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Flocculation induced by pH increase for harvesting microalgae and reuse of flocculated medium were
evaluated. Increasing the medium pH value induced the highest flocculation efficiency of up to 90% for
freshwater microalgae (Chlorella vulgaris, Scenedesmus sp., Chlorococcum sp.) with low/medium biomass
concentrations and marine microalgae (Nannochloropsis oculata, Phaeodactylum tricornutum). The mech-
anism may be explained that Mg2+ in the growth medium hydrolyzed to form magnesium hydroxide pre-
cipitate, which coagulated microalgal cells by sweeping flocculation and charge neutralization.
Additionally, this study revealed that the microalgal biomass concentrations and released polysaccharide
(RPS) from microalgae could influence the flocculation efficiencies. Furthermore, neutralizing pH and
then supplementing nutrients allowed the flocculated medium to maintain an approximate growth yield
to that of the fresh medium in algal cultivation. These results suggest that the method presented here is
effective, and allows the reuse of the flocculated medium, thereby contributing to the economic produc-
tion from algae to biodiesel.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Today about 80% of global energy demand is produced from fos-
sil fuels. However, with the depletion of fossil fuels, governments
and research institutions are making a great effort to develop
new fuels (Brennan and Owende, 2010). In this regard, biofuels
are rapidly being developed. Unfortunately, biodiesel from sources
such as plantation oil crops, waste vegetable oil and animal fat can-
not realistically satisfy the existing demand for fuels (Clarens et al.,
2010). Some species of microalgae, with high growth rate and high
lipid content, appear to be attractive alternatives as a feedstock for
biodiesel production (Chisti, 2007; Hu et al., 2008; Halim et al.,
2011).

Microalgal cells, with a size range between 5 and 50 lm, always
form stable suspensions in growth medium due to their negative
surface charge. The separation and recovery of microalgal biomass
from growth medium is a critical step in the microalgal biomass
production process, which accounts for about 20–30% of the total
production cost (Gudin and Therpenier, 1986). So it is necessary
to develop cost-effective technologies that would permit efficient
harvesting. There are several methods that have been developed
for harvesting microalgae (Chen et al., 2011): centrifugation
ll rights reserved.
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(Knuckey et al., 2006), foam fractionation (Gsordas and Wang,
2004), filtration (Zhang et al., 2010a,b), and flocculation (Rossingol
et al., 1999).

Among the above methods, flocculation is considered to be an
effective and convenient process, which allows rapid treatment
of large quantities of microalgae cultures (Oh et al., 2001). Floccu-
lation is the coalescence of separate suspended microalgal cells
into larger loosely attached conglomerates. Firstly, the suspended
cells aggregate into larger particles via the interaction of the floccu-
lant with the surface charge of the cells. Then, the aggregates coa-
lesce into large flocs that settle out of suspension (Knuckey et al.,
2006). A large number of chemical products have been tested as
flocculants including various inorganic multivalent metal salts
(Duan and Gregory, 2003) and organic polymer/polyelectrolyte
(Vandamme et al., 2010). In addition, some microbes have been ap-
plied to flocculating certain microalgae recently (Lee et al., 2009;
Salim et al., 2011; Kim et al., 2011). Furthermore, electrolytic floc-
culation, another flocculation technique in which the electrolysis
of the microalgal suspension leads to the flocculation of microal-
gae, has also been developed (Gao et al., 2010; Ilhan et al., 2008).

It is well known that flocculation of microalgal biomass is par-
ticularly sensitive to pH of culture suspension. pH increase en-
hances the flocculation efficiency substantially by promoting the
precipitation of added flocculants (McCausland et al., 1999). In fact,
pH increase may also influence the charge of microalgal cells (Dan-
quah et al., 2009) and change the existing forms of metal cations in
culture suspension due to their hydrolysis (Gregory and Duan,
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2001). In this respect, flocculation simply by pH increase could be
an attractive alternative because it is low-cost, low energy con-
sumption, non-toxic to microalgal cells and it also eliminates the
use of flocculants. Another outstanding advantage of this method
is that the growth medium can be recycled after the microalgal
flocculation since no flocculants are used and the medium is not
contaminated. However, this method was only tested to a very
small number of microalgal strains and has rarely been reported
to date (Harith et al., 2009; Lee et al., 1998). Especially, few re-
searches investigated the effects of the key factors, such as pH va-
lue, microalgal biomass concentration and the concentration of RPS
on the flocculation by pH increase; and the detailed flocculation
mechanism was also not fully understood yet.

