must be considered. 
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