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Abstract Twelve salts were tested for their ability to
coagulate microalgae cells in cultures of Chlorella minu-
tissima. The final aim was to develop an easy and efficient
approach for harvesting microalgae biomass in dense
cultures. Aluminum, ferric, and zinc salts coagulated C.
minutissima cultures, while optimum concentration was
0.75 and 0.5 g L−1 for sulfate and chloride salts,
respectively. Aluminum salts were most efficient, but
caused some cell lysis, which may render this approach
inappropriate in some cases. Ferric and zinc salts were
ranked second and third, respectively, according to their
culture cell-coagulation efficiency. Ferric salts caused a
change in the color of the cells, mainly at concentrations
higher than 1 g L−1. Zinc salts were less harmful for the
microalgal cells, but an additional problem was observed
with cell aggregates adhering to the walls of the glass test
tubes. Selection of the appropriate coagulant is related to
the purpose of the coagulation process.
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Introduction

Microalgae are cultured for several purposes, such as use in
aquaculture, production of food for humans and livestock,
cosmetics, biodiesel, pigments or bioactive compounds
(Lebeau and Robert 2003; Lee et al. 1998; Ponis et al.
2003). Culture of microalgae results in suspensions of

microalgae cells in growth medium. In the case of some
microalgae, such as Arthrospira sp., the cells are large, and
it is easy to separate the biomass from the water by
filtration, while in other cases, as during the production of
microalgae for use in aquaculture, microalgae are used
directly from the cultures together with the growth medium.
In other instances, however, such as extraction of pigments
and biodiesel production, there is a need for separation of
the cell biomass, which can be accomplished mainly by
centrifugation (Price et al. 1974). Centrifugation is a
method that has been applied successfully for harvesting
microalgae, but shows some major disadvantages. At first,
the process involves exposure of microalgae cells to high
gravitational and shear forces which may damage the cell
structure. Secondly, processing large culture volumes can
be time- and energy consuming and requires costly
equipment (Knuckey et al. 2006). Alternative processes
have been developed including foam fractionation (Gsordas
and Wang 2004), filtration (Millamena et al. 1990; Poelman
et al. 1997), and coagulation–flocculation (Rossingol et al.
1999).

Harvesting of algal cells by coagulation involves pH
adjustment or electrolyte addition, whereas flocculation
involves addition of cationic polymers. Such approaches
are quite convenient, because they allow rapid treatment of
large quantities of microalgae cultures (Oh et al. 2001).
Coagulation–flocculation is the coalescence of finally
divided suspended cells into larger loosely attached
conglomerates, which slowly sink to the bottom of the
container. In general, the first stage of coagulation–
flocculation is the aggregation of suspended cells into
larger particles, resulting from the interaction of the
coagulant–flocculant with the surface charge of the cells.
Two major forces are involved: electrostatic repulsion
forces dominate at large distances (negative-charged cell
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surfaces repel each other), while intermolecular or Van der
Waals attraction forces dominate at very short distances.
Intermolecular forces are stronger than electrostatic forces,
but act over very short distances. The second stage involves
the coalescing of aggregates into large flocs that settle out
of suspension (Knuckey et al. 2006). A large number of
chemical products have been tested as coagulants or
flocculants. The most efficient was aluminum sulfate
followed by some cationic polyelectrolytes (Pushparaj et
al. 1993; Yu and Tse 1997). The properties of cellular
surface, pH of the growth medium, concentration of the
coagulant–flocculant, ionic strength of the culture solution,
and the number of cells per unit volume are the major
factors that influence coagulating–flocculating reactions in
microalgae cultures and thereby harvesting of algal biomass
(Bilanovic et al. 1998; Lee et al. 1998).

This study aimed at screening of 12 salts as coagulants
for harvesting cultures of the microalga C. minutissima, and
determination of the optimal concentration of each efficient
coagulant. This study aimed as well to evaluate the
influence of the coagulants on the function of the
photosynthetic apparatus, on the viability of coagulated
algal cells, and to determine the correlation between
coagulant dose and algal concentration.

Materials and methods

The green microalga Chlorella minutissima, strain Foti and
Novak isolated from Heraklion Bay, was used in this study
(Kotzabasis et al. 1999). The culture medium was fertilized
with 0.1 g L−1 Cell-hi F2P (Cellpharm Ltd, UK). The ability
to coagulate cells of C. minutissima was initially tested in
cultures with optical density OD750=2.4 (approximately
220×106 cells mL−1). Coagulation experiments were run
with small volumes of culture (20 mL) distributed in
cylindrical glass tubes (40 mL).

