
 

 

 

 

 

 
 

 
 

 

 

Citation Vandamme D, Foubert I, Muylaert K (2013) 

Flocculation as a low-cost method for harvesting microalgae for bulk 

biomass production 

Trends in Biotechnology, vol 31(4), 233-239. 

Archived version Author manuscript: the content is identical to the content of the published 

paper, but without the final typesetting by the publisher 

 

Published version http://www.sciencedirect.com/science/article/pii/S0167779912002247 

 

Journal homepage http://www.elsevier.com/journals/trends-in-biotechnology/0167-7799 

Author contact your email dries.vandamme@kuleuven-kulak.be 

your phone number + 32 (0)56 24 6041 

IR https://lirias.kuleuven.be/handle/123456789/370736 

 

 

(article begins on next page) 

http://www.sciencedirect.com/science/article/pii/S0167779912002247
https://lirias.kuleuven.be/handle/123456789/370736


Flocculation as a low-cost method for harvesting microalgae for bulk biomass 1 

production 2 

 3 

 4 

 5 

Vandamme, Dries; Foubert, Imogen; Muylaert, Koenraad 6 

 7 

 8 

 9 

KU Leuven Kulak, Laboratory Aquatic Biology, E. Sabbelaan 53, 8500 Kortrijk, 10 

Belgium
 11 

 12 

 13 

*
Corresponding author: koenraad.muylaert@kuleuven-kulak.be 14 

    Tel: +32 56 24 62 83   Fax: +32 56 24 69 99 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

25 



 2 

 26 

Abstract 27 

 28 

Global demand for biomass for food, feed, biofuels and chemical production is 29 

expected to increase in the coming decades. Microalgae are a promising new source 30 

of biomass that may complement agricultural crops. Production of microalgae has so 31 

far been limited to high-value applications. In order to realize large-scale production 32 

of microalgae biomass for low-value applications, new low-cost technologies are 33 

needed to produce and process microalgae. A major challenge lies in the harvesting of 34 

the microalgae, which requires the separation of a low amount of biomass consisting 35 

of small individual cells from a large volume of culture medium. Flocculation is seen 36 

as a promising low-cost harvesting method. Here, we give an overview of the 37 

challenges and possible solutions for flocculating microalgae. 38 

 39 
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 47 
Microalgae: a promising new source of biomass 48 

 49 

Due to a growing world population and an increase in living standards in developing 50 

economies, demand for biomass for food and animal feed is expected to increase with 51 

more than 50% in the next two decades (1). At the same time, initiatives are being 52 

taken to move from a fossil fuel based economy to a biobased economy in which 53 

biomass replaces petroleum as a source of transport fuel and as a feedstock for the 54 

chemical industry (2). As it is unlikely that agricultural biomass production can meet 55 

the growing demand for biomass, there is an urgent need for new sources of biomass 56 

that don’t compete with agriculture. Microalgae are today considered to be the most 57 

promising new source of biomass (3,4,5) (Box 1). Using technology available today, 58 

the energy demand is too high for bulk microalgal biomass production for food, feed, 59 

bulk chemicals or biofuels (6,7,8). For microalgal biomass to become a commodity 60 

like most agricultural crops, the yield has to be increased and the cost of production 61 

reduced. The past years have seen an explosion in research and development in 62 

increasing the yield of microalgal biomass production through photobioreactor design 63 

(9), selection of strains (10) and genetic engineering of metabolic pathways (11). 64 

Much less progress has been made on research and innovation in downstream 65 

processing, although this is essential to reduce the cost of the production process (12, 66 

13). Today, microalgal production is rapidly moving from lab- and pilot scale to 67 

commercial-scale demo installations (11), prompting the need for cost- and energy 68 

efficient downstream processing technologies.  69 

 70 

The challenge of harvesting microalgae 71 

 72 
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A major challenge in downstream processing of microalgae lies in separating the 73 

microalgae from their growth medium, i.e. the harvesting process. Because a high 74 

biomass concentration leads to mutual shading of the microalgal cells and thus a 75 

reduction in productivity, biomass concentrations in microalgal cultures are usually 76 

low: from 0.5 g L
-1

 in open pond reactors to about 5 g L
-1

 in photobioreactors. This 77 

means that a large volume of water has to be removed to harvest the biomass. Due to 78 

