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Towards a better understanding of microalgae natural
ﬂocculation mechanisms to enhance ﬂotation harvesting
efﬁciency
Irem Demir, Alexandre Besson, Pascal Guiraud

and

Cécile Formosa-Dague

ABSTRACT
In microalgae harvesting, ﬂocculation is usually a compulsory preliminary step to further separation by
sedimentation or ﬂotation. For some microalgae species, and under certain growth conditions,
ﬂocculation can occur naturally. Natural ﬂocculation presents many advantages as it does not require
the addition of any ﬂocculants to the culture medium and shows high efﬁciency rate. But because
natural ﬂocculation is so speciﬁc to the species and conditions, and thanks to the knowledge
accumulated over the last years on ﬂocculation mechanisms, researchers have developed strategies
to induce this natural harvesting. In this review, we ﬁrst decipher at the molecular scale the underlying
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mechanisms of natural ﬂocculation and illustrate them by selected studies from the literature. Then
we describe the developed strategies to induce natural ﬂocculation that include the use of
biopolymers, chemically modiﬁed or not, or involve mixed species cultures. But all these strategies
need the addition of external compounds or microorganism which can present some issues. Thus
alternative directions to completely eliminate the need for an external molecule, through genetic
engineering of microalgae strains, are presented and discussed in the third part of this review.
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INTRODUCTION
Modern life is intimately linked to the availability of fossil
fuels, which continue for the moment to meet the world’s
growing energy needs even though their use drives climate
change (Georgianna & Mayfield ). But because of the
increasing world population and energy demand, there is an
urgent need for renewable sources to produce energy
(Markou & Nerantzis ). In this context, microalgae are
receiving increasing attention worldwide as an alternative
and renewable source of energy because of their eminent oil
producing capacity (Pragya et al. ). But the potential of
microalgae is in fact even greater and they also represent an
important source of biomass and of molecules of interest for
the ﬁelds of food, feed or health. Indeed, microalgae are
unique microorganisms which convert light energy, water
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and inorganic nutrients into biomass resource rich in valueadded products such as lipids, carbohydrates, proteins and pigments (Pragya et al. ; Minhas et al. ). Moreover,
microalgae have several advantages that make them a potential new generation of feedstock for the production of biofuel
and molecules of interest. First, microalgae are capable of all
year round production (Brennan & Owende ), and they
grow on aqueous media but need less water than terrestrial
crops (Dismukes et al. ). Also, nutrients for their cultivation can be found in wastewater, and there is no need at the
moment for herbicide or pesticide applications (Rodolfi et al.
), although this may perhaps change in the future as
microalgae cultures also suffer from parasites or other
unwanted algal species (Huo et al. ). They also have a
rapid growth rate and many species have an oil content in
the range of 50–70% dry weight of biomass. To give an
example, compared to soybean, microalgae can produce up
to 300 times more oil per area unit, considering ideal laboratory conditions (Ziolkowska ). Finally, as mentioned
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above, they can also produce valuable co-products such as
metabolites, long-chain polyunsaturated fatty acids and vitamins that are used in nutraceuticals industries as food
additives (Minhas et al. ).
While the small-scale production of microalgae to
obtain high value-added molecules is nowadays efﬁcient,
the large-scale production of molecules, substituting fossil
carbon resources, from microalgae faces a number of technical challenges that have made the current growth and
development of the biofuel industry economically unviable
(Waltz ; Pragya et al. ). These include, among
others, (i) the selection of algal species with speciﬁcities
that meet the requirements for both biofuel production
and the extraction of useful co-products (Rodolfi et al.
; Brennan & Owende ; Liao et al. ), (ii) the
inexpensive production of large quantities of microalgae biomass (Chisti ) and (iii) the development of efﬁcient
harvesting methods (Molina Grima et al. ; Pragya
et al. ; Kurniawati et al. ; Coward et al. ;
Ndikubwimana et al. ). While recent progresses notably
in synthetic biology and in culture methods provide solutions for the ﬁrst two points (Jagadevan et al. ), the
main limitation encountered by industry remains the
harvesting of microalgae (Ndikubwimana et al. ).
Harvesting consists in removing at a minimal cost the microorganisms from their aqueous culture medium where their
concentration is low (Lam & Lee ), without destroying
them so as not to lose their production in solution. This crucial step of harvesting and dewatering has been assumed to
account for one third of the entire price of microalgal biomass production in industrial processes (Molina Grima
et al. ). Several methods have been proposed for
microalgae harvesting, including centrifugation, ﬁltration,
ﬂocculation combined with settling or ﬂotation (Garg
et al. ). However, most of these methods are synonymous with high costs and energy consumption, often for
low efﬁciency rates. For instance, centrifugation, the most
commonly used method for harvesting, consumes a large
amount of energy and can cause damage to the cells because
of high shear forces (Pragya et al. ). Filtration involves
using ﬁltering media or membranes, which, in the case of
microalgae separation, can get clogged because of the
small size of the cells, resulting in high operating costs
(Uduman et al. ). As for ﬂocculation combined with
settling, it seems to be a promising low-cost approach for
large-scale harvesting of a wide variety of microalgae species
(Molina Grima et al. ); however, contamination is a
major issue in this technique, as the chemical ﬂocculants
used to induce ﬂocculation end up in the harvested biomass,
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and can interfere with the ﬁnal application of the biomass
(food or feed) (Vandamme et al. ).
In this context, ﬂotation is believed to be a promising harvesting technique that takes advantage of algae’s natural low
density and self-ﬂoating tendency (Garg et al. ). Assisted
ﬂotation consists in air or gas being transformed into bubbles
rising through a solid/liquid suspension. As a result, solid particles get attached to gas–liquid interfaces and are carried out
and accumulate on the surface. Thus ﬂotation allows for lowcost cell harvesting, without necessarily using ﬂocculants that
could damage them. In addition, it is a relatively rapid operation that needs little space, has moderate operational costs,
and could thus overcome the bottleneck of feasible microalgal biofuel production. However, the problem with this
technique is that the interaction between the bubbles and
the cells is generally repulsive, due to the negative surface
charge of the cells and the bubbles in water (Yang et al.
), and the low hydrophobicity of the algal cells. This
results in the non-interaction of the cells with the bubbles
and thus in a poor efﬁciency of this harvesting technique.
Among the ways to improve ﬂotation efﬁciency, ﬂocculating the cells prior to ﬂotation is a strategy that has proven
efﬁcient. Indeed, this procedure allows aggregating the cells
into large ﬂocs that bubbles produced during the ﬂotation
process cannot avoid. This way, cells are easily removed
from the water. However, in many cases, this ﬂocculation
step is performed using synthetic ﬂocculants which, as previously stated, can contaminate the harvested biomass but
also the recycled water. Therefore in many cases, natural ﬂocculation is a preferred alternative. It is indeed possible under
certain conditions to induce natural formation of algal ﬂocs;
this characteristic was ﬁrst mentioned by Golueke and
Oswald in 1965 who observed microalgae ﬂocculation in cultures under optimal sunlight and heat conditions (Golueke &
Oswald ). Among natural ﬂocculation mechanisms, so
far two types of mechanism have been identiﬁed: autoﬂocculation, where the ﬂocculation is triggered by a molecule or
precipitate that naturally forms in the culture medium, and
bioﬂocculation, where a molecule produced by the cells present in the culture medium (microalgae but also other types
in the case of co-cultures) is directly responsible for the ﬂocculation. But for both auto- and bioﬂocculation, the
mechanisms of ﬂocculation described are the following: compression of the electric double layer, charge neutralization,
bridging, patch mechanism and sweeping. Depending on several parameters such as the microalgae species used, or the
conditions in which they are cultured, one or another mechanism takes place. This makes it then an important ﬁeld of
research to identify and understand these mechanisms for
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all the different species/culturing situations, as being able to
use natural ﬂocculation, combined with ﬂotation in harvesting processes, could be the key to reduce the costs
associated with microalgae. In this review, we will focus on
these natural ﬂocculation mechanisms, and ﬁrst describe
and illustrate the already known mechanisms. Most studies
on microalgae ﬂocculation, and the ones that will be
described in this ﬁrst part of the review, propose a mechanism of ﬂocculation. However, these studies should also be
taken with caution as only a few of them also propose experiments or measurements to conﬁrm the ﬂocculation
mechanism described or exclude alternative mechanisms.
Thus in these studies, the mechanisms proposed often
remain hypothetical. Then in a second part, we will detail
cases where natural ﬂocculation mechanisms are induced
directly using natural molecules, and ﬁnally we will discuss
what could be the future directions to further improve them.

