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Resumo 
 O estudo da floculação de Microcystis aeruginosa foi levado a cabo à escala laboratorial 

nesta dissertação, mais especificamente floculação induzida pela ação de precipitados formados por 

aumento de pH. Esta espécie de cianobactéria está associada a florescimentos em reservatórios 

eutróficos, sendo capaz de produzir hepatotoxinas, o que traz preocupações de saúde a nível da 

qualidade de água destes reservatórios. A floculação é um método relativamente simples, rápido e 

barato, de lidar com a separação de microalgas e cianobactérias do meio de cultura – unidade de 

processo considerada limitante quando se lida com este tipo de microrganismos –, quer seja no 

tratamento de águas, quer na valorização de biomassa. 

 Estudou-se a formação de precipitados a partir de soluções de CaCl2/MgCl2 e KH2PO4 em 

concentrações na gama do micromolar, a pH entre os 8.0 e os 12.0, que foram caracterizados por 

medições de turbidez e potencial zeta, e utilizados como agentes de floculação de suspensões de 

Microcystis aeruginosa. Os resultados experimentais foram comparados com previsões obtidas 

através de um modelo matemático associado à teoria Derjaguin-Landau-Verwey-Overbeek (DLVO), 

que procura explicar as interações entre as superfícies das células e precipitados com base nas 

propriedades físico-químicas das mesmas. 

 Obtiveram-se eficiências de floculação altas (acima dos 80%), especialmente a pH 12; estas 

são explicadas pela formação de precipitados de fosfato de cálcio e hidróxido de magnésio 

positivamente carregados, que neutralizam a carga negativa das células, reduzindo as forças 

repulsivas entre elas e levando à coagulação, floculação e sedimentação das mesmas. A teoria 

DLVO mostrou-se útil na previsão dos resultados e explicação dos mesmos em termos de adesão 

das partículas em causa. Os resultados obtidos indicam condições ótimas de floculação que 

dependerão, no entanto, dos objetivos de cada aplicação. 

Palavras-chave: Microcystis aeruginosa, floculação, teoria DLVO, métodos de colheita, potencial 

zeta.  
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Abstract 
 The flocculation of Microcystis aeruginosa promoted by pH-induced salt precipitation was 

evaluated as a harvesting technique at test-tube scale in this dissertation. 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.   

Keywords: Microcystis aeruginosa, flocculation, DLVO theory, harvesting methods, zeta potential. 
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1 Introduction 
Microcystis aeruginosa is the most common toxic cyanobacterium in eutrophic freshwater, easily 

forming blooms that contaminate the water with powerful hepatotoxins (microcystins).1 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.2 

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.3 

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.4  

The formation of cell aggregates can be promoted by co-precipitation of positively charged salts 

associated with pH increase; excreted organic macromolecules;5 inhibited release of microalgae 

daughter cells;6 and aggregation between microalgae and bacteria.7 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.8 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;9 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.8 This fact can be used to provoke flocculation 

simply by inducing carbon dioxide limitation in order to achieve alkaline conditions.8 

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’ behaviors, such as biofilm formation and 

flocculation.10 

A mathematical model associated with the DLVO theory allows for the calculation of a profile that 

indicates the stability of a given dispersion.11–13 Besides the size of the particles at play and the ionic 
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strength of the solution, the model requires the zeta potential of the particles, which is directly related 

to the particle surface potential.8 

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. 
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2 State of the Art 

2.1 Cyanobacteria  

Cyanobacteria are a large and diverse group of photosynthetic gram-negative bacteria. 

Together with algae, they are responsible for the production of about 75% of oxygen on Earth through 

the process of photosynthesis, while being the foundation of aquatic food chains. Unlike microalgae, 

cyanobacteria are prokaryotes. Their evolution, together with oxygenic photosynthesis, goes back to 3 

billion years ago and they are thought to be the basis for the evolution of chloroplasts, according to 

the endosymbiotic theory.14  

Cyanobacteria are photolithoautotrophic, meaning that they use carbon dioxide as a carbon 

source, and light as an energy source, while having an inorganic electron donor; in this case, water is 

the electron donor and oxygen is released (oxygenic photosynthesis). They possess chlorophyll a and 

photosystems I and II, which resembles the photosynthetic system of eukaryotes (chloroplasts), and 

explains why they were formerly known as “blue-green algae”. However, they do not have chlorophyll 

b. Moreover, the resemblance to eukaryotic phototrophs separates them from autotrophic bacteria.14 

Photosystems I and II differ in the light wavelength they capture, photosystem I absorbs light 

of wavelengths greater than 680 nm and photosystem II of shorter wavelengths. These light reactions 

are located in thylakoid membranes within the cyanobacteria cells. These are separate from the 

plasma membrane and contain chlorophyll a and other pigments (phycobilins) grouped together in 

phycobilisomes (Figure 1).15 Chlorophyll a receives the energy captured from light by other pigments.1 

Unlike green algae, which cell wall is made of cellulose, cyanobacterial walls are composed of 

peptidoglycan and lipopolysaccharide layers.16  

Cyanobacteria can have diameters between 1 and 10 µm and can be unicellular or form 

colonies, or trichomes (filaments formed by a row of bacterial cells in close contact with one another). 