the small size of the microalgal cells (2 – 20 µm) and their colloidal stability in 79 

suspension (see Box 2), harvesting by means of sedimentation or simple screening is 80 

not feasible, except perhaps for larger species such as Arthrospira. When microalgae 81 

are produced for high-value products, harvesting is done by centrifugation. 82 

Centrifugation is however too expensive and energy-intensive if biomass is to be used 83 

for low-value products such as biofuels due to the large volumes of culture medium 84 

that need to be processed. Finding an alternative technology that is capable of 85 

processing large volumes of culture medium at a minimal cost is essential to reduce 86 

the cost and increase the scale of microalgal biomass production
 
 (14, 15, 16, 17).  87 

 88 

The cost and energy demand for harvesting microalgae could be significantly reduced 89 

if the cells could be pre-concentrated by flocculation (18, 19). During flocculation, 90 

single cells form larger aggregates that can be separated from the medium by simple 91 

gravity sedimentation. When flocculation is used for harvesting microalgae, it is part 92 

of a two-step harvesting process. Flocculation is used during the first step to 93 

concentrate a dilute suspension of 0.5 g dry matter L
-1

 20 to 100 times to a slurry of 94 

10 – 50 g L
-1

. Further dewatering using a mechanical method like centrifugation is 95 

then required to obtain an algal paste with a 25 % dry matter content (20). The energy 96 
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requirements for this final mechanical dewatering step are acceptable because the 97 

particles are relatively large and the volumes of water to be processed small (17).  98 

 99 

Flocculation is a widely used technology in different industries ranging from brewing 100 

to water treatment and mining. In these industries, flocculation is generally used to 101 

separate a small amount of impurities from a large volume of liquid and the liquid is 102 

the end product. On the contrary, when flocculation is used for harvesting microalgae 103 

the harvested biomass is the end product. As a result, the economics are very different 104 

when flocculation is used for harvesting microalgal biomass than when it is used for 105 

removing impurities from a liquid. Also, contamination is a major issue as any 106 

chemicals added to induce flocculation end up in the harvested biomass. These 107 

chemicals can interfere with the final applications of the biomass (e.g. food or feed) 108 

or with further processing of the biomass (e.g. lipid extraction) (15).  109 

 110 

 111 

Approaches for microalgae flocculation 112 

 113 

Flocculation can be achieved in several ways (Box 3) and wide range of approaches 114 

for flocculating microalgae have been explored in the past years. These approaches 115 

range from traditional flocculation methods that are widely used in other fields of 116 

industry (e.g. chemical flocculation) to novel ideas based on the biology of 117 

microalgae (e.g. bioflocculation) and the use of emerging technologies (e.g. use of 118 

magnetic nanoparticles). Here we give a concise overview of these technologies with 119 

their advantages and disadvantages. 120 

 121 
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Chemical flocculation 122 

 123 

Metal salts such as alum and ferric chloride are widely used for flocculation in 124 

industries like water treatment and mining. Although metal salts are being applied for 125 

harvesting microalgae (e.g. Dunaliella, 21), their use results in high concentrations of 126 

metals in the harvested biomass. These metals remain in the biomass residue after 127 

extraction of lipids or carotenoids (22). The metals in the biomass residue may 128 

however interfere with the use of the protein fraction in this residue as animal feed. 129 

The valorisation of the protein fraction as animal feed is said to be important for 130 

making microalgal biofuels economically viable (23). Despite this shortcoming, metal 131 

coagulants provide a good model system to study the interaction between flocculants 132 

and microalgal cells because their properties are well understood (24, 25). 133 

 134 

Other commonly used chemical flocculants in other industries are synthetic 135 

polyacrylamide polymers. These may however contain traces of toxic acrylamide and 136 

thus also contaminate the microalgal biomass (26). Flocculants based on natural 137 

biopolymers are therefore a safer alternative. To be able to interact with the negative 138 

surface charge of microalgal cells, these biopolymers should be positively charged, 139 

which is rare in nature. A well known positively charged biopolymer is chitosan, 140 

which is derived chitin, a waste product from shellfish production. Chitosan is a very 141 

efficient flocculant but it works only at low pH, while pH in microalgal cultures is 142 

relatively high (27). An alternative to chitosan is cationic starch, which is prepared 143 

from starch by addition of quaternary ammonium groups. The charge of these 144 

quaternary ammonium is independent of pH and therefore cationic starch works over 145 

a broader pH range than chitosan (28). Other examples of biopolymers than can be 146 