A first series of experiments was run to examine
coagulation efficiency of twelve salts: Al2(SO4)3, AlCl3,
Fe2(SO4)3, FeCl3, ZnSO4, ZnCl2, CaSO4, CaCl2, MgSO4,
MgCl2, (NH4)2SO4, and NH4Cl. Ten different doses of each
salt were used, which ranged from 0–5 g L−1 with a step of
0.5 g L−1. The coagulation efficiency was measured 0, 1, 2,
3, 4, 5, 6, 18, and 24 h after start. This experiment was run
three times with two replicates each time.

A second series of experiments was run, with the salts
that showed the best coagulation efficiency in the first
series of experiments, to determine with higher precision
the optimal concentration of each efficient salt for the
culture cell coagulation of C. minutissima. The doses tested
in this experiment were 0.25, 0.5, 0.75, and 1 g L−1. This
experiment was run three times with two replicates each
time.

A third series of experiments was run, with the three
efficient chloride salts, in order to determine their coagu-
lation efficiency with higher precision. The doses tested
were 0–1.5 g L−1, with a step of 0.1 g L−1. This experiment
was run two times with two replicates each time.

A fourth series of experiments was run, with the six
efficient coagulants that were determined in the first series
of experiments and the optimal doses that were found in the
second series of experiments in the incubation time of 3 h,
to examine the cell viability and the molecular function and
structure of the photosynthetic apparatus. This experiment
was run two times with two replicates each time.

A fifth series of experiment was run, with AlCl3 in order
to examine if there is any correlation between algal
concentration and coagulant dose. During these tests, three
cell concentrations were used (25, 50, and 100% of the cell
concentration used in the previous experiments). This
experiment was run two times with two replicates each time.

Determination of coagulation efficiency

After addition of the coagulant, each tube was stirred for
about 10 s in a vortex, and 2 mL of the culture were used to
follow the kinetic of coagulation activity by measuring
OD750 (Buelna et al. 1990;Makridis and Vadstein 1999) in a
spectrophotometer using a specific-absorbance cuvette
(10×4×45 mm). Following this approach, it was possible
to measure each time at the same point level of the culture.
A reference culture (control) was used, where no coagulant
was added. Different blanks (culture medium and appro-
priate quantity of each salt) were used for the measurement
of absorbance at each experimental salt concentration, in
order to take into account the influence of diluted salts on
the absorbance measurements. In other words, we had as
many blanks as the number of the experimental coagulant
concentrations. Coagulation efficiency was calculated by
use of the following equation (Buelna et al. 1990):

coagulation efficiency %ð Þ ¼ 1−
A

B

� �
� 100;

where A: OD750 of sample, and B: OD750 of control.
Pictures of all tubes were taken at each sampling point

against white background.

Fluorescence induction measurements

Maximum yield of primary photochemistry (Fv/Fm) was
measured according to the JIP method of Strasser and
Strasser (1995) by use of Handy Plant Efficiency Analyser,
PEA (Hansatech, UK). This method is based on the
measurement of a fast fluorescence transient with a 10 μs
resolution in a time span of 40 μs to 1 s. Fluorescence was
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measured at 12-bit resolution and excited by three light-
emitting diodes providing a saturated light intensity of
3,000 μmol photons m−2 s−1 of red (650 nm) light. This
method allowed the dynamic measurement of a photosyn-
thetic sample at a given physiological state.

Viability of cells

Cell viability was determined by the Evans blue method
(Widholm 1972). Briefly, 1 mL samples of each culture
were centrifuged at 600 g, the supernatant was discarded,
added 100 µL of 1% Evans blue solution, and incubated for
10 min at room temperature. The cells were then washed
twice in deionized water. Finally, fresh preparations of the
centrifuged samples were examined for the viability by
light microscopy. Cells with broken cell walls appeared
blue, as Evans blue solution diffused in the protoplasm
region and stained the cells blue.

Statistical analysis

One-way ANOVA was used to compare coagulation
efficiency in experimental treatments with the control
treatment. Statistical analyses were run using the software
program STATGRAPHICS Plus 5.0.

Results

Efficiency of various salts as cell coagulants

Only six among the 12 tested salts, (Al2(SO4)3, AlCl3,
Fe2(SO4)3, FeCl3, ZnSO4, and ZnCl2), succeeded in

coagulating totally the microalgae cells (P<0.05; Fig. 1).
The other six salts (CaSO4, CaCl2, MgSO4, MgCl2,
(NH4)2SO4, and NH4Cl) showed no difference from the
control treatment in relation to the formation of cell
aggregates (P>0.05; only results with MgSO4 and MgCl2
are shown as an example in Fig. 1).