Despite being prokaryotes and not having complex membranous organelles, it is common to observe 

plasma membrane infoldings in cyanobacteria, perhaps as a way to increase metabolic activity by 

having a larger membrane surface. Their cytoplasm is rich in ribosomes, contains gas vesicles, and 

presents granules composed of large polypeptides of arginine and aspartic acid (cyanophycin 

granules) and polyhedral carboxysomes, which contain the critical enzyme for the conversion of 

atmospheric CO2 into sugar, Rubisco.14 

Cyanobacteria can reproduce through multiple fission, budding, fragmentation, or binary 

fission. They are metabolically flexible; for instance, when the best nitrogen sources are unavailable 

(nitrate, ammonia), some cells develop into heterocysts which can fix atmospheric nitrogen. Some 

can also fix nitrogen in dark anoxic conditions. Cyanobacteria can be found in diverse habitats, such 

as nutrient-rich warm ponds and lakes, or even in extreme conditions, such as neutral/alkaline hot 

springs or fissures in desert rocks.14  
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Due to this diversity, cyanobacteria are divided in five subsections according to their shape, 

reproduction and growth, ability to form heterocysts, G/C content, and other properties.14,17 

Subsections I and II are comprised of unicellular cyanobacteria, but while those from subsection I are 

nonmotile and reproduce by binary fission or budding, the ones from subsection II may aggregate and 

also form baeocytes by multiple fission (reproductive cells that escape when the cell wall ruptures). 

Subsections III to V are dedicated to filamentous cyanobacteria. The individuals classified in 

subsection III form trichomes, whilst those from subsections IV and V produce heterocysts when 

deprived of nitrogen. The difference between these two last subsections is that the individuals from 

subsection IV form unbranched trichomes, whereas those from subsection V can form branches or 

aggregates.14 

 

Figure 1 – Diagram of a typical cyanobacterial cell. Reproduced under Attribution-ShareAlike 3.0 Unported (CC 

BY-SA 3.0) license from https://en.wikipedia.org/wiki/Cyanobacteria#/media/File:Cyanobacterium-inline.svg 

(Accessed on November 3rd 2017). 

Cyanobacteria are capable of moving along solid surfaces (gliding mobility), even though no 

visible external structures are associated to this movement.14 

Cyanobacteria absorb red and blue light and dominate the upper layers of freshwater and 

marine microbial communities, together with photosynthetic protists. They are known for blooming in 

eutrophic ponds and thus playing relevant roles in aquatic ecosystems, since the organic matter 

available upon their death feeds chemoheterotrophic bacteria, which in turn consume oxygen, leading 

to the death of fish and other organisms.14 These blooms commonly clear in a matter of days, and the 

associated toxin release due to cell death causes the water to be lethal.1 Copper sulphate can be 

used to prevent and control these blooms.18 

Some produce toxins, turning the water toxic to those who drink it and acting as a defense 

mechanism against predators.14 These toxins are products of the secondary metabolism of 

cyanobacteria; they are known as cyanotoxins and can be hepatotoxins, neurotoxins or dermal 
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toxins.19 They are intracellular and thought to be released to the media only upon cell death, but their 

direct transport out of the cells has also been proposed.20 Toxin production has been shown to be 

affected by temperature and light, and also associated to nitrogen/phosphorous ratio, and presence of 

iron and zinc in the medium.1 The presence and quantification of these toxins can be assessed by 

High-Performance Liquid Chromatography (HPLC) and by immunological assays such as the 

Enzyme-Linked Immunosorbent Assay (ELISA).21 

On the other hand, cyanobacteria such as Spirulina can be consumed as food supplements 

due to their nutritional value,14 and have been considered as mediators of hydrogen production as an 

environmental friendly energy source.22 

Generally, cyanobacteria are better adapted to grow in waters with pH 8.5 to 9.5 (which they 

themselves can cause by CO2 consumption) and temperatures between 30 and 35ºC.1 Light is a 

paramount factor of their growth: growth rate and pigments change considerably according to light 

intensity. In fact, cultures can remain green or acquire a yellow and even orange color, as light 

intensity increases due to carotenoid pigments increase in proportion to chlorophyll a, preventing 

photo-oxidation.1 Light can also influence toxin production, gas vesicles content, and thylakoid 

configuration.1 This can explain these microorganisms’ ability to achieve a position of optimum 

illumination in a water column through vacuoles (phototaxis).14  

Cell mass measurements can be performed through the dry weight method (cell suspensions 

are centrifuged, washed, dried in an oven, and weighed), which is time-consuming and requires a 

certain quantity of cells. Cell concentration can also be measured by spectrophotometry, more rapidly 

and in a more sensitive way, because the biomass is directly proportional to the amount of light that is 

scattered as it goes through a sample. Optical densities at 680, 730 or 750 nm can be used for 

determining microalgal biomass; 750 nm has been recommended since it is not in the range of 

absorbance by pigments.23,24 This method is applicable within the ranges of the spectrophotometer 

and when the size of the cells does not change significantly throughout its life cycle. Other 

alternatives are cell counting, or quantification of a substance that is constant in each cell, such as 

chlorophyll in the case of algae and cyanobacteria, which relates directly to biomass concentration.14 

2.1.1 Microcystis aeruginosa 

This species is the most common toxic cyanobacterium in eutrophic freshwater.1 Microcystis 

aeruginosa (Figure 2) can produce extracellular polymeric substances such as polysaccharides, 

proteins, lipids and humic substances, that form a matrix important in formation of blooms.25 

Microcystis is included in subsection I in the classification made in Bergey’s Manual (detailed in the 

previous section).17 

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.26 
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Figure 2 – Microcystis aeruginosa SAG 17.85 cells (microscope Nikon Eclipse E400, digital camera Nikon 

D300s; scale not available; original magnification 100X). 