NATURAL FLOCCULATION MECHANISMS AND KEY
PARAMETERS TO CONTROL THEM
Flocculation consists in the aggregation of destabilized compounds, in our case, microalgae, to form structures of more

Figure 1
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important apparent size, called ‘ﬂocs’. In most cases,
ﬂocculation is often integrated into multi-stage harvesting
processes and can for instance be used as a preliminary to
sedimentation, centrifugation, ﬂotation or ﬁltration processes. But in all cases, the destabilization of algal
suspensions by ﬂocculation can be the result of one or
more mechanisms, which are compression of the electric
double layer, charge neutralization, bridging, patch mechanism or entrapment in a precipitate, also known as sweeping,
presented in Figure 1. In this ﬁrst part of the review, we will
describe these mechanisms and, in each case, illustrate them
with examples of microalgae auto- and bioﬂocculation
where they have been identiﬁed.
Decreasing the electrostatic repulsion forces
The ﬁrst ﬂocculation mechanism described, screening, is
due to the decrease of electrostatic repulsive forces via the
lowering of the surface charge by pH variations, or via the
well-known compression of the electric double layer
(Figure 1(a)). Most microalgae have negatively charged surfaces (Molina Grima et al. ) and thus they can attract,
through electrostatic interactions, positively charged ions
available in the surrounding solution. While some of these