The measurement of optical density was sufficient for
the cases where the salts did not coagulate the cells. In the
cases, however, where the salts coagulated the microalgae
cells, it was shown that some cell aggregates settled in the
bottom of the tubes, whereas in some other cases cell
aggregates floated in the air–water interface. The optimum
salt concentration was therefore determined after observa-
tion of the pictures taken, where it was shown the minimum
concentration at which the majority coagulants settled at the
bottom of the tube.

Chloride salts (AlCl3, FeCl3, and ZnCl2) were more
efficient in comparison with sulfate salts (Al2(SO4)3,
Fe2(SO4)3, and ZnSO4). After addition of the appropriate
quantity of each chloride coagulant, formation of cell
aggregates was immediately observed. While in the case
of sulfate salts, formation of cells was observed 2–5 h after
addition of coagulants, and about 0.25 g L−1 additional salt
dose was required to coagulate totally the same quantity of
microalgae compared with the corresponding chloride salts.
Chloride coagulants appeared to be efficient in a wider
range of concentrations, while sulfate salts (with the
exception of ZnSO4) were efficient in a more limited range
of concentrations (Fig. 1). Among the six coagulants,
aluminum salts were more efficient than ferric salts, and
these more efficient than zinc salts. Coagulation time when
using aluminum salts was one and a half, and two times
shorter, respectively, than what was the case for ferric and

Fig. 1 Culture cell coagulation
of aluminum, ferric, zinc, and
magnesium sulfate and chloride
salts at ten different coagulant
doses (0, 0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4, and 5 g L−1) in the
incubation time of 3 h
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zinc salts. After addition of zinc salts, cell aggregates
adhered to the walls of the glass tubes and did not settle at
the bottom of them. This problem was not shown after
addition of aluminum and ferric coagulants (Fig. 1).
Addition of FeCl3 at a concentration higher than 1 g L−1

changed the color of the culture from green to brown.
In the second series of experiments, the optimal salt

concentration for the cell coagulation of the cultures of C.
minutissima was determined with a higher precision, and
four doses of each efficient coagulant (Al2(SO4)3, AlCl3,
Fe2(SO4)3, FeCl3, ZnSO4, ZnCl2) were used. The most
efficient concentration for both aluminum and ferric sulfate
salts was 0.75 g L−1 (Fig. 2).There was however a
difference in the time needed to obtain 80% coagulation
activity, which was 2 and 4 h for aluminum and ferric
sulfate, respectively. The most efficient concentration for
coagulation of C. minutissima when using aluminum and
ferric chloride salts was 0.5 g L−1, and the time needed to
obtain 80% coagulation was 1 and 3 h, respectively. It was
thus shown that chloride salts were more efficient than
sulfate ones, as they needed a lower dose and shorter

time to obtain the same, as sulfate salts, coagulation of
C. minutissima.

It was difficult to determine the optimal concentration of
zinc salts for an efficient culture cell coagulation from the
results that are presented in Fig. 2. The problem was the
adherence of cells on the walls of the glass tubes, which did
not permit a confident measurement of the optical density.
However, when we examined the photographs from this
kinetic experiment (results not shown), it was determined
that the optimal concentrations of ZnSO4 and ZnCl2 salts
were 0.75 g L−1 and 0.5 g L−1, respectively.

The first two series of experiments showed that chloride
salts were more efficient than sulfate salts. A third series of
experiments was run with more detailed gradient in the
concentration of chloride coagulants (from 0 to 1.5 g L−1,
with a step of 0.1 g L−1). The results 3 h after the
incubation time are presented in Fig. 3. AlCl3 was more
efficient at a concentration range of 0.4 to 0.8 g L−1, where
0.5 g L−1 was the optimal one, and most of the aggregates
were accumulated at the bottom of the tubes. Similar results
were obtained with FeCl3, although longer incubation time
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Fig. 2 Percent coagulation activity of aluminum, ferric, and zinc chloride and sulfate salts at four different culture cell coagulant concentrations
(filled square 0.25 g L−1, empty square 0.5 g L−1, dash and filled diamond 0.75 g L−1, and asterisk 1 g L−1)
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was demanded in comparison with AlCl3. Zinc chloride
caused a slower coagulation than ferric chloride, but the
optimal concentration was the same (0.5 g L−1). However,
the above-mentioned problem with cells adhering to the
walls of the test tubes was apparent.