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 transported there. The presence of these toxins in drinking water is covered 

in World Health Organization guidelines.27 They inhibit specific protein phosphatases and their 

biosynthetic pathway has been sequenced,28 as well as the gene clusters that encode these 

compounds.21 

This species is unicellular and its activity is optimal at 25ºC and gets inhibited below 15ºC, but 

the highest growth is not correlated to the highest toxicity.1 Cell size has been measured to average 

3.54 µm and reported to be ovoid or spherical in shape (Kütz. strain).29 

Cell surface studies have shown that Microcystis aeruginosa cell surface is a strong electron 

donor and has higher affinity to acidic solvents rather than basic ones; it has shown to be less 

hydrophobic than Chlorella vulgaris cells, which can be correlated with a lower concentration of 

polysaccharides.18 Zeta potential studies have determined its isoelectric point around pH 2.2 (in 10 

mM NaNO3). Infrared spectroscopy identified peaks associated with peptidoglycan, amide I and II 

groups, and lipopolysaccharide.18 

2.2 Harvesting methods 

Finding an efficient, low-cost and large-scale suitable method to recover cells from a liquid 

suspension can be considered a downstream processing bottleneck, be it for water treatment and/or 

biomass valorization processes. This process, known as harvesting, is specially challenging in the 

case of cyanobacteria and microalgae, not only due to the dilute nature of these suspensions 

(maximum of about 5 g/L, depending on the organism and the culture method), but also due to cell 

properties such as size (microns) and suspension stability.2 
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Generally, suspensions can be concentrated in two steps, namely thickening and dewatering, 

or concentrated in a single step.30,31 An ideal harvesting method is able to ensure the wanted 

specifications of the final product (such as moisture, salt concentrations, cell damage, density, size), 

must not be toxic or contaminate the biomass, be cheap, fast, and allow medium recycling.3 

 Harvesting techniques applied to microalgae can be divided in thickening and dewatering 

methods. Coagulation/flocculation, bioflocculation, gravity sedimentation, flotation, electrical base 

methods are considered thickening, as they increase solid concentration of the suspension. Filtration 

and centrifugation are considered dewatering methods, as they allow the separation of the biomass 

from the media.3 

 Chemical coagulation/flocculation is a simple and fast method that requires virtually no 

energy, but the flocculants may be expensive and/or toxic and can damage the biomass, as well as 

limit the recycling of culture medium. Suspensions can be concentrated up to 100 times through this 

method, easing the following dewatering step, since it reduces the volume to be processed and 

increases particle size.32,33 This happens by coalescence of divided particles in suspension to form 

larger aggregates which in turn agglomerate to form larger flocs and sediment to the bottom of the 

vessel.3 More detail is given in section 2.2.1. 

Coagulation and flocculation have been distinguished in different ways throughout the 

literature. One definition is in terms of the added compounds: “Harvesting of algal cells by coagulation 

involves pH adjustment or electrolyte addition, whereas flocculation involves addition of cationic 

polymers.”34 It is also possible to define the difference from a DLVO profile perspective (more in 

section 2.3.1): “Aggregation of the particles arising from the stabilizing effect of the secondary 

minimum is called flocculation. Coagulation […] occurs when the separation of the particles is so 

small that they enter the primary minimum of the potential energy.”35 The terms have also been 

coined together as “coagulation-flocculation” and used interchangeably. In the present work, the term 

flocculation is used to describe different types of cell aggregation. 

 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 (see section 2.2.2). Bioflocculation is caused by secreted 

biopolymers produced by bacteria or fungi in co-culture.3,36 

 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.37 

 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. Gas bubbles are fed to the broth in order to lift the cells and, similarly to gravity 

sedimentation, it is often preceded by a coagulation/flocculation step.3,38 
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 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. These processes take advantage of cells’ negative surface charge, allowing to 

achieve cell separation by application of an electrical field. They also entail bubble formation due to 

water electrolysis, and can therefore be compared to flotation.3,30,39 

 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. Also usually 

coupled with a preceding coagulation/flocculation step, it is only sustainable when applied to long-

length microalgae or colonies of these.3,40 

 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. Due to the size of microalgal and cyanobacterial cells, a cost 

effective harvesting strategy that decreases energy consumption requires the sacrifice of harvesting 

efficiencies for greater process volumes. Preceded by a coagulation/flocculation step, centrifugation 

can entail less operating costs due to the use of lower g-forces.3,41,42 

 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. 

2.2.1 Flocculation 

Flocculation presents itself as a useful low-cost concentration step that, by aggregation of 

single cells in suspension, followed by gravity sedimentation, has a relevant impact in the following 

dewatering step. In fact, flocculation can concentrate a dilute cell suspension 20-100 times, also 

leading to formation of larger particles, and thus enabling for a more feasible dewatering step in terms 

of energy demand.2 

Flocculation depends on cell surface to biomass ratio, biochemical composition of the cell 

surface, culture medium composition, pH (indirectly), and can be interfered with by organic matter 

produced by cells themselves.2 

Flocculation can be achieved by several means. Namely, chemical agents, autoflocculation, 

physical flocculation, infochemicals and genetic modification, standing ultrasound waves, 

electrocoagulation, magnetic nanoparticles, cationic starch and other biopolymers, chitosan, and by 

co-cultivation with flocculating bacteria (bioflocculation; possible in waste treatment where there is 

carbon available).2  

One flocculation disadvantage is contamination implying indirect costs to following operations 

and limiting the use of the final product or viability, as well as medium recycling.2 For instance, metal 

ions with high charge such as Al3+ are effective as flocculating agents, since they increase ionic 

strength which diminishes the effect of the double layer (see section 2.3.1). In fact, it is empirically 
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known that “colloids are flocculated most efficiently by ions of opposite charge type and high charge 

number” (Schulze-Hardy rule).35 However, these ions are required in large amounts and contaminate 

the biomass;43 as an alternative, one could use electrocoagulation.32 Chitosan is a natural biopolymer 

that can be used but has a relatively high cost and limited availability; in this case, cationic starch can 

be an alternative.32 HTTC (a water-soluble chitosan derivative) has been shown as a promising 

coagulant for the removal of M. aeruginosa in drinking water, with no cell damage during 

coagulation.25 

2.2.2 pH-induced flocculation (autoflocculation) 

Microalgae cells, including cyanobacteria, are known to be generally characterized by a 

negative surface charge, brought upon by carboxyl and/or sulphate groups, which explains the 

stability of microalgae suspensions according to the DLVO theory (see section 2.3.1).32,44 