 7 

used to flocculate microalgae are poly-gamma glutamic acid (an extracellular polymer 147 

produced by Bacillus subtilis) (29) or polymers present in flour from Moringa 148 

oleifeira seeds (30). A general problem of polymer flocculants is that they undergo 149 

coiling at high ionic strengths and become ineffective (15). Therefore, they are less 150 

suitable for harvesting microalgae cultivated in seawater. 151 

 152 

Autoflocculation 153 

 154 

Flocculation often occurs spontaneously in microalgal cultures when pH increases 155 

above pH 9 (31). This of flocculation is often referred to as autoflocculation because 156 

it often occurs spontaneously in microalgal cultures as a result of a pH increases due 157 

to photosynthetic CO2 depletion. Autoflocculation is associated with the formation of 158 

calcium or magnesium precipitates. Depending on the conditions, these precipitates 159 

carry positive surface charges and can induce flocculation through charge 160 

neutralization and/or sweeping flocculation.  161 

 162 

Calcium phosphate precipitates are positively charged when calcium ions are in 163 

excess of phosphate ions and interact with the negative surface charge of microalgal 164 

cells (8, 17). High phosphate concentrations are required to for this type of 165 

flocculation to occur. Due to the declining phosphate reserves and increasing prices of 166 

phosphate, flocculation by calcium phosphate precipitation is unsustainable, except 167 

perhaps in applications where microalgae are used for wastewater treatment and 168 

excess phosphate needs to be removed (32). Magnesium hydroxide or brucite also 169 

precipitates at high pH. These precipitates are positively charged up to pH of 12 and 170 

can therefore also interact with the microalgal cell surface to cause flocculation (33, 171 
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34). Most waters contain sufficiently high background concentrations of magnesium 172 

for this process to occur. Calcium carbonate or calcite also precipitates at high pH but 173 

whether it  can induce flocculation of microalgae remains to be demonstrated. 174 

Because flocculation at high pH is caused by formation of inorganic precipitates and 175 

not by pH as such, the harvested biomass contains high concentrations of minerals 176 

(35). Although these have a low toxicity, it is nevertheless preferable to remove them 177 

from the biomass.  178 

 179 

Physical flocculation methods 180 

 181 

Contamination of the biomass might be avoided when only applying physical forces 182 

can induce flocculation. For instance, flocculation of microalgae can be accomplished 183 

by applying a field of standing ultrasound waves. Although this method works well in 184 

the lab, it is difficult to apply at larger scales (36). In electro-coagulation-flocculation, 185 

flocculation is induced through electrolytic release of metal ions from a sacrificial 186 

anode (37). The efficiency of this method might be improved by changing the polarity 187 

of the electrodes (38). Similar to flocculation by metal salts, electro-coagulation-188 

flocculation results in contamination of the biomass with metals, albeit to a lesser 189 

extent than when metal coagulants are directly used. Originoil claims to have 190 

developed a solution for this problem. Their method uses only electromagnetic pulses 191 

to neutralize the surface charge of microalgal cells and induce flocculation (39). 192 

 193 

Recently, several studies have explored the use of magnetic nanoparticles to harvest 194 

microalgae. Magnetite (Fe2O3) nanoparticles may adsorb directly on the microalgal 195 

cells upon which the cells can be separated from the medium by applying a magnetic 196 
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field. This method thus combines flocculation and separation in a single process step 197 

(40). Magnetite nanoparticles seem to adsorb more easily on some microalgal species 198 

than on others (41). Adsorption can be improved by coating the nanoparticles with 199 

cationic polymers (42, 43). An advantage of using magnetite nanoparticles for 200 

harvesting microalgae is that the nanoparticles can be recovered after harvesting and 201 

subsequently re-used (40). 202 

 203 

Bioflocculation 204 

 205 

In natural blooms of microalgae occurring in lakes or rivers, flocculation sometimes 206 

occurs spontaneously. This spontaneous flocculation is assumed to be caused by 207 

extracellular polymers substances in the medium and is called bioflocculation (10). 208 