In conclusion, the ranking of optimal to less optimal
coagulant—in reference to the culture cell-coagulation
time—for cultures of C. minutissima was: AlCl3, FeCl3,
and ZnCl2.

Cell viability in the presence of coagulants

Viability of the cells was tested with Evans blue solution,
for all six efficient cell coagulants at their optimal
concentrations (0.75 and 0.5 g∙L−1 for sulfate and chloride
salts, respectively). Aluminum salts caused cell lysis
(Fig. 4), and this phenomenon was more evident with
AlCl3 than with Al2(SO4)3. Addition of AlCl3 and
Al2(SO4)3 resulted in cells lysis of about 25%, and 10%
of total number of cells, respectively. It was therefore
observed that there was a correlation between the velocity
of coagulation and the percentage of damaged cells: rapid
coagulation resulted in higher percent of cell lysis. In
contrast to aluminum salts, no cell lysis was observed when
ferric and zinc salts were used as cell coagulants for
microalgae cultures.

Precipitated cells were examined with fluorescence
induction measurements for changes that had taken place
in the molecular structure and function of their photosyn-
thetic apparatus. Measurements were made only when
using the optimal doses for coagulation. No differences
were observed in JIP-parameters between control (without
any coagulant) and treatments added coagulant (data not
shown). Fv/Fm in the control culture (without coagulant)
was 0.685, while the range of this parameter in the presence
of culture cell coagulants was between 0.633 (for
Fe2(SO4)3) and 0.659 (for ZnCl2). Thus, the molecular
function and structure of the photosynthetic apparatus were

not affected by the addition of the coagulants at the optimal
concentration of 0.5 g L−1 for chloride salts and 0.75 g L−1

for sulfate salts in the experimental incubation time up to
24 h.

Correlation between the dose of the culture cell coagulant
and the algal concentration

The concentration of the cells is a very important parameter
for the determination of the optimal dose of culture cell
coagulants. An experiment was run at three different cell
concentrations (OD750=0.6, 1.2, and 2.4) using AlCl3 as a
culture cell coagulant to determine the correlation between
cell concentration and dose of coagulant (Fig. 5).

The best dose of culture cell coagulant for the initial cell
concentration of OD750=2.4 was 0.5 g L−1. For the
concentration of OD750=1.2, we tested three different
doses 0.125, 0.25, and 0.5 g L−1, and the optimal one
was 0.25 g L−1, while for OD750=0.6, the tested doses
were 0.063, 0.125, and 0.25 g L−1 and the optimal was
0.125 g L−1 (Fig. 5). A linear correlation between cell
concentration and coagulant dose was thus observed
because when using half of the initial cell concentration,
the demanded dose was exactly half of the initial dose.
Similar results were shown when using 25% of the initial
cell concentration, where the demanded dose was 25% of
the initial dose.

A linear correlation was determined between the cell
concentration and the coagulant dose, for the specific tested
range of concentrations (OD750=0.6–2.4), which was
expressed by the following equation:

Coagulant concentration g L�1
� � ¼ 0:2083� OD750:

Fig. 4 Coagulated cells of C. minutissima with the presence of
aluminum and ferric sulfate and chloride in the optimum dose of 0.75
and 0.5 g L−1 respectively, in the incubation time of 3 h after the usage
of 1% Evans’ blue solution

Fig. 3 Culture cell coagulation of aluminum, ferric, and zinc chloride
in 16 different concentrations (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1, 1.1, 1.2, 1.3, 1.4, and 1.5 g L−1), in the incubation time of 3 h
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Discussion

Among the 12 tested salts, only six (Al2(SO4)3, AlCl3,
Fe2(SO4)3, FeCl3, ZnSO4, ZnCl2) succeeded in coagulating
totally the culture cells of the microalga C. minutissima
within 24 h. The other six salts (CaSO4, CaCl2, MgSO4,
MgCl2, (NH4)2SO4, and NH4Cl) showed no difference
from the control treatment in relation to the generation of
cell aggregates. In culture medium, salts are dissociated
creating ions, which interact with the negatively charged
algal cell wall and cell aggregates are formed. A higher
activity of the formed cations results in higher efficiency of
the coagulation process. The activity of cations is deter-

mined to a great extent by their electronegativity. Calcium,
magnesium, and ammonium ions have lower electronega-
tivity than aluminum, ferric, and zinc ions. This could
explain why aluminum, ferric, and zinc salts were more
efficient in coagulating microalgae cultures, while calcium,
magnesium, and ammonium could not succeed as coagu-
lants in a time interval of 24 h.