At the isoelectric point of the cells, they will, by definition, present zero net surface electric 

charge,45,46  and the decrease of mutual electric repulsion forces will allow for the contact between 

cells, causing the suspension to lose its stability.8 This happens partly because of loss of the 

protective role of the electric double layer (see section 2.4).35 

On the other hand, pH has also been shown to be important for flocculation on the alkaline side 

of the pH scale, associated with the right chemical composition of the medium.8 In this case, although 

the surface charge of microalgal cells is expected to become more negative with pH increase,47 the 

driving force is the pH-induced precipitation of positively charged particles.32  

When present in sufficient amounts in the medium, pH increase would lead to a supersaturation 

state of the ions, causing their precipitation. These precipitates would adsorb to the surface of the 

cells (which serve as a promoter for nucleation) and neutralize their negative charge,8 reducing 

repulsion forces among cells and leading to floc formation which then sediment.4  

More specifically, the mentioned precipitates are salts of bivalent cations such as calcium and 

magnesium.32,43,48 Calcium phosphate precipitates have been considered a flocculating agent within 

pH range 8.5 to 9.0, when the adequate number of specific ions in the medium are present, namely 

0.1-0.2 mM phosphate and 1.5-2.5 mM calcium. In the presence of excess calcium ions, the 

precipitates are positively charged, thus acting as a flocculant agent.8 As an example, it has been 

argued that deterioration of bacterial flocculation in cases of dilution in wastewater treatment plants 

(following heavy rainfalls or snow melting periods) is caused by the depletion of the bridging effect 

that calcium ions have between negative charges.49 

Above pH 10, magnesium hydroxide precipitates have been reported as the most relevant 

flocculation agent.8 At pH 11 both calcium and magnesium are expected to precipitate as calcium 

carbonate, calcium magnesium carbonate, calcium phosphate and magnesium hydroxide.32 

Calcium phosphate precipitation is, however, unsustainable if high phosphate concentrations 

are required, because its reserves are declining and the price increasing. Magnesium hydroxide, on 
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the other hand, can be found in sufficient concentrations for flocculation purposes in most waters. 

Flocculation by precipitation of calcium carbonate may also be possible.2 

This type of flocculation has been called “autoflocculation” since pH increase can occur 

naturally due to the consumption of CO2 as a result of photosynthetic activity.2  

2.3 Microbial attachment 

Microorganisms in suspension may be transported towards a substratum surface, or towards 

each other, through mechanisms such as diffusion, convection, gravitation, Brownian motion, and  

intrinsic microorganism motility.50 Adhesion consists of the transfer of the cell in the bulk phase to an 

attached state at an interface.10 In the present work, the focus is not on the known tendency of 

microorganisms to associate with substrates or inorganic surfaces,51 which leads them to form 

biofilms,50 but on the formation of microbial (co-)aggregates. 

Be it to a substratum surface or to other microbial cells, microbial adhesive interactions are 

explained by non-specific and specific interactions, both originating in the same fundamental 

physico-chemical forces, namely Lifshitz-van der Waals forces, electrostatic forces, and acid-base 

interactions.50 Specific interactions operate over small distances on the interacting microbial cell 

surfaces. They are highly directional and spatially-confined stereo-chemical interactions between 

specific surface components (molecular groups), and are both chemically and structurally complex 

and heterogeneous and differ between strains. Non-specific interactions are overall interactions that 

operate at long-range between the entire body of the interacting surface.52 

Several aspects of microbial adhesion can be successfully treated by physico-chemical 

approaches; however, these tend to fail as the microorganism considered increases in complexity, 

specifically regarding the appendages on its cell surface (which complicates the simple matter of 

defining the distance between cells).10,50 The basic approaches to tackle the complicated task of 

physico-chemically describing microbial adhesive interactions are the thermodynamic approach and 

the Derjaguin-Landau-Verwey-Overbeek theory.50 

The thermodynamic approach assumes physical contact between the surfaces and is based 

on their surface free energies, disregarding electrostatic interactions.53,54 The DLVO approach 

describes the interaction energies between the surfaces, based on van der Waals and electrostatic 

interactions and their dependence on the distance between the surfaces.55 Both these approaches 

have proven useful regarding specific strains or species but have failed to serve as a generalized 

description.50 There is also the extended DLVO theory which contains Lewis acid-base interactions as 

a way to include hydrophobic attractive and hydrophilic repulsive forces, as well as osmotic 

interactions, in the classical DLVO theory.50,53,56,57 

2.3.1 DLVO theory 

The Derjaguin-Landau-Verwey-Overbeek theory, named after its Russian and Dutch 

inventors, and commonly abbreviated to DLVO, arose in the 1940s and explains the stability of a 

colloidal dispersion based on an energy balance between van der Waals forces (attractive) and 
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electrostatic forces (Coulomb interactions, repulsive or attractive). It allows for the calculation of an 

energy diagram from which one can determine the stability of a given dispersion.11–13 

The theory can deal with the aggregation of identical particles (homoaggregation), different 

particles (heteroaggregation), and also deposition of particles to a planar substrate, in the case of 

large size disparity. Its basic assumption is that the free energy per unit area can be approximated by 

the additive contributions of the van der Waals and double layer (electrostatic) interactions. It is a 

theory originally meant for lyophobic dispersions, ergo colloids (dispersions of particles with 1-500 nm 

diameter) having a dispersed phase with little or no affinity for the continuous phase.35 It also 

assumes perfectly smooth surfaces. Despite its originally intended application being for colloids, the 

DLVO theory has been successfully applied to explain the stability, or lack thereof, of cell 

suspensions.58  

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.11–13 Van der Waals forces are proportional to the Hamaker 

constant (A, equation (2)) which depends on the dielectric properties of the medium.10 

Double layer interactions are relevant for charged substrates, especially at lower salt levels. 