Bioflocculation is often successfully used for harvesting microalgae in facilities 209 

where microalgae are used in wastewater treatment (44). The underlying mechanism, 210 

however, is poorly understood and deserves further research as it may lead to a 211 

chemical-free method for flocculating microalgae. Some microalgal species flocculate 212 

more readily than others and such naturally bioflocculating microalgae can be mixed 213 

with other species to induce flocculation (45, 46). There are indications that 214 

bioflocculation may be initiated by infochemicals (47). Recently, an infochemical 215 

isolated from a senescent and flocculating culture of a Skeletonema species was found 216 

to be capable of inducing flocculation in a culture of another species of microalgae 217 

(48).  218 

 219 

Bacteria or fungi can also induce bioflocculation of microalgae. Some fungi, for 220 

instance, have positively charged hyphae that can interact with the negatively charged 221 
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microalgal cell surface and cause flocculation (49, 50). Specific consortia of bacteria 222 

can also induce flocculation of microalgae (51, 52). These flocculating fungi or 223 

bacteria can be cultivated separately or in combination with the microalgae. 224 

Cultivating bacteria or fungi in combination with microalgae requires a carbon source 225 

in the medium. In wastewater, a carbon source is usually present and this allows co-226 

cultivation of microalgae and bacteria. This results in a culture of mixed algal-227 

bacterial flocs that can be easily harvested (53, 54). The use of bacteria or fungi as a 228 

flocculating agent avoids chemical contamination of the biomass but results in 229 

microbiological contamination, which may also interfere with food or feed 230 

applications of the microalgal biomass. 231 

 232 

Genetic modification 233 

 234 

Many research efforts are currently directed towards genetic modification of 235 

microalgae. Most recently published studies and granted patents in this field are 236 

aimed at increasing biomass productivity or increasing production of specific 237 

metabolites, most often lipids (10, 11). However, genetic modification may also be a 238 

promising way to harvest microalgae (8, 11). Here, achievements in genetic 239 

modification of yeast may be used as an example. In yeast, genetically modified 240 

strains have been developed that express flocculin proteins in their cell walls causing 241 

the cells to aggregate (55). The expression of these proteins can be induced by an 242 

environmental trigger or during a specific growth stage. Sapphire Energy described a 243 

method for flocculating microalgae in which ligand receptor pairs can be expressed in 244 

different strains that are mixed to induce flocculation, or that are expressed 245 

sequentially in the same strain (56). Genetic modification or selection may also be 246 
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aimed at facilitating flocculation by other methods. For instance, a cell wall-deficient 247 

mutant of Chlamydomonas was found to flocculate much more easily under alkaline 248 

conditions than the wild-type strain (57). This indicates that minor genetic 249 

modifications may greatly facilitate alkaline flocculation. 250 

 251 

Properties of microalgae that influence flocculation 252 

 253 

Most studies on flocculation of microalgae carried out so far focused on a single 254 

species cultured under one particular condition. But flocculation depends on the 255 

properties of microalgal cell surfaces and these properties differ between species and 256 

vary within a species depending on culture conditions. Because the cell surface to 257 

biomass ratio increases with decreasing cell size, smaller species will require a higher 258 

flocculant dose to harvest the same amount of biomass than larger species (45). The 259 

biochemical composition of the cell surface differs between species and these 260 

differences influence flocculation (58). Cell surface properties may even vary 261 

between different strains of the same species and cause differences in flocculation 262 

behavior between different strains (59). These properties are also variable within a 263 

species, resulting in a different flocculation behavior in e.g. exponential versus 264 

stationary phase cultures (60, 58). 265 

 266 

The composition of the culture medium will also affect flocculation of microalgae. 267 

The pH influences the charge of not only the microalgal cell surface but often also of 268 

chemical flocculants and is therefore an important parameter to consider. 269 

Furthermore, microalgae often excrete significant quantities of organic matter into the 270 

growth medium (61). This algal organic matter consists of polysaccharides and 271 