In the present study, the effectiveness of flocculation by pH in-
crease for three freshwater microalgae, namely Chlorella vulgaris,
Scenedesmus sp. and Chlorococcum sp. and two marine microalgae,
namely Phaeodactylum tricornutum and Nannochloropsis oculata
were evaluated. The detailed flocculation mechanism of this meth-
od was studied and the influences of the key parameters were sys-
tematically examined. Furthermore, the reuse of the flocculated
growth medium for cultivation was also investigated.
2. Methods

2.1. Microalgal strains and culture conditions

All microalgal strains were obtained from the Laboratory of Mic-
roalgal Bioenergy & Biotechnology, Research Center of Hydrobiol-
ogy at Jinan University. C. vulgaris, Scenedesmus sp. and
Chlorococcum sp. were grown in a BG-11 medium containing the
following components: NaNO3 (1.5 g L�1); K2HPO4�3H2O
(40 mg L�1); MgSO4�7H2O (75 mg L�1); CaCl2�2H2O (36 mg L�1);
NaCO3 (20 mg L�1) FeCl3�6H2O (3.15 mg L�1); citric acid (6 mg L�1)
and 1 mL of microelements composed of H3BO3 (2.86 mg L�1),
MnCl2�4H2O (1.81 mg L�1), ZnSO4�7H2O (0.22 mg L�1),
Na2MoO4�2H2O (0.39 mg L�1), CuSO4�5H2O (0.08 mg L�1),
Co(NO3)2�6H2O (0.05 mg L�1) in 1000 mL acidified water which in-
cluded 1 mL concentrated H2SO4 in 1 L distilled water. N. oculata
was grown in a modified Artificial Seawater (ASW) medium con-
taining the following components: NaCl (27.00 g L�1), MgSO4�7H2O
(6.60 g L�1), MgCl2�6H2O (5.60 g L�1), CaCl2�2H2O (1.50 g L�1), KNO3

(1.45 g L�1), K2HPO4 (0.12 g L�1) NaHCO3 (0.04 g L�1), FeCl3�6H2O
(2.76 lg L�1), EDTA–Na2 (18.6 lg L�1), ZnSO4�7H2O (22 lg L�1),
CoCl2�6H2O (10 lg L�1), MnCl2�4H2O (180 lg L�1), Na2MoO4�2H2O
(6 lg L�1) and CuSO4�5H2O (10 lg L�1) dissolved in demineralized
water. P. tricornutum, was grown in the similar modified artificial
seawater (ASW) medium except the addition of Na2SiO3�9H2O
(30 mg L�1).

All the microalgal strains were grown in a glass column photo-
bioreactor (U3 � 60 cm) at 25 �C, and exposed to a continuous illu-
mination at a light intensity of 300 lmol m�2 s�1 by cool-white
fluorescent lamps. The cultures were continuously aerated by gen-
tle bubbling air containing 1% CO2 (v/v).
2.2. Determination of flocculation efficiency

After the flocculation of microalgal cells, an aliquot of culture
was withdrawn and used to measure OD750 (optical density at
the wavelength of 750 nm) (Buelna et al., 1990; Makridis and
Vadstein, 1999). The flocculation efficiency was calculated
according to the following equation: flocculation efficiency (%) =
(1�A/B) � 100 (A: OD750 of sample, B: OD750 of reference).
2.3. The effect of RPS from the microalgal cells on the flocculation

In order to prepare corresponding media containing various
concentrations of RPS, microalgal cells were removed by centrifu-
gation. The supernatant was filtered through a 0.45 lm porous
membrane, followed by a 0.22 lm porous membrane. The filtered
supernatant was dialysed against distilled water for 72 h and the
dialysed RPS solution was used as stock solution. RPS solution
was measured by the phenol–sulfuric acid method (Dubois et al.,
1956), using glucose as a standard. To prepare microalgal culture
in corresponding media containing various concentrations of RPS,
microalgal cells were collected via centrifugation and washed five
times with deionized water, and then the cells were resuspended
in the media containing various concentrations of RPS which was
prepared by diluting the above RPS stock solution with growth
medium.

In order to investigate the effect of RPS on flocculation of micro-
algal cells, comparative flocculation tests were performed using
microalgal culture in corresponding media containing various con-
centrations of RPS. The influence of RPS on flocculation of the mic-
roalgae was assessed by reduction of flocculation efficiency in the
presence of various concentrations of RPS compared to that in their
absence.