Repulsive electrostatic energy originates by overlap of the electrical double layers of cells, which are 

usually negatively charged at neutral pH. The presence of surrounding ions strongly affects the 

strength and range of these interactions, since the thickness of the layer is compressed,10,59 so much 

so that the net interaction may be attractive even if both particles are negatively charged.60,61 At low 

salt concentrations (low ionic strength), there is a shallower shielding effect of the surface charges by 

the ions in the electrical double layers.58  

The typical DLVO profile (Figure 3) is characterized by a deep attractive well at short 

distances, referred to as the primary minimum, then followed by a primary maximum. 

In the presence of a high enough repulsive force, at the distance of the primary maximum 

there will be enough repulsive energy so that the particle remains stable in the dispersion. At a 

smaller distance, the particles will adhere, falling into the primary minimum, and that adhesion is 

irreversible because particles cannot separate by Brownian motion, and remain irreversibly 

aggregated due to van der Waals forces.58 

If the repulsive force is not as high, there will be a shallow secondary minimum. As the 

particles move towards one another, they will reach a point where they are loosely flocculated, held at 

a certain distance from each other’s surface,62 and this flocculation is reversible upon addition of 

mechanical or thermic energy – the reversible flocculated state. This can happen through an external 

force or promoted by the cell itself (through nanofibers or exopolymeric substances) because the 

potential well is shallow. It is thus still possible to reach the primary maximum (dispersion), past which 

they can fall into the primary minimum and coagulate.35 
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In the case of different particles, oppositely charged, the forces between them are always 

attractive (the double layer force is attractive in this case, adding to the already attractive van der 

Waals force). 

The balance between the electrostatic repulsion and the van der Waals attraction can be 

shifted towards attraction through several mechanisms, leading particles to break through the double 

layer and coalesce. There needs to be a collision with enough energy to disrupt the layers of ions and 

solvating molecules and/or a diminishing of surface accumulation charge.35 For instance, flocculation 

can result from an increase in medium ionic strength, which causes double layer compression (the 

ionic atmosphere is dense). 

The double layer force is strongest at low salt levels or high surface charge densities; in this 

situation, the shielding effect of double layer ions decreases and repulsion effects between same 

charge particles are more pronounced. At high salt levels or small surface charge densities, the 

attractive van der Waals force dominates the interaction, as it is not affected by ionic strength, 

allowing for an easier adhesion. From another perspective, van der Waals forces are dominant at 

small distances and decrease with distance, where Coulomb interactions can thus become 

dominant.50,58 

 

Figure 3 – Typical DLVO energy profile. Reproduced from Video Webinar “Characterizing the Zeta Potential & 

Isoelectric Point of Nanomaterials” by Malvern Instruments Limited (June 22nd 2017). 

This relationship has been shown up to around 200 mM ionic strength (increasing ionic 

strength promotes bacterial adhesion); however, above it, adhesion may increase or decrease. This 

becomes relevant when discussing fresh versus sea water; in the latter, other factors such as 

dehydration are more likely to affect adhesion, rather than ionic strength.63 In some cases involving 
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hydrophobic and hydrophilic conditions, electrolyte concentrations seem irrelevant to the attachment 

phenomenon, showing that DLVO theory must not be applied generally.10 

These force profiles can be directly measured with various techniques, including the surface 

forces apparatus (SFA) and the atomic force microscope (AFM).11,13  

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)10, 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.50 It is usually preferred to deal with interaction energies with a kT scale, as 1 

kT represents the thermal/Brownian motion energy of an organism, providing a reference value for 

adhesion.50 

Gtot(d) = GLW(d) + GEL(d) (1) 

GLW(d) = 
-Aa1a2

6d(a1+a2)
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2+ζ2
2
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2ζ1ζ2

ζ1
2+ζ2
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εkT
zi

2ni
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Therefore, this approach requires knowing the ion composition of the solution, and measuring 

the zeta potential and the radius of the particles involved. 

2.4 Zeta potential 

Zeta potential is associated with the concept of stability originating from the DLVO theory. For 

electrostatically stabilized dispersions, the higher the absolute value of the zeta potential, the more 

stable the dispersion is likely to be.64 

When discussing zeta potential, it is essential to discuss the double layer theory (Figure 4). 

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.10 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.10 This explains the repulsive electrostatic force between two cells, 

that occur upon the overlapping of the double layers, which causes repulsive osmotic pressure 



14 
 

between the ions in rapid thermal motion;10 thus, the double layer shields the particle from motion-

associated alterations (kinetic non-lability).35 

The zeta potential measurement is made at some distance from the surface of the particle, 

called the slipping plane. This is a viscous region where when an electric field is applied, the particles 

move with the Stern layer and part of that double layer; it’s at the point where the double layer splits 

that the zeta potential value can be obtained.35,64 The zeta potential, less known by electrokinetic 

potential,35 is the only measurable potential in the vicinity of a colloidal particle and is directly related 

to the particle surface potential.8 

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. Small changes in the pH or 

concentration of ions can lead to dramatic changes in the zeta potential. When discussing a 

multicomponent product and mixing chemistries, zeta potential becomes important. It provides 

information about the surface interface including the isoelectric point, gives the effectiveness of the 

surface charge, predicts stability, helps understanding steric stability, and how compatible chemistries 

are when they are mixed.64 

The measurement of zeta potential is indirect. Electrophoretic mobility is the property that is in 

fact measured and then is used to calculate zeta potential using the Smoluchowski equation.58,64 

The measurement of electrophoretic mobility is achieved through electrophoretic light 

scattering. The electrophoretic mobility equals the particle velocity divided by the electric field 

strength, where the electric field strength is the applied voltage divided by the distance between the 

electrodes. Thus, the electric field strength is known, and all that is needed is the particle velocity.64 

Particle velocity determination is performed by analysis of a Doppler shift of the light. The 

velocity measurement occurs via interferometric technique. A laser beam is split in two, most of it 

going through the sample cell (sample/scattering beam), and a small percentage going around the 

cell (reference beam). The two frequencies are beat back together to obtain the Doppler shift of the 

light. The frequency shift of the light is directly proportional to the particle velocity.64 

Voltage is applied to both electrodes of a capillary cell containing the suspension at study, 

causing the particles to move toward the electrode of opposite charge. Alternating the applied field 

triggers the particles to move backwards and forwards, enabling the frequency shift of the light to be 

detected.64 
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Figure 4 – Diagram showing the ionic concentration and potential difference as a function of distance from the 

charged surface of a particle suspended in a dispersion medium. Reproduced from 

https://de.wikipedia.org/wiki/Zeta-Potential#/media/File:Diagram_of_zeta_potential_and_slipping_planeV2.svg 

under Attribution-ShareAlike 3.0 Unported (CC BY-SA 3.0) license (Accessed on November 3rd 2017). 