 12 

proteins that can compete with the algal cell surface for flocculants and thus interfere 272 

with flocculation (62, 63). It appears that the flocculant demand is determined to a 273 

larger degree by the quantity and composition of the algal organic matter than by the 274 

properties of the microalgal cells themselves (64, 65). Excretion of this algal organic 275 

matter is generally higher under nutrient stress (45), which is actually important to 276 

induce lipid accumulation in microalgae (e.g. 47). Higher lipid productivity in 277 

microalgae may thus be associated with a higher chemical demand for flocculation. 278 

 279 

Flocculation as part of a two-step harvesting process 280 

 281 

As production of microalgae today is still very expensive compared to agricultural 282 

biomass production, cost is an important factor to consider when evaluating 283 

flocculation technologies for harvesting microalgae. Harvesting microalgae using 284 

metal salts or chitosan is only marginally less expensive than centrifugation, currently 285 

the most commonly used method for harvesting microalgae (8). Flocculation using 286 

standing ultrasound waves costs even more than centrifugation. Magnetic 287 

nanoparticles are prohibitively expensive today but their cost may go down in the 288 

future if new methods for producing such nanoparticles become available (66). 289 

Cationic starch or other biopolymers are slightly cheaper than for instance chitosan 290 

but probably still too expensive for applications such as biofuel production.  291 

 292 

Electro-coagulation-flocculation has a low electricity demand when the method is 293 

used in seawater and may be promising low-cost method for harvesting marine 294 

microalgae (37, 38). Other promising low-cost flocculation methods that are available 295 

today are autoflocculation at high pH and bioflocculation. The cost of 296 
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autoflocculation is very low even if a base is required to increase pH (17, 33). 297 

Bioflocculation by addition of flocculating microalgae, fungi or bacteria requires 298 

cultivating these microorganisms, but the cost for doing this is substantially lower 299 

than the cost of centrifugation (46). This cost can be avoided altogether if flocculating 300 

microalgae are co-cultivated with flocculating bacteria, which is possible if the 301 

medium contains a carbon source for the bacteria, as is often the case in wastewater. 302 

Controlled flocculation of microalgae through infochemicals or through genetic 303 

modification are promising technologies but require further basic research before they 304 

can be applied. The use of both infochemicals and genetic modification is likely to be 305 

highly species-specific. So far, virtually no information is available on the identity of 306 

infochemicals inducing bioflocculation. For most species of microalgae, a toolbox for 307 

genetic modification is not yet available. Therefore, upfront research and 308 

development costs for these flocculation methods are likely to be high. 309 

 310 

The use of flocculation not only incurs direct costs for flocculation itself, but also 311 

indirects costs through its impact on other operations in the production process. For 312 

instance, many flocculation technologies cause contamination of the biomass with 313 

chemicals, minerals or microorganisms. This is the case for chemical flocculation, 314 

flocculation at high pH or bioflocculation by bacteria or fungi. These contaminants 315 

may limit the use of the biomass (e.g. for food or feed), or interfere with processing of 316 

the biomass. Some flocculation technologies also result in chemical contamination of 317 

the culture medium (e.g. metal salts or electro-coagulation-flocculation) or cause 318 

large changes in pH (e.g. autoflocculation). This may limit recycling of the culture 319 

medium and thus result in significant indirect costs that should be accounted for. 320 

 321 
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Flocculation is part of a two-step harvesting process in which flocculation is used to 322 

pre-concentrate the biomass before a physical method is used for the final dewatering. 323 

The more water can be removed during the first flocculation step, the lower the cost 324 

will be for the second mechanical dewatering step (67). To minimize the cost for 325 

mechanical dewatering, it is important that flocculation results in a low algal sludge 326 

volume (68). Not only the volume of water that can be removed during flocculation is 327 

important, also the rate at which this can be done is important. Therefore, microalgal 328 

flocs should have a high sedimentation rate. A flocculation technology that results in 329 

rapidly settling flocs requires a smaller harvesting unit and thus incurs lower 330 

investment costs. So far, few studies on flocculation of microalgae have taken 331 

parameters such as the sludge volume or the sedimentation rate into account (69).  332 