Schematic representation of natural ﬂocculation mechanisms. (a) Compression of the electric double layer, (b) charge neutralization, (c) bridging, (d) patch mechanism, and
(e) sweeping. Reprinted with permission from Pahl et al. (2013), Muylaert et al. (2015) and Blockx et al. (2019).
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ions adsorb to the surface of the microalgae cells to form a
dense layer, others remain in the solution and form what is
called the diffuse layer. This two layer system is referred to
as the electrical double layer, which is, according to the
DLVO (Derjaguin–Landau–Verwey–Overbeek) theory,
related to the ionic concentration of the solution and to
the surface charge itself, the value of which depends on
the pH. The interface that separates the layer bound to the
cell from the unbound layer is called the shear plane,
where the potential is called the zeta potential. This is
depicted in Figure 1(a). The microalgae zeta potential is
negative over a pH range of 4 to 10 and a point of zero
charge (PZC) is regularly detected depending on the species
for a pH between 3 and 4 (Phoochinda & White ). It is
therefore possible to reduce the electrostatic repulsion
forces and to promote coagulation by imposing a pH close
to the PZC of microalgae. Furthermore, the more the ionic
strength of a solution increases, the more the absolute
value of the zeta potential of the microalgae decreases due
to the compression of the unbound layer (Pahl et al. ).
This decrease leads to a reduction in the electrostatic
repulsion forces, which can lead to the reduction or
disappearance of the energy barrier initially present and
generate the agglomeration of the microalgae thanks to
attractive van Der Waals’ forces which in this case have
become predominant. These two effects have been
described in two studies. In the study by Ndikubwimana
and co-workers, the authors modiﬁed the ionic strength of
the culture medium of Desmodesmus sp. by adjusting its
pH. Their results showed that this reduction of the pH
induced a large decrease of the energy barrier and the
further destabilization of the microalgae suspension, which
ﬂocculated with an efﬁciency of 78.5% (Ndikubwimana
et al. ). In the study by Cui and co-authors, it was
found that increasing the ionic strength of the culture
medium of the microalgae species Nannochloropsis oculata
using a higher concentration of Al3þ ions decreased the
energy barrier of the suspension, which resulted in a
higher ﬂocculation efﬁciency (Cui et al. ). It must be
noted that these two cases are not auto- or bioﬂocculation
cases, as the modiﬁcations that led to the ﬂocculation did
not naturally occur.
Neutralization of negative surface charges
The second ﬂocculation mechanism is called charge neutralization (Figure 1(b)). This mechanism also takes advantage
of the negative cell surface of microalgae cells; charge neutralization then takes place when these negative charges
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are decreased by a positively charged molecule that absorbs
at their surface (Levy et al. ). This charge neutralization
leads to the reduction of the repulsive electrostatic forces
and to the predominance of van der Waals’ attractive
forces, which leads to the ﬂocculation of the microalgae.
In this case, the key parameter ensuring successful ﬂocculation is thus the ﬂocculant concentration, as it is directly
proportional to the surface area that needs to be neutralized
(Muylaert et al. ). In the case where the ﬂocculant concentration is too high, the surface charge of the cells may
become positive, which results in the increase of repulsive
electrostatic forces and further stabilization of the suspension. In a recent work conducted in our team, it has been
shown that the ﬂocculation of Phaeodactylum tricornutum,
a marine diatom, induced by an increase of pH in marine
water, was the result of the precipitation of magnesium
ions into magnesium hydroxide presenting a positively
charged surface and thus ﬂocculating the cells through a
charge neutralization mechanism (Formosa-Dague et al.
). Using atomic force microscopy, it was then possible
to also show the ability of the P. tricornutum cell wall to
absorb magnesium hydroxide particles that formed a partial
capsule around the cells, thus neutralizing their surface
negative charges and destabilizing the suspension. In the
case of this particular study, the pH was artiﬁcially
increased for the ﬂocculation experiments to mimic the
natural pH increase over the course of the culture in
P. tricornutum species. Indeed, a previous study conducted
on P. tricornutum showed that the photosynthetic activity
of this species could increase the pH of the culture
medium up to 10.8 after discontinuing the CO2 supply,
and that at this pH, the cells were able to autoﬂocculate
(Spilling et al. ). Although in this study, the ﬂocculation
mechanism is not described, it is most likely that it is also
charge neutralization as described with the same species
in Formosa-Dague et al. ().
Bridging the cells
A third ﬂocculation mechanism is called bridging
(Figure 1(c)). In the bridging mechanism, positively charged
polymers interact with cells through electrostatic interactions and absorb at their surface. At low and
intermediate concentrations, the polymers can then adsorb
onto other cells if the extension of the polymer from the
cell surface exceeds the distance over which the cell–cell
repulsion is active, thus bridging the two. In this case the
efﬁciency of this mechanism relies on different parameters:
(i) the polymer concentration: if a higher dose is used the
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cells may become completely positive, which will restabilize
the suspension, or the extension of the polymer in the solution may create a steric effect preventing ﬂocculation, (ii)
its length: the polymer chains should be long enough to
extend from one cell to another (Pal et al. ), although
it must be taken into account that the actual size of a polymer molecule in solution is smaller than its maximum
length, and depends on the concentration and the chemical
conditions of the solution, (iii) its molecular weight: it is
reasonable to think that length and molecular weight are
directly linked (to our knowledge independent study of
these two parameters has never been performed), but it
has been shown that high molecular weight polymers are
more efﬁcient (Muylaert et al. ), (iv) its charge: again it
has been shown that low-charged polymers are more efﬁcient, and (v) the ionic strength of the culture medium: for
instance bridging by non-ionic polymers can occur only
when the adsorbed layer thickness is more than two times
greater than the thickness of the electrical double layer
(Bolto & Gregory ). While for microalgae, the bridging
mechanism is mostly associated with cationic polymers
interacting with the cells through electrostatic interactions,
polymer adsorption onto surfaces can also take place
through hydrogen bonding or through ion binding in certain
conditions (Bolto & Gregory ). A good example of the
bridging mechanism can be found in Vergnes et al. ().
In this study, the authors optimized culturing conditions in
which Arthrospira platensis cells produced exopolysaccharides (EPS). Using further atomic force microscopy imaging
experiments, the authors could show that these EPS
formed in a culture medium a soft and adhesive gel bridging
the cells together and thus bioﬂocculating them. Another
interesting example of bridging ﬂocculation taking place
during bioﬂocculation can be found in Lananan et al.
(). Here the authors show that Ankistrodesmus sp.
cells could act as a cationic ﬂocculant bridging together
cells from Chlorella vulgaris species. Indeed, the authors
showed that Ankistrodesmus sp. had a positive zeta potential, thus allowing it to interact electrostatically with the
negative cell surface of C. vulgaris at a pH between 6.10
and 7.10. Moreover, Ankistrodesmus sp., having an
elongated shape, is able to extend from one cell to the
other, and thus bridge C. vulgaris cells together.
Patch ﬂocculation
The fourth ﬂocculation mechanism that has been described
is known as the patch mechanism (Figure 1(d)). This mechanism involves positively charged small polymers that
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adsorb at the surface of a negatively charged cell and
create an irregular charge distribution at its surface, i.e. positive ‘patches’ or ‘islands’ between regions of uncoated,
negatively charged surface. These positive patches can
then interact with other negatively charged areas at the surface of other cells and connect them together. In this case
the key parameters that will ensure successful ﬂocculation
are the length of the polymers, as only short polymers can
form patches at the surface of the cells, and their charge,
as highly charged polymers have been shown to be more
efﬁcient (Bolto & Gregory ; Muylaert et al. ). In a
study by Salim et al. (), the authors identiﬁed patch
mechanism as being a possible mechanism at play in a
case of autoﬂocculation of the microalgae species Echinocactus texensis. Using scanning electronic microscopy
(SEM) imaging, they could show that E. texensis cells had
attached to their cell surface short EPS patches composed
mainly of glycoproteins responsible for their autoﬂocculating behavior. Although in this study, the zeta potential
measured for E. texensis cells was globally negative, it is
not excluded that these EPS patches feature positive charges
thus allowing a patch mechanism.
Sweeping ﬂocculation
Finally, the last ﬂocculation mechanism that we will detail
here is the sweeping mechanism (Figure 1(e)). Sweeping
ﬂocculation can be described as the mechanical trapping
of microalgae in the massive structure of an inorganic
precipitate, resulting in their ﬂocculation. The sweeping
mechanism is often described as the result of a pH increase
in the culture medium that triggers this massive precipitation; however, it should be attributed more exactly to the
increase of hydroxide ions OH involved in the precipitation. Although this pH increase can naturally occur in
microalgae cultures, as far as we know, very few examples
of naturally generated sweeping ﬂocculation have been
reported (Sukenik & Shelef ). Natural pH variation is
usually not sufﬁcient to induce precipitation for many
microalgae species, and, when ﬂocculation is observed,
often the pH was artiﬁcially increased by the addition of a
base. In a ﬁrst example, Besson and co-authors showed
that in cultures of the hypersaline microalgae Dunaliella
salina, the only possibility to induce ﬂocculation was to
increase the pH by addition of NaOH directly into the culture medium. The authors then showed that this increase
in the pH caused the precipitation of Mg ions present in
the culture medium into magnesium hydroxide, thus sweeping the cells and precipitating them (Besson & Guiraud
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). Although magnesium hydroxide is positively charged
and could also ﬂocculate the cells through charge neutralization, this mechanism was excluded in a further work that
showed using atomic force microscopy that magnesium
hydroxide particles were not interacting with the surface
of the cells (Besson et al. ). However, the important parameter identiﬁed to ensure the ﬂocculation efﬁciency was
the mixing of NaOH in the culture medium, because to
achieve a high ﬂocculation efﬁciency, the precipitate must
be able to reach the entire volume of the suspension to
entrap all the cells present. In a second example provided
by Vandamme et al. (), the pH was increased in the culture medium of the diatom P. tricornutum, which resulted in
the precipitation of both magnesium hydroxide and calcium
hydroxide. Based on zeta potential analysis, the authors
could conclude that while magnesium hydroxide could ﬂocculate the cells through a charge neutralization mechanism,
in the case of calcium hydroxide, the sweeping mechanism
was involved. Indeed, in a culture medium lacking Mg2þ
ions, the surface charge of the cells was not reversed to positive values at high pH, indicating that there is no adsorption
of the calcium hydroxide to cells, thus excluding the charge
neutralization mechanism.
Scaling-up natural ﬂocculation for microalgae
harvesting?
In natural ﬂocculation, one or several of these ﬂocculation
mechanisms can be involved. However, as illustrated by
the examples given in each case, these mechanisms are
very speciﬁc to the microalgae species used and the culture
conditions chosen. Indeed, for example, at high pH,
magnesium hydroxide will ﬂocculate P. tricornutum
cells trough charge neutralization, while in the case of
D. salina, the ﬂocculation will occur through the sweeping
mechanism. It is therefore important in each case to identify
these mechanisms, in order to be able to control them and
use them in larger-scale processes. For instance, to our
knowledge, harvesting using natural ﬂocculation in largescale assays has never been reported. The only case where
an attempt was made was in the study by Besson and coworkers, where ﬂocculation of D. salina by sweeping was
achieved in a 600 L/h continuous ﬂocculation/ﬂotation
pilot (Besson et al. ). However, in this case, the term
natural ﬂocculation cannot be used as the pH was articﬁally
increased in the culture medium by NaOH addition. Indeed,
as it is important to understand natural ﬂocculation mechanisms to control them, it also provides the possibility to
induce them artiﬁcially, by adding ions to induce
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ﬂocculation or by adjusting the ionic strength of a culture
medium, as in the examples described previously, or using
biomolecules to retain the sustainability aspect that is pursued in natural ﬂocculation.