Measurements attained by alternating the electric field at a low frequency (0.5 Hz) give a 

parabolic profile because there is both electrophoresis (in the cell) and electro-osmosis (in the cell 

walls) occurring. However, if the field is alternated quickly (50 Hz), it is possible to achieve almost 

pure electrophoresis. The “mixed mode measurement” method is the one used and patented by 

Malvern instruments, where a fast field reversal is performed. This permits the measurement of true 

particle mobility before the electro-osmosis starts, followed by a slow field reversal, allowing to obtain 

the mobility distribution. During the fast field reversal stage, the mobility measurement is performed by 

Phase Analysis Light Scattering (PALS), which increases the sensitivity by 100-fold.64 

 It has been suggested that relying on zeta potential values determined from the 

electrophoretic mobility of bacteria might not be advisable, as in many strains this mobility does not 

tend to zero with increasing ionic strength.65 Furthermore, the Smoluchowski equation should be 

applied only to rigid particles devoid of polymers.66 In fact, considering particles with a soft polymer 

surface layer, the actual surface potential of bacterial cells is much smaller than the zeta potential 

calculated from the aforementioned equation, allowing the cells to interact even at low ionic strengths, 

although the high energy barrier does seem to be present at very low ionic strength conditions.65 
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2.5 Design of Experiments 

The traditional experimental approach favored by scientists and engineers toward a multivariate 

problem aims to design the experiments so that each factor is investigated at a time, and all other 

independent factors are kept constant.67 

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. 67 

Design of experiments also allows to mathematically model a system from experimental data. 

The obtained model offers an approximate description of the research subject and is not absolute. 

Therefore, it is possible to obtain optimal solutions without the need to come to a functional 

deterministic model that defines the system precisely. This need was present in classical research 

methods and aimed to define scientifically proven rules and laws, which can be difficult when dealing 

with many factors and complex effects.67 

With the goal to minimize bias related to systematic factors, design of experiments proposes a 

random sequence when doing trials, to strive for the data to be independently distributed.67 

Design of experiments oftentimes uses polynomial models to account for large number of factors 

and interaction effects. It is thus adequate to use regression analysis mathematical tools to estimate 

the degree of fit of these models.67 

Basic designs of experiments are available to deal with different factors and have different 

applications. It is possible to deal with qualitative, quantitative, and combined factors, applying them in 

ways to check methods, test effect of single factors, screen and choose factors, calculate main effects 

and interactions and construct regression models.67 

The central composite design deals with quantitative factors and aims to achieve second order 

regression models.67 This design is associated with a response surface methodology, thus allowing to 

model and/or optimize responses that are dependent by the levels of one or more quantitative factors. 

This approach is aimed at planning the experimental process in a way that assures the data are 

collected in the right way and in sufficient quantity to allow a good analysis with the required precision, 

tackling an extremely time-consuming task in an efficient fashion.68 

The aforementioned models can be statistically evaluated in terms of variance (ANOVA, analysis 

of variance). The goal is to identify the factors which significantly affect the response variables in 

study. The significance of each model term and of the overall model is analyzed and several 

parameters are considered: F-value or p-value, R2 (simple, predicted and adjusted). The F-value 

results from a Fisher’s statistical test (F-test), which is determined by the ratio of the mean square of 
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the parameter in study to the mean square of the error term (p-values can be computed from the 

F-distribution). The model, and model terms, are usually accepted at p-values lower than 0.05 – 

meaning that there is only a 5% probability that the variables are not related and the relationships 

found are due to noise/randomness. Simultaneously, models with higher R2 value are preferred, 

meaning that a higher percentage of the data are explained by the model.69 

While R2 is the percentage of response variable variation that is explained by its relationship with 

one or more predictor variables, R2-adjusted is the R2 value adjusted for the number of predictors in 

the model, which is important because R2 will always increase by adding new terms, and thus helps to 

choose the correct model. Additionally, predicted-R2 determines how well the model predicts 

responses for new observations (predictive ability), a significant discrepancy between predicted-R2 

and R2 will indicate that the model is more capable to describe the original data than it is to provide 

valid predictions for new observations.  
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3 Materials and Methods 

3.1 Microorganism 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 medium (Table 1), in batch mode and at room temperature. Growth 

media and vessels were sterilized by autoclavation (120ºC, 20 min). 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 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 (appendix A). 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. 

Table 1 – Z8 Growth medium composition.70 

Compound 
Concentration 

(mg/L) 

 
Compound 

Concentration 

(mg/L) 

NaNO3 467.0  NiSO4(NH4)2SO4·6H2O 1.98 

EDTA-Na-Fe 390.0  MnSO4·H2O 1.67 

FeCl3·6H2O 280.0  Cd(NO3)2·4H2O 1.55 

Ca(NO3)2·4H2O  59.0  Co(NO3)2·6H2O 1.46 

NaOH 40.0  CuSO4·5H2O 1.25 

HCl 36.5  KBr 1.20 

K2HPO4 31.0  (NH4)6Mo7O24·4H2O 0.91 

MgSO4·7H2O  25.0  KI 0.83 

Na2CO3  21.0  Cr(NO3)3·9H2O 0.41 

Al(SO4)2K·12H2O 9.48  Na2WO4·2H2O 0.33 

H3BO3 3.10  NH4VO3 0.11 

ZnSO4·7H2O 2.87    
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3.1.1 Cell diameter and compactness 

Cell diameter and compactness was evaluated with the integrated microscope/software 

system Cellavista (Synentech, Germany). Optical system: brightfield, 20x objective. Image analysis: 

Suspension cell count algorithm (applied without modifying the intrinsic parameters).  