 333 

Conclusion 334 

 335 

Development of an efficient flocculation technology for microalgae may yield major 336 

cost and energy savings in large-scale production of microalgal biomass. Because of 337 

this, numerous studies have started to explore various approaches for flocculating 338 

microalgae. Chemical flocculation has the disadvantage that it results in 339 

contamination of the biomass, although the use of natural polymers may minimize 340 

this problem. Alkaline flocculation promises to be a low-cost flocculation method but 341 

also results in contamination of the biomass, albeit with mineral precipitates with low 342 

toxicity. Biological flocculation using fungi or bacteria holds a lot of potential when 343 

microalgae production is combined with wastewater treatment, as wastewater can 344 

provide the necessary carbon source for the flocculating microorganisms. Physical 345 

flocculation methods have the advantage that they may avoid contamination of the 346 
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biomass with chemicals or microorganisms. Fundamental research into infochemicals 347 

that induce flocculation in microalgae is urgently needed, as this may be lead to a 348 

highly controllable method for inducing flocculation that avoids contamination. The 349 

same holds true for approaches to induce flocculation through genetic modification. 350 

Future studies should not only look at the efficiency of flocculation under specific 351 

conditions, but should also investigate how flocculation is influenced by properties of 352 

the microalgal cells or by culture conditions, particularly interference by organic 353 

matter in the culture medium. Cost is an important factor to consider when evaluating 354 

new flocculation methods for microalgae. Cost evaluation should not only take the 355 

cost of flocculation step itself into account, but also the influence on the entire 356 

production process.  357 

 358 

 359 

 360 

 361 

 362 

363 
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 364 

Box 1. Production of microalgae 365 

 366 

Microalgae and cyanobacteria are unicellular micro-organisms that live in water and 367 

produce biomass through photosynthesis. They evolved billions of years ago in the 368 

oceans, long before plants colonized the land. Many microalgae belong to different 369 

evolutionary lineages than terrestrial plants and are therefore capable of producing 370 

unique products such as poly-unsaturated fatty acids (EPA or DHA) or natural 371 

pigments (phycocyanin, astaxanthin) that cannot be found in terrestrial plants.  372 

 373 

Microalgae occur in lakes, rivers and oceans but biomass concentrations in natural 374 

ecosystems are generally too low to be harvested commercially (except for certain 375 

lakes dominated by Arthrospira). Microalgae are produced commercially in special 376 

reactors designed to maximize photosynthesis: open ‘raceway ponds’ or closed 377 

photobioreactors. Raceway ponds consist of shallow basins while photobioreactors 378 

are transparent tubular or flat panel reactors. As productivity of microalgae is 379 

generally limited by self-shading of the cells in the culture, photobioreactors have a 380 

higher productivity than raceway ponds because light supply to the cells is more 381 

efficient. The main disadvantage of photobioreactors is their cost, although several 382 

potentially low-cost designs have been developed by the microalgae industry in the 383 

past years (e.g. Proviron, Solix). 384 

 385 

Microalgae have been produced commercially for several decades but total 386 

production is still low (1000 tonnes year
-1

) and aimed mainly at high-value products 387 

such as nutritional supplements, natural pigments or aquaculture feed. Only a few 388 
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species are being produced on a scale of hundreds to thousands of tonnes 389 

(Arthrospira, Chlorella, Dunaliella, Haematococcus), while about 10 additional 390 

species are produced at a smaller scale (70). The majority of the commercial 391 

production today is done in open raceway ponds, but closed photobioreactors appear 392 

to be favored by most new companies.  393 

 394 

395 
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 396 

Box 2. Stabilization of microalgal suspensions 397 

 398 

Particles suspended in water usually carry a positive or negative surface charge. To 399 

maintain electrical neutrality, such charged particles will attract ions with an opposite 400 

charge from the solution (counter ions). The system of the particle surface charge and 401 

associated counter ions in the surrounding solution is called the electrical double 402 

layer. Close to the particle surface, the counter ions form a dense layer of ions that is 403 

inaccessible to other counter ions, the Stern layer. Further away from the particle 404 

surface, the counter ions form a diffuse layer as a result of a balance between 405 

electrostatic attraction and thermal diffusion. As a result, the potential difference 406 

between the particle surface and the bulk solution decreases more or less 407 

exponentially with distance from the particle surface.  408 

 409 

The cloud of counter ions surrounding charged particles in a suspension results in an 410 

electrical repulsion between the particles. The zeta potential is the potential difference 411 

between the bulk fluid and the layer of counter ions that remains associated with the 412 

charged particle when the particle is moving through the solution (the slipping plane). 413 