INDUCING NATURAL FLOCCULATION
MECHANISMS WITH BIO-SOURCED FLOCCULANTS
As stated in the previous part of this review, natural mechanisms are difﬁcult to implement, even at lab scales because of
their speciﬁcity to each culturing situation. However, the
extensive number of studies that have been dedicated to
understanding these mechanisms over the last few years
have allowed the research community to gain insights into
these mechanisms and especially into the key parameters
affecting their efﬁciencies. This paved the way towards
new strategies where researchers started to induce these
natural ﬂocculation mechanisms, by adding biopolymers
either directly extracted from other organisms, like natural
polysaccharides, or modiﬁed by various means to control
the functional chemical groups they present. The different
bioﬂocculation mechanisms identiﬁed also inspired the use
of mixed cultures, where one microorganism species directly
ﬂocculates the microalgae species or produces a polymer
that will ﬂocculate it. Another strategy to induce natural
ﬂocculation is to artiﬁcially increase the pH; however, this
point has already been mentioned previously and described
by Besson & Guiraud (), and will not be more detailed in
this second part. The different strategies to induce natural
ﬂocculation mechanisms will be described in this second
part; their advantages and drawbacks will also be discussed.
Flocculation by addition of biopolymers
Selected studies illustrating well the use of biopolymers to
induce natural ﬂocculation are compiled in Table 1. The
most popular biopolymer used for microalgae ﬂocculation
is chitosan. Chitosan is a cationic polyelectrolyte obtained
by deacetylation of chitin, and after cellulose, it is the
second most abundant natural polymer in the world. Moreover, chitosan presents many advantages as it is non-toxic,
biodegradable, biocompatible and renewable, in contrast
to traditional inorganic ﬂocculants (Renault et al. ).
Finally, chitosan does not contaminate the harvested biomass as chitin-like polysaccharides are naturally present in
the cell wall of many microalgae species, and thus the products extracted from the cells can then be directly used
(Ahmad et al. ). So far chitosan has been successfully
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Natural ﬂocculation mechanisms induced by addition of biopolymers

Microalgae species

Biopolymer used

Flocculation mechanism

Harvesting
efﬁciency

Reference

Chlorella sorokiniana

10 mg chitosan/g of algal dry weight

Charge neutralization þ Patch

99%

Xu et al. ()

Chlorella vulgaris

10 mg/L chitosan

Bridging þ Charge
neutralization

96%

Blockx et al. ()

Nannochloropsis oculata

Up to 200 mg/L chitosan

Sweeping

90%

Blockx et al. ()

C. vulgaris

30 mg/L poly (ϒ-glutamic acid)

Bridging þ Charge
neutralization

91%

Zheng et al. ()

Chlorella protothecoides

30 mg/L poly (ϒ-glutamic acid)

Bridging þ Charge
neutralization

98%

Zheng et al. ()

Chlorella sp.

40 ppm cationic guar gum

Bridging

94.5%

Banerjee et al.
()

Chlamydomonas sp.

100 ppm cationic guar gum

Bridging

92.2%

Banerjee et al.
()

Chlorella sp.

35 mg/L cationic cassia

Bridging þ Patch

92%

Banerjee et al.
()

Chlamydomonas sp.