3.1.2 Toxicity 

Strain toxicity was confirmed by the Abraxis Microcystins-ADDA ELISA immunoassay. This is 

a competitive enzyme-linked immunosorbent assay, in which the toxin competes with an analogue for 

the binding sites of anti-Microcystins antibodies. By addition of a color generating antibody-HRP, it is 

then possible to correlate the optical density of the solution with the concentration of microcystins by 

interpolation using a standard curve (Appendix C). 

3.2 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. 

3.3 Flocculant characterization 

 Calcium and magnesium precipitates were evaluated as flocculant agents. 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.8 

 Ionic strength was calculated according to equation (5) and assuming that both CaCl2 and 

MgCl2 dissociate completely in solution, and precipitation is negligible for the given calculation. 

I=
1

2
cizi

2

n

i=1

 (5) 

3.4 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.71 Measurements were 

performed three times with a duration of 10 to 100 runs using disposable folded capillary cells 

(DTS1070). 
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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. 

3.5 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.72 The values at 

90º were considered as a qualitative measure of the amount of precipitates in solution. 

3.6 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 salts concentration and adjusted pH) by vortexing at maximum speed for 10 s (IKA 

Vortex Genius 3, Germany). Flocculation efficiency, E (equation 6), 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(%)=
ODt=0 min

750 nm(Control)-ODt=30 min
750 nm (Sample)

ODt=0 min
750 nm(Control)

×100 (6) 
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4 Results and Discussion 

4.1 Microcystis aeruginosa culture and characterization 

4.1.1 Biomass growth curve 

Microcystis aeruginosa growth was followed by optical density at 750 nm and converted to dry 

weight through a calibration curve performed by gravimetry (Figure 5). The noticeable increase in 

standard error with time must be due to intrinsic variability of the system, as well as slight differences 

in growth conditions. 

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 5 – 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 (appendix A). 
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4.1.2 Cell diameter and compactness 

The values for cell diameter and compactness were determined (Table 2) 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. 

Given that compactness is the ratio of the object circumference to the object area, higher 

values indicate a higher compactness and an ideal circle would have the highest possible 

compactness (value = 1). Since the value for cell compactness deviates 27% from the ideal, cell 

shape might influence slightly the applicability of the model in this case. Furthermore, DLVO model is 

here being used assuming that the particles in suspension are smaller than 10 µm, which is hereby 

verified. 

Table 2 – Microcystis aeruginosa SAG 17.8 cell 

size and compactness. Evaluation performed in a 

field of view with area of 91 mm2 with a cell count of 

807. 

Cell diameter Cell compactness 

µm  

6.55 0.73 

 

4.1.3 Cell zeta potential 

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 (Table 3). 

Note that the lower limit of ionic strength used is due to the minimum ionic strength at pH 12 being 10 

mM. The aim was to create a model that could feed the values needed for the DLVO model. 
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Table 3 – Central composite design matrix and response values of zeta 

potential of Microcystis aeruginosa cells suspension at pH 8-12 and 

ionic strength 10-40 mM. 

pH 
I ZP 

mM mV 

8.0 10 -47.65 ± 1.77 

8.0 25 -45.10 ± 1.13 

8.0 40 -31.50 ± 1.13 

10.0 10 -47.65 ± 1.06 

10.0 25 -45.00 ± 1.70 

10.0 40 -32.10 ± 1.27 

12.0 10 -52.15 ± 0.07 

12.0 25 -50.70 ± 0.71 

12.0 40 -33.15 ± 1.91 

 

 

Figure 6 – 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)  (7) 

  

The Analysis of Variance of the obtained model concludes its significance (overall model 

p-value 0.0002; model terms p-value below 0.05; R2 0.9757). See appendix B1 for further statistics. 
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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 4 and Table 5). The zeta potential of these resulted in -49.1 ± 6.50 mV which partly overlaps 

with the value of -42.54 ± 1.62 mV predicted by the model in equation (7). 

 As expected, the surface charge of the cells becomes more negative with pH increase, and 

less negative with ionic strength. 

4.2 Flocculant properties and flocculation 

4.2.1 Calcium and phosphate solutions 

 Flocculation efficiency was expected to increase as calcium and phosphate concentrations 

increased, when in the presence of excess calcium ions.8 This expectation was met (Table 4 and 

Figure 8). 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) (Figure 7). Precipitates such as amorphous calcium phosphates, 

calcium-deficient hydroxyapatite and hydroxyapatite can be formed at these pH.73 

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%). 

Equation (8) describes the model obtained from calcium precipitate zeta potential data (Table 

4) and which allows to chart the response surface depicted in Figure 7, where ZP is given in mV and 

concentrations of ions in mM.  