Among the six efficient coagulants, it was observed that
chloride salts were more efficient than the corresponding
sulfate ones (Figs. 1 and 2). This could be explained by the
fact that chloride anions are more soluble in water than
sulfate anions. Additionally, chloride salts showed a wider
concentration range, in which a quite good solubility (near
optimal) could be obtained (Maeda et al. 2002). In this
study, chloride coagulants appeared to be efficient in a
wider concentration range, on the contrary to sulfate salts,
which were efficient in a more limited range, because of
their very limited solubility range.

Among both chlorides and sulfates salts, it was observed
that aluminum salts were more efficient than ferric salts,
and these in turn more efficient than zinc salts (Fig. 2
and 3), based on the demanded coagulation time. These
results could be explained by the molecular weight and the
charge of the formed cations. Aluminum ions have the
highest charge density, which led to extended molecular
conformation and bridging between cells, and improved
charge neutralization of microalgae cell surfaces. In
addition, the higher the molecular weight, the lower the
solubility. These two facts can be combined and the
observed coagulation efficiency in the tested salts could
be explained. Aluminum salts have a lower molecular
weight than ferric salts and zinc salts. In parallel, the charge
of aluminum and ferric cations is +3, higher than the
corresponding charge of zinc cations (+2). Aluminum salts
(lower molecular weight and higher charge) showed better
behavior as coagulant. Ferric salts were not as efficient as
aluminum salts because, independent of the high charge of
ferric ions (equal to aluminum), they have higher molecular
weight that decreased their solubility and as a result, their
efficiency as coagulants. Finally, zinc salts were the least
efficient coagulants, because they have higher molecular
weight and lower charge, compared with aluminum and
ferric salts.

Independent of the time of coagulation and the dose of
coagulants, the above salts exhibited some problems. A
small percentage of damaged cells was observed when
using aluminum salts as coagulants (about 10–25%), which
could be caused by rapid aggregation of microalgae
(Fig. 4), or by destabilization of cell membrane of micro-
algae. However, the remaining alive cells did not show any
stress effect in the molecular structure and function of the
photosynthetic apparatus after 24 h, as determined by
fluorescence induction measurements.

0

20

40

60

80

100

0 500 1000 1500

Incubation time (min)

%
 C

o
ag

u
la

tio
n

 e
ff

ic
ie

n
cy

a

0

20

40

60

80

100

0 500 1000 1500

Incubation time (min)

%
 C

o
ag

u
la

tio
n

 e
ff

ic
ie

n
cy

b

y = 0,2083x

0

0,1

0,2

0,3

0,4

0,5

0,6

0 0,5 1 1,5 2 2,5 3

Optical density (750nm)

C
o

ag
u

la
n

t c
o

n
ce

n
tr

at
io

n
(g

/L
)

c

Fig. 5 a Best dose of the culture cell coagulant of AlCl3 using the
half (OD750=1.2) of the standard initial cell concentration of OD750=
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When using ferric salts, the color of culture changed from
green to brown–yellow, mainly at concentrations over 1 g L−1.
It seemed that ferric salts over a specific concentration
influenced the pigments of the microalgae, and especially
chlorophylls. However, there was no effect on the photosyn-
thetic apparatus and cell viability, as shown in Fig. 4.

When using zinc salts, aggregates adhering on the walls
of the glass tubes were observed (Fig. 1). This attachment
was quite weak, as cell aggregates easily detached from the
tube walls, after a slight knock of the tube. In an industrial
scale, this problem could be easily avoided by selection of
the appropriate material for inner surface of the container
where cell coagulation takes place.

The correlation of cell concentration and coagulant
concentration permitted us to assume that the predominant
destabilization mechanism is charge neutralization and not
sweep flocculation, which is an inefficient use of coagula-
tion. In the case of sweep flocculation, there is no
stoichiometric relationship between the particle concentra-
tion and the optimum coagulant dose (Gregory and Duan
2001), whereas such a relationship was established for the
ranges of microalgae cell concentration and coagulant
concentration used in this study.

The selection of the appropriate coagulant is directly
correlated to the target of the process. For example, if the
purpose of coagulation is the production of pigments, then
ferric salts are undesirable. Possibly, zinc salts are appro-
priate. If the purpose is production of biodiesel, then
efficiency and economy are important, which means that
selection of the fastest and cheapest coagulant is appropri-
ate, that is aluminum chloride.
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