80 mg/L cationic cassia

Bridging þ Patch

93%

Banerjee et al.
()

Scenedesmus dimorphus

10 mg/L cationic starch

Bridging þ Patch

95%

Hansel et al. ()

S. dimorphus

100 mg/L cationic starch

Bridging þ Patch

70%

Hansel et al. ()

C. vulgaris

Up to 200 mg/L cationic cellulose
nanocrystals

Patch

95%

Blockx et al. ()

used to harvest different microalgae species, both marine
and fresh-water. For example in 2013, Xu and colleagues
ﬂocculated the fresh-water species Chlorella sorokiniana
using an optimum dosage of chitosan with an efﬁciency of
99% at a pH of 6 (Xu et al. ). The pH is indeed important
to control in the case of chitosan as its efﬁciency as a ﬂocculant relies on the amine groups that it presents. These amino
groups have a pKa value of about 6.5 (Ritthidej ), and
thus below this pH value these groups will be protonated
thus conferring a positive charge to chitosan, which allows
its interaction with the negatively charged surface of microalgae cells (Bilanovic et al. ). Indeed, in the case of
C. sorokiniana, the ﬂocculation mechanism described is a
combination of charge neutralization and patch mechanisms. While the bridging mechanism is often associated
with chitosan, in this case the authors state that chitosan
polymers are much smaller than the cells, thus excluding
bridging (Xu et al. ). However, while chitosan is
widely reported as being efﬁcient to ﬂocculate fresh-water
microalgae species, this is not necessarily the case for
marine species. Indeed, in marine water that presents high
ionic strengths, it is believed that the positive charges of chitosan are screened, thus preventing the polymer to interact
with the cells and further ﬂocculate them (Bilanovic et al.
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). However, it must be noted that studies have reported
the successful use of other cationic polymers for ﬂocculation
of marine species (’t Lam et al. ); thus there might be
other parameters perhaps inﬂuencing the efﬁciency of chitosan in particular. In view of this, Blockx and co-authors
recently investigated the conditions under which chitosan
can be used as a ﬂocculant for marine species (Blockx
et al. ). The results the authors obtained on N. oculata
showed that in opposition to fresh-water conditions, low
pH did not trigger ﬂocculation, while a high pH (between
7.5 and 10) was efﬁcient. This clearly indicates that chitosan-induced ﬂocculation in marine species occurs through
another mechanism than charge neutralization or patch
mechanisms, as at high pH, no or very few charges are
present on the chitosan polymer. But when chitosan is
uncharged, its solubility decreases, which triggers its precipitation. The authors thus suggest that in the case of
N. oculata, chitosan ﬂocculates the cells through a sweeping
mechanisms, which can only be achieved at high pH
(Blockx et al. ). Thus the particular case of chitosan
also illustrates well the fact that a ﬂocculation mechanism
identiﬁed in one condition cannot be extrapolated to other
conditions and species, as these mechanisms are speciﬁc
to the species and conditions used.
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But chitosan is not the only biopolymer that can be used
to induce natural ﬂocculation in microalgae. For instance,
Zheng et al. () have reported the use of poly (ϒ-glutamic
acid) (ϒ-PGA) to ﬂocculate fresh-water species. ϒ-PGA is a
polymer of the amino acid glutamic acid produced by the
bacterial species Bacillus subtilis. The authors showed that
using this natural polymer, they could ﬂocculate C. vulgaris
and Chlorella protothecoides with efﬁciencies of respectively
91 and 98%. Using zeta potential measurements, they
demonstrated that ϒ-PGA could increase the potential of
the microalgae cells, thus indicating that it could interact
with them through a charge neutralization mechanism.
Moreover, SEM imaging also revealed that this mechanism
was combined with a bridging mechanism, as microalgae
cells were interlaced with ϒ-PGA directly within the ﬂocs.
In 2013 Banerjee and co-workers showed that guar gum, a
natural polysaccharide extracted from plants and chemically
cationized, was an efﬁcient ﬂocculant for both Chlorella and
Chlamydomonas sp. cells. Indeed, ﬂocculation efﬁciencies
reached respectively 94.5 and 92.2%, and further imaging
experiments conﬁrmed that this ﬂocculation was achieved
through a bridging mechanism (Banerjee et al. ). In
2014, the same group also investigated the efﬁciency of
another biopolymer extracted from plants, cassia, a polysaccharide that the authors also chemically cationized using a
similar strategy as for guar gum. Their results showed that
this biopolymer also was efﬁcient at ﬂocculating cells from
the same species, through a bridging mechanism as well
(Banerjee et al. ). In 2014, Hansel and colleagues used
starch, a naturally-occurring biodegradable polysaccharide,
that they modiﬁed by etheriﬁcation to present positive
charges, and directly used as a ﬂocculant to harvest Scenedesmus dimorphus cells (Hansel et al. ). In this study,
the authors found that this polymer could adsorb at the surface of several cells, thus bridging them together. The patch
mechanism was also found to be at play as the adsorption
of the polymer to the cell surface created localized areas of
positive charges, which consequently attracted neighboring
oppositely charged cells. However, it must be noted that in
these three last studies, the cationic moiety used to modify
guar gum, cassia and starch, CHPTAC ((2-chloro-2-hydroxypropyl)trimethylammonium chloride), presents some safety
issues and may not be adapted for all applications. As a
last example, in a recent study conducted by Blockx and
co-workers, the authors created cellulose nanocrystals
(CNCs) by acid hydrolysis of the amorphous region of cellulose, the most abundant natural polymer on earth. They then
linked cationic pyridinium- and methylimidazolium-based
grafts (for which the potential toxicity under this form has
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not yet been evaluated) to these CNCs to induce the ﬂocculation of C. vulgaris. Their results showed that cationic CNCs
could be used as an efﬁcient ﬂocculant and that, in this case,
bridging was not involved, which otherwise is often the case
with biopolymers. Indeed, CNCs present a rigid backbone
that prevent them from coiling and bending to bridge cells
together, and carry charges on both sides, which thus led
the authors to suggest that the ﬂocculation mechanism in
this case was the patch mechanism (Blockx et al. ).
Flocculation by other microorganisms
But while in all these different examples described so far, the
idea is to add a biopolymer, chemically modiﬁed or not
to ﬂocculate the cells, another strategy to induce natural
ﬂocculation in microalgae is to mix them with other
microorganisms that will directly ﬂocculate them. In view
of this, several works have been performed involving mixed
cultures of different microalgae species, or mixed cultures
of microalgae with bacterial species or with fungal species.
A selection of these studies are reported in Table 2. A ﬁrst
possibility is to mix microalgae cells with a different microorganism, a fungal species or a bacterial species. Flocculation
mechanisms of the algal-bacterial and algal-fungal cultures
are represented in Figure 2(a) and 2(b), respectively.
Microbial ﬂocculation was ﬁrst suggested as a harvesting
technique for microalgae as early as 1996 (Benemann &
Oswald ). In most cases, the ﬂocculation mechanism
relies on the production of extracellular polymers by the bacteria or fungi, which directly ﬂocculate the cells usually
through the bridging mechanism. Then two possibilities
exist; in the ﬁrst one, the microorganisms are cultured separately, the bacterial/fungal species produce the bioﬂocculant
over the culture and are then mixed with the microalgae
cells to proceed to the ﬂocculation. This is for example the
case in a study by Oh et al. (), where bacterial cells
from the strain Paenibacillus sp. AM49 were cultivated to
produce a bioﬂocculant efﬁcient at harvesting several species
of green microalgae. Wan and co-workers also implemented
this strategy in 2013 to produce a bioﬂocculant using the
bacterial strain Solibacillus silvetris W01. To ﬂocculate
the marine microalgae species Nannochloropsis oceanica,
the authors then mixed the supernatant of the bacterial culture directly with the microalgae culture and could obtain a
ﬂocculation efﬁciency of 90% (Wan et al. ). In both
cases, there is no detailed information given on the mechanism of ﬂocculation, as the focus of these studies was to
identify and use bacteria-produced bioﬂocculants. Moreover,
while we chose to mention these two cases as mixed cultures
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Natural ﬂocculation mechanisms induced by other microorganisms