ZP = −93.16 + 18.52 × pH − 9.42 × [Ca ] + 162.64 × [𝑃𝑂 ] + 1.86 × pH × [Ca ]

− 18.67 × pH × [𝑃𝑂 ] − 26.75 × [Ca ] × [𝑃𝑂 ] − 0.98 × pH

+ 2.03[Ca ] + 3.06 × pH × [Ca ] × [𝑃𝑂 ] − 0.31 × pH × [Ca ]  

(8) 

 

  

The Analysis of Variance of the obtained model concludes its significance (overall model 

p-value 0.0006; most model terms p-value below 0.05; R2 0.9938). However, there is a decrease of 

about 30% in the predicted R2 when compared to the adjusted R2 which might indicate overfitting or a 

block effect. Also, a discrepancy between the two coefficients was observed regardless of the model 

coefficients. See appendix B2 for further statistics. 
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Table 4 – 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 
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Figure 7 – Zeta potencial 3D response surface of calcium and phosphate salt solutions at pH 8 (a), 10 (b) and 12 

(c). 
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Figure 8 – Flocculation of Microcystis aeruginosa in 25 mL test tubes resuspended in solutions of determined 

CaCl2 and KH2PO4 concentrations, 30 min after pH adjustment at 8.0, 10.0 and 12.0 and vortexing. Tests are 

numbered according to Table 4. 
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4.2.2 Magnesium and phosphate solutions 

Flocculation efficiency was expected to increase as the magnesium concentration increased 

and from pH 10 up,8 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 5, Figure 

9 and Figure 10). 

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. 

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 much bulkier sediment than solutions 

with lower turbidity (e.g. calcium solutions or Mg-11). 

Equation (9) describes the model obtained from calcium precipitate zeta potential data (Table 

5) and which allows to chart the response surface depicted in Figure 9, where ZP is given in mV and 

concentrations of ions in mM. 

ZP = −7.80 − 2.03 × pH − 41.09 × [Mg ] + 99.33 × [𝑃𝑂 ] + 9.83 × pH × [Mg ]

− 19.92 × pH × [𝑃𝑂 ] − 18.04 × [Mg ] × [𝑃𝑂 ] + 0.24 × pH

− 0.97 × [Mg ] + 135.90 × [𝑃𝑂 ] + 2.49 × pH × [Mg ] × [𝑃𝑂 ]

− 0.49 × pH × [Mg ] 

(9) 

 

 

  

The Analysis of Variance of the obtained model concludes its significance (overall model 

p-value 0.0049; most model terms p-value below 0.05; R2 0.9938). However, there is a decrease of 

about 40% in the predicted R2 when compared to the adjusted R2 which might indicate overfitting or a 

block effect. Also, a discrepancy between the two coefficients was observed regardless of the model 

coefficients. See appendix B3 for further statistics. 
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Table 5 – 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 
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 Figure 9 – Zeta potencial 3D response surface of magnesium and phosphate salt solutions at pH 8 (a), 10 

(b) and 12 (c). 
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Figure 10 – Flocculation of Microcystis aeruginosa in 25 mL test tubes resuspended in solutions of determined 

MgCl2 and KH2PO4 concentrations, 30 min after pH adjustment at 8.0, 10.0 and 12.0 and vortexing. Tests are 

numbered according to Table 5. 
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4.2.3 Enriched Z8 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. 

Table 6 – 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 - 

 

 As it was verified (Table 6) the presence of medium components did not significantly alter the 

flocculation efficiency values registered previously in model solutions (Table 4 and Table 5). 

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.74 

4.3 DLVO-theory-based adhesion and flocculation 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 (equation (7)) 

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 11) and those where there is an energy barrier (type 2, Figure 12). 

 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 4 and 

Table 5). 
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Figure 11 – 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 5), 

assuming precipitate radius of 500 nm.  

 
 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 11). 

This means that cell-precipitate interactions are energetically favorable and spontaneous, thus 

resulting in adhesion between the particles. 

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. 
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Figure 12 – 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 5), assuming precipitate radius of 500 nm. 

 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 12). 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 flocculation in the cases where turbidity was higher, which is the case of solutions 

Ca-7 and Mg-14 (about 20%). So, even though negatively charged precipitates are not attracted to 

cells, they still affect their flocculation. 

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.  
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5 Conclusion and 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.75 The lower the volume of biomass sludge resulting from the 

flocculation step, the lower the cost will be for the second mechanical dewatering step.30,76 

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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Appendices 

A Dry weight vs OD (750 nm) calibration curve 

 

 

B Models ANOVA results 

B1 Cell Zeta Potential Model 

 

 

 

 

y = 0.9845x - 0.0405
R² = 0.9988

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.0000 0.1000 0.2000 0.3000 0.4000

D
ry

 w
ei

g
h

t 
(g

/L
)

Optical Density at 750 nm



A2 
 

 

B2 Calcium Precipitates Zeta Potential Model 
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B3 Magnesium Precipitates Zeta Potential Model 

 

 

 

 

C Microcystins quantification – ELISA immunoassay 

Cell suspensions were frozen and thawed three times to rupture cells and release microcystins. The 

samples were then filtered (PES 0.45 µm) and diluted so that the result fell within the calibration curve 

range. Microcystis aeruginosa SAG 17.85 was thus confirmed to produce microcystins in the growth 

conditions study (data below). Samples taken at stationary stage of growth. 

 

Average OD OD/OD0
 x 100 LOG([MC])

Std 0 0 1.7504 1.6848 1.718 100.00
Std 1 150 1.3463 1.4131 1.380 80.33 2.1761
Std 2 400 1.0164 1.0900 1.053 61.32 2.6021
Std 3 1000 0.8124 0.6435 0.728 42.38 3.0000
Std 4 2000 0.6483 0.7857 0.717 41.74 3.3010
Std 5 5000 0.4487 0.4498 0.449 26.16 3.6990

Calibration curve: LOG([MC]) = m x (OD/OD0 x 100) + b MC - Microcystins

m = -0.0279 OD - Optical density at 450 nm
b = 4.3602

Average OD OD/OD0
 x 100 LOG([MC]) [MC] (ng/L) [Cell] (g/L) MC/Cells (µg/g)

0.9115 0.9045 0.9080 52.8645 2.8865 770.1 - -
0.8719 0.8457 0.8588 50.0000 2.9664 925.5 0.38 1218
0.9299 0.9454 0.9376 54.5907 2.8384 689.3 0.35 985Sample 2 - Diluted 1:500

Standards [MC] (ng/L)

OD (duplicates)

OD (duplicates)

Samples
Control (750 ± 185)

Sample 1 - Diluted 1:500