Because the zeta potential can relatively easily be estimated from the mobility of the 414 

charged particles in an electric field, it is a useful indicator of the degree of repulsion 415 

between charged particles in a suspension. When the zeta potential is high (> 25 mV, 416 

positive or negative), electrical repulsion between particles is strong and the 417 

suspension is said to be stable. When the zeta potential is close to zero, particles can 418 

approach each other to a point where they will be attracted by Van der Waals forces. 419 
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When that happens, particles will aggregate and flocculation or coagulation will 420 

occur.  421 

 422 

Just like in other stable suspensions of particles, microalgal cell suspensions are 423 

stabilized by the surface charge of the cells. This surface charge originates 424 

predominantly from the presence of carboxylic (-COOH) and amine (-NH2) groups on 425 

the cell surface. The carboxylic groups dissociate and are negatively charged above 426 

pH 4-5 while the amine groups are uncharged at this pH. This results in a net negative 427 

surface charge at pH above 4-5. 428 

429 
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 430 

 431 

Box 3. Approaches to induce flocculation 432 

 433 

Flocculation or coagulation is commonly used in wastewater treatment, drinking 434 

water production, mining and brewing to remove impurities from water. Flocculation 435 

of suspensions of particles can often be attributed to three common mechanisms, 436 

which can act alone or in combination. 437 

 Charge neutralization: the phenomenon when positively charged ions, 438 

polymers or colloids strongly absorb on the negative surface charge of a 439 

particle, ultimately canceling the negative surface charge. As a result, the 440 

electrostatic repulsion between the particles disappears and particles will 441 

coagulate or flocculate. 442 

 Electrostatic patch mechanism: the phenomenon when a highly charged 443 

polymer binds to part of the surface of a particle and thus results in a patch on 444 

the particle surface with opposite charge. Thus, the net residual charge of this 445 

patch can connect to a particle with opposite charge. 446 

 Bridging: polymers or charged colloids simultaneously bind to the surface of 447 

two different particles to form a bridge between these particles. This bridge 448 

brings the particles together and causes flocculation. The division between 449 

patching and bridging is based on the size of the polymer in comparison with 450 

the size of the particle. 451 

 Sweeping flocculation: particles are entrapped in a massive precipitation of a 452 

mineral. This causes flocculation of these particles. 453 

 454 
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Flocculation can be induced by several approaches. Metal salts such as alum and 455 

ferric chloride are commonly used flocculants or coagulants. These metal salts 456 

dissociate in water and the metal ions can cause flocculation through charge 457 

neutralization. Metal ions readily hydrolyze in water to form metal hydroxides. Metal 458 

hydroxides can precipitate even at low metal concentrations. These metal hydroxide 459 

precipitates are often positively charged and can cause flocculation through charge 460 

neutralization, bridging or sweeping flocculation. Other precipitates such as calcium 461 

phosphates or magnesium hydroxides that can be formed at high pH can cause 462 

flocculation through the same mechanisms as metal hydroxide precipitates. Another 463 

important class of flocculants are polymers. Charged polymers can bind to the surface 464 

of different particles and can cause flocculation through bridging. Charged polymers 465 

can also neutralize or even reverse the surface charge of particles to cause flocculation 466 

through charge neutralization or electrostatic patch aggregation. 467 

468 
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Figures 469 

 470 

Figure 1: Macroscopic and microscopic view of flocculation of a culture of Chlorella 471 

vulgaris using pH induced flocculation. The macroscopic view (left) shows a culture 472 

of Chlorella vulgaris in an Imhoff cone before and after flocculation. The 473 

microscopic view shows Chlorella vulgaris cells before (middle) and after (right) 474 

flocculation. 475 

 476 

 477 

Figure I Box 1: Example of open ‘raceway pond’ reactors (Ingrepro, The 478 

Netherlands) and a novel design of a low-cost photobioreactor (Proviron, Belgium). 479 

 480 

 481 

Figure I Box 2: Structure of the electrical double layer of charged ions in solution 482 

surrounding a negatively charged microalgal cell and the potential difference between 483 

the particle and the bulk fluid as a function of the distance from the particle surface.  484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

493 
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