Microalgae species

Microorganism

Species

Flocculation mechanism

Efﬁciency

Reference

Chlorella vulgaris

Bacteria

Paenibacillus sp.

Extracellular secreted bioﬂocculant

93%

Oh et al. ()

Nannochloropsis
oceanica

Bacteria

Solibacillus silvestris

Extracellularly secreted ﬂocculant

90%

Wan et al. ()

Scenedesmus
obliquus

Bacteria

Solibacillus silvestris

Extracellular secreted bioﬂocculant

77%

Wan et al. ()

C. vulgaris

Bacteria

Solibacillus silvestris

Extracellular secreted bioﬂocculant

51%

Wan et al. ()

Pleurochrysis
carterae

Bacteria

Tap water bacterial
inoculum

Increase in ﬂoc size

90%

Lee et al. ()

C. vulgaris

Fungus

Aspergillus niger

Fungal pelletization

98.1%

Zhang & Hu ()

C. vulgaris

Fungus

Aspergillus sp.

Fungal pelletization

89.8%

Zhou et al. ()

C. vulgaris

Fungus

Cunninghamella echinulata

Fungal pelletization

99%

Xie et al. ()

C. vulgaris

Fungus

Aspergillus oryzae

Fungal pelletization

100%

Zhou et al. ()

Chlorella sp.

Fungus

Pleurotus ostreatus

Fungal pelletization

64.8%

Luo et al. ()

C. vulgaris

Microalgae

Afrocarpus falcatus

Bridging

22%

Salim et al. ()

C. vulgaris

Microalgae

Scenedesmus obliquus

Patch

32%

Salim et al. ()

Neochloris
oleoabundans

Microalgae

Tetraselmis suecica

Patch

72%

Salim et al. ()

Chlorella sp.

Microalgae

Ankistrodesmus sp.

Bridging

82%

Lananan et al.
()

Chlorella sp.

Microalgae

T. suecica

Bridging (EPS)

67.3%

Kawaroe et al.
()

Nannochloropsis sp.

Microalgae

T. suecica

Bridging (EPS)

42.4%

Kawaroe et al.
()

Figure 2

|

Mixed species cultures mechanisms. Proposed mechanism of (a) microalgae–bacteria mixed cultures, (b) microalgae–fungi mixed cultures and (c) microalgae–microalgae mixed
cultures. Reprinted and adapted with permission from Alam et al. (2016).
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cases, one can argue that the fact that the microorganisms are
not cultured together in the same broth, but separately, qualiﬁes them more appropriately as classic bioﬂocculation cases.
Thus the second possibility consists in growing the different microorganisms in symbiosis, so that the microbial
species directly ﬂocculate microalgae cells in situ. For
instance Lee and co-workers, in 2009, used directly tap
water containing microbes: some heterotrophic bacteria present in the water, which therefore did not have the same
nutritional requirements as microalgae cells, produced EPS
under nutrient deﬁcient conditions allowing the ﬂocculation
of the microalgae species Pleurochrysis carterae (Lee et al.
). Moreover, Lee et al. () showed that in non-axenic
cultures of C. vulgaris, the use of ﬂocculants (CaCl2, FeCl3)
or pH variations resulted in high ﬂocculation efﬁciencies
while it was not the case in axenic cultures of C. vulgaris.
These results thus highlighted the important role of microalgae-associated bacterial species, three identiﬁed in this
study, on the ﬂocculation behavior of the microalgae cells.
The suggested mechanism underlying this positive effect
was that these bacterial cells and the extracellular substances
they produce increased the microalgae ﬂoc size, which
allowed them to be separated from the water by settling
(Lee et al. ). Other studies have explored the potential
of mixed cultures with ﬁlamentous fungi. In liquid cultures,
ﬁlamentous fungi can either grow in ﬁlamentous form, featuring homogeneously dispersed hyphae or ﬁlaments, or in
spherical pellets consisting of compact aggregated hyphal
structures (Veiter et al. ). In some speciﬁc cases, these ﬁlamentous fugal strains can entrap microalgal cells and form
fungi–algae pellets, thus allowing efﬁcient algae harvesting.
This technique has notably been proven efﬁcient to harvest
different microalgae species in several cases (Zhang & Hu
; Zhou et al. , ; Xie et al. ; Luo et al. ).
While the mechanism at the origin of the interaction between
the fungus and the microalgae cells may be related to several
possible reasons, one of these reasons may be related to surface charge. Indeed, for example in the case of co-cultures
of the fungus Aspergillus ﬂavus and C. vulgaris, it has been
shown that fungal cells have a positive zeta potential, thus
allowing their electrostatic interactions with negatively
charged C. vulgaris cells (Zhang & Hu ). Although it is
worth mentioning these examples of mixed cultures to
induce ﬂocculation of microalgae, as they represent valuable
strategies to harvest cells without the addition of any
ﬂocculants or modiﬁed biopolymers, it is clear that the mechanisms of ﬂocculation in these cases are very speciﬁc, and
expand out of the ‘classic’ ﬂocculation mechanisms that
were described in the ﬁrst part of this review.
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Finally another possibility is to mix different microalgae
species together, so that one will act as a ﬂocculant for the
other. This type of mixed cultures presents important advantages compared to mixing them with bacteria or fungi: it
does not require different cultivation conditions, which
reduces costs, and it prevents contaminations. Another
advantage in this case is that both microalgae species can
produce the molecule of interest in the process; thus all
the biomass can then be used for downstream processes
(Salim et al. ). Flocculation mechanisms of algal-algal
culture are represented in Figure 2(c). An example of microalgae mixed cultures is presented in the study by Lananan
and colleagues, already described earlier in this review,
where Ankistrodesmus sp. cells, positively charged at pHs
between 6.10 and 7.10, could ﬂocculate negatively charged
C. vulgaris cells through the bridging mechanism (Lananan
et al. ). In another study performed by Kawaroe and coworkers, the marine species Tetraselmis suecica was directly
used as a ﬂocculant to harvest cells from the species Chlorella sp. and Nannochloropsis sp. To do so, the authors
mixed T. suecica with the two other species, separately, at
different ratio, and obtained after only 1 hour harvesting
rates of 67.3% for Chlorella sp. and of 42.4% for Nannochloropsis sp. In both cases, the addition of the ﬂocculant
species in larger volume increased the ﬂocculation efﬁciency. Concerning the ﬂocculation efﬁciency, the fact that
the two species are in competition for the nutrients as the
culture goes on induces a stress on the cells, which in the
case of T. suecica triggers the production of exopolysaccharides. These EPS are then responsible for bridging the cells
together and ﬂocculating them (Kawaroe et al. ).
Other examples of successful mixed microalgae cultures
can also be found in Salim et al. (), where different
ﬂocculation mechanisms are described depending on the
ﬂocculating microalgae species: bridging in the case where
long EPS are partly bound to the producing cells, and
patch mechanism if these EPS are short and bind completely to the producing cells, therefore creating positive
patches at their surface (Salim et al. ).
Induced natural ﬂocculation but not always so
natural …
It is thus possible to artiﬁcially induce natural ﬂocculation
mechanisms in microalgae using biopolymers or mixed
species cultures. As far as we know, the only biopolymer
that has been successfully used to ﬂocculate microalgae
cells is chitosan, although its use should be adapted
depending on the microalgae species used. Most of the
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biopolymer-based strategies involve chemically modifying
the natural molecules. First this involves additional costs,
but also such strategies can be questionable from the toxicity
point of view. So far in the examples described here no
evaluation of the toxicity of the molecules was performed;
thus there is for the moment no information as to whether
these modiﬁed biopolymers represent a risk of biomass contamination or not. This is also a problem when using mixed
cultures with different microorganisms, as fungi and bacteria also contaminate the biomass. In view of this, the
ideal situation would be to be able to induce natural ﬂocculation in microalgae species without having to add any
molecules or microorganisms, but by acting directly on the
microalgae itself to make it able to ﬂocculate.

ALTERNATIVE DIRECTIONS IN NATURAL
FLOCCULATION
In this idea of not to contaminate the biomass by any added
molecule, an interesting strategy would be to genetically
engineer the microalgae species so that they could ﬂocculate
without any modiﬁcation of their culture medium. Genetic
engineering consists in modifying the genome of the cells
so that they express the desired molecules, or are able to
use certain molecules present in the medium. While genetic
engineering is widely used for bacteria, yeasts and plants
(Barton & Brill ; Dequin ; Riglar & Silver ),
its development for microalgae still remains conﬁned. For
the moment, the efforts regarding microalgae have mostly
concentrated on increasing or modifying lipids or other
energy storage molecules for biofuels applications (Dunahay
et al. ). However, such strategies can also be used to
engineer microalgae strains to enhance their ﬂocculation
capabilities, and this is what we will describe in the third
part of this review. It is possible to think that such strategies
could be the future directions to take in ﬂocculation,
although the use of genetically modiﬁed organisms is
always controversial, and could not for instance take place
in certain applications such as wastewater treatment. However, in closed photobioreactors, with no release in the
environment, using genetically modiﬁed microalgae could
be a possibility.
In addition to being a barrier against the environment,
the algal cell wall is also an obstacle against engineering
processes. Moreover, genetic manipulation of microalgae
presents several other challenges, which are (i) the lack of
suitable promoters and other regulatory sequences, (ii) the
low efﬁciency and instability of transgene expression,
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(iii) the fact that microalgae are a highly heterogeneous
group of microorganisms and thus procedures have to be
adapted in each case, (iv) the insufﬁcient genetic data availability and (v) the lack of a standard toolbox for genetic
engineering manipulations (León & Fernández ;
Daboussi et al. ). While we will not go over the details
of molecular biology strategies that are used to modify microalgae genomes as it is not the scope of the review, we will
give and discuss examples where genetically modiﬁed microalgae species have been successfully used in ﬂocculation
processes. In a ﬁrst example, Scholz and colleagues have
tested the capacity of a mutant strain of Chlamydomonas
reinhardtii, cw15, produced by Davies and Plaskitt in 1971
(Davies & Plaskitt ), to ﬂocculate in the presence of the
ﬂocculant CaCl2, in nitrogen-deprived conditions. The speciﬁcity of this mutant is that it lacks a cell wall and ﬂagella, and
thus has no mobility. The results obtained showed that the
ﬂocculation efﬁciency of this mutant strain was 83% whereas
for the wild-type strain (with no genetic mutations), it was
only 24% (Scholz et al. ). In the discussion the authors
mention that other authors obtained similar results with
another microalgae species having a cell wall (Sukenik
et al. ); thus they suggest that the ﬂocculation in this
case may be due to the lack of ﬂagella, which prevents
them from moving and thus makes them more susceptible
to the ﬂocculant used. A further study by Fan et al. ()
also used mutant cells of C. reinhardtii, deﬁcient in a cell
wall and ﬂagella, but for the production of starch, and
could also observe differences in the ﬂocculation compared
to wild-type strains, depending on the ﬂocculant used,
which they suggest can be attributed to the mutations.
These examples are a good illustration that using microalgae
strains where a simple genetic mutation is introduced can be
a promising strategy to enhance the efﬁciency of ﬂocculation
and further ﬂotation. But in this case, still a ﬂocculant added
to the culture medium is needed to achieve efﬁcient ﬂocculation, though it is also possible to engineer microalgae strains
that self-ﬂocculate with no addition of ﬂocculant.
A ﬁrst possibility to reach this goal has been presented
by Diaz-Santos et al. (). In this study, the authors developed a strategy to express a gene from the yeast species
Saccharomyces bayanus responsible for the ﬂocculation,
called SbFLO5. Flocculation in yeast is also a subject that
has been extensively studied. In yeasts, a family of genes
called FLO encodes speciﬁc cell surface glycoproteins,
known as ﬂocculins, which are responsible for the natural
ﬂocculating behavior of yeast cells (Stratford ). The
mechanism by which they bind to other cells is thought to
be by interacting with speciﬁc carbohydrate residues present
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at the surface of adjacent cells (Miki et al. ). Later,
Goossens and co-workers, among others, speciﬁed this
mechanism by showing that one of these ﬂocculins, Flo1p,
could bind to the mannose residues present at the surface
of yeast cells, thanks to two mannose carbohydrate binding
sites present in the N-terminal region of the protein (Goossens et al. ). In a previous study in 2015, Díaz-Santos
and colleagues used S. bayanus to produce these ﬂocculins.
The authors then extracted them from the supernatant of the
yeast cultures and used them directly as ﬂocculants in
C. reinhardtii and in Picochlorum sp. cultures. Figure 3
shows the difference in the ﬂocculation of Picochlorum sp.
cells before and after addition of the ﬂocculins isolated
from fermentative cultures of S. bayanus. Their results
showed that they could reach a recovery efﬁciency of 95%
in the case of C. reinhardtii and of 75% in the case of Picochlorum sp., thus indicating that ﬂocculins from yeasts are
also able to bind to glycosidic residues present at the surface
of microalgae cells, with a higher speciﬁcity in the case of
C. reinhardtii (Díaz-Santos et al. ). It is after this study
that the authors then suggested that the expression of
FLO genes from S. bayanus to create self-ﬂocculating
C. reinhardtii transformants could be a promising method
to enhance ﬂocculation efﬁciency. After inserting the
FLO5 gene from S. bayanus into C. reinhardtii, they could
show that these engineered mutant cells that express FLO

Figure 3

|

Water Science & Technology

|

82.6

|

2020

genes exhibited better self-ﬂocculation, resulting in ﬂocculation performance up to 3.5-fold higher compared to wildtype (Díaz-Santos et al. ). This study thus proves that
self-ﬂocculation phenotypes can be generated in microalgae
through genetic engineering methods like insertion of the
gene that is responsible for adhesive protein production.
Then a second possibility to engineer self-ﬂocculated microalgae strains is through the direct analysis of the microalgae
genes using DNA sequencing technologies to identify ﬂocculation genes and over-express them or transfer them from a
strain to another. It has been reported that several microalgae species, such as C. vulgaris, Ankistrodesmus falcatus,
Scenedesmus obliquus and T. suecica, have a higher tendency towards natural ﬂocculation (Salim et al. , ;
Zhang et al. ). Such species could thus represent good
candidates for DNA sequencing studies aiming at identifying which genes are responsible for their self-ﬂocculating
behavior. While over-expression or duplication of ﬂocculating genes has not yet been performed, genetic studies have
already been realized on microalgae. For instance, Blanc
and co-workers sequenced the green alga Coccomyxa subellipsoidea C-169 genome, which was the ﬁrst eukaryotic
microorganism from a polar environment to have its
genome sequenced. This study was conducted to analyze
the mechanism of adaptation of life of this species to
extreme polar environmental conditions. Their results

Example of S. bayanus Flo protein induced ﬂocculation. Microscopic analysis of Picochlorum sp. HM1 cells before (a) and after (b) addition of proteins isolated from fermentative
cultures of Saccharomyces bayanus var. uvarum. Reprinted with permission from Díaz-Santos et al. (2015).
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showed that this microalgae species had more enzymes
engaged in the biosynthesis and lipid modiﬁcation than
other sequenced microalgae species. This thus implies that
C. subellipsoidea has adapted to extreme cold conditions
by making its lipid metabolism more versatile, enabling it
to synthesize a wide range of cell membrane components
(Blanc et al. ). However, this microalgae species is not
the only species that has been sequenced. Another example
is Dunaliella tertiolecta, whose genome has been sequenced
to classify existing genes for enzyme encoding. This way corresponding lipid and starch pathways were reconstructed in
order to increase the biofuel production of these species.
Such results show the potential of using transcriptomic
data from next-generation sequencing to identify pathways
of interest and potential targets for microalgae metabolic
engineering. These ﬁndings can for example be used to
genetically engineer D. tertiolecta and this way maximize
the production of commercial microalgae-based biofuels
(Rismani-Yazdi et al. ). These examples demonstrate
that after DNA sequencing analysis, it is possible to detect
the genes that are responsible for a speciﬁc phenotype.
Thus using this strategy, it could be possible to identify
genes responsible for the ﬂocculation in the case of harvesting studies.

important for each case to speciﬁcally study the mechanism
underlying the observed ﬂocculation to be able to control it
and to further implement it in large-scale applications. Yet,
the quite important numbers of studies produced on the
subject have allowed researchers to develop strategies to
artiﬁcially induce these mechanisms in microalgae, through
the use of biopolymers, chemically modiﬁed or not, or
through the use of mixed cultures. However, still these
alternatives present some issues, as both chemically modiﬁed biopolymers and added microorganisms can be
associated with biomass contamination problems. Thus
new strategies need to be developed, and in this context genetic engineering can be an interesting one as it would allow
creation of self-ﬂocculating microalgae species that would
require no added ﬂocculant. And perhaps it could also be
possible to simply eliminate this ﬂocculation step, for
instance in the ﬂotation process. In view of this, an original
idea is to directly functionalize the bubbles used in ﬂotation
with surfactants that would promote their adhesion to
microalgae cells, with no ﬂocculation step needed. Studies
have been published on this topic, where positively charged
bubbles were successfully used to harvest microalgae by ﬂotation (Hanumanth Rao et al. ), thus demonstrating the
feasibility of such an idea.

CONCLUSIONS
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mechanisms of ﬂocculation (compression of the double electric layer, charge neutralization, bridging, patch mechanisms
and sweeping) are well-known and described, their role in
microalgae natural ﬂocculation is speciﬁc to the microalgae
species considered and to the culture conditions. Thus it is
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