2.4. Equipments

Environmental scanning electron microscopy (ESEM) experi-
ments and energy-dispersive X-ray (EDX) analysis were performed
at 60 Pa using a FEI QUANTA 200. Zeta potential measurements
were obtained using a Malvern Zetasizer 2000HSA (Malvern, UK).
OD750 was measured using a Lambda 45 UV–vis spectrometer
(Perkin-Elmer Instruments). Microscopic pictures were taken on
an optical microscope (OLYMPUS CX41RF). For ESEM experiments,
the reference microalgae samples without being flocculated were
first filtered through a 0.45 lm nylon membrane filter (MFS, Ja-
pan). The membrane filters were air-dried and mounted on an Alu-
minum alloy sample stage. The microalgae samples flocculated
were withdrawn from the medium, placed on a glass substrate
for air-drying and then mounted on an Aluminum alloy sample
stage. The concentrations of the metal contents in the growth med-
ia were determined using inductively coupled-atomic emission
spectrometry (ICP-AES).

2.5. Flocculation by pH increase

Flocculation experiments were all run with small volumes of
medium (20 mL) distributed in cylindrical glass tubes (40 mL).
For freshwater microalgae with low/medium biomass concentra-
tions (dry weight 6 1 g/L) and marine microalgae, effective floccu-
lation was achieved simply by adjusting the pH with 1 M NaOH.
After the pH had been adjusted, the glass tube was vortexed thor-
oughly for 30 s and allowed to stand at room temperature for
10 min. Then an aliquot of medium was withdrawn and used to
measure OD750. For freshwater microalgae with high biomass con-
centrations (dry weight > 1 g/L), minim magnesium were added to
the medium prior to pH adjustment.

2.6. Reuse of flocculated medium

After flocculation, the flocs and the growth medium were sepa-
rated immediately. The pH of the growth medium was adjusted to
the original value by adding the necessary amount of inorganic
acid (HNO3 for BG-11 medium and HCl for modified ASW med-
ium). Nutrients were also supplemented to the flocculated med-
ium. Some microalgal cells flocculated were cultivated in the
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medium and the biomass concentration as a function of growth
phase was investigated.
3. Results and discussion

3.1. Flocculation of microalgal cells by pH increase

The flocculation efficiency was investigated as a function of pH
variations in Fig. 1a and b. An alkaline flocculation zone was ob-
served for each microalgal species. The freshwater microalgal cells
began to agglomerate when the pH was adjusted up to about 8.6.
As pH increased to 10.6, the efficiencies were greatly raised to
more than 90% and reached plateaus. The flocculation for the two
species of marine microalgae was initiated at pH 8.0 and 8.2
respectively. And the highest efficiencies above 90% were obtained
at pH 9.0 and 9.3. The above results demonstrated that effective
flocculation for the five species could be attained by pH increase.
3.2. Mechanism of flocculation formation

As is well known, some multivalent metal salts were employed
as flocculants to harvest microalgae from culture suspensions and
the metal cations were confirmed to be vital in the flocculation
(Molina Grima et al., 2003). In light of such reports, the concentra-
tions of the multivalent metal cations in the growth medium be-
fore and after flocculation were detected. It was found that Mg2+

concentration decreased considerably, indicating Mg2+ played an
important part in the flocculation process (Table 1).

In order to further investigate the mechanism, ESEM coupled
with EDX analysis was used to examine the surface morphology
and elemental composition of the microalgal flocs. It could be ob-
served that the microalgal flocs were mainly composed of algae
cells, which were flocculated together by some agglutinant
(Fig. S1a). The elemental compositions of two sites (one on the al-
gae cell and the other on the agglutinant) were shown in Fig. 2a
and b. The EDX analysis revealed that high content of magnesium
was detected in the agglutinant. As is reported, the alkaline pH
range led to magnesium precipitation to form magnesium hydrox-
ide (Semerjian and Ayoub, 2003). Hence, in our experiments, high
pH values, decrease of Mg2+ concentration in the growth medium
after flocculation and high content of magnesium in the aggluti-
nant, strongly suggested that Mg2+ in the medium hydrolyzed to
form magnesium hydroxide precipitate at high pH values. The
(a)

Fig. 1. Flocculation efficiency as a function of pH (a) freshwater algae with respective
(0.77 g/L) (b) marine algae with respective biomass: Phaeodactylum tricornutum (1.8 g/L
magnesium hydroxide precipitate then interacted with the micro-
algal cells and caused the flocculation.

However, how the magnesium hydroxide precipitate interacted
with the microalgal cells was vague. For further revealing the de-
tailed flocculation mechanism, Zeta potential, an important param-
eter, was measured. The results in Fig. 3a and b showed zeta
potentials as functions of pH. The zeta potentials were pH depen-
dant and negative at pH values of practical interest. For freshwater
microalgal systems, the trends of zeta potentials firstly went
downwards and then upwards. On gradual increase of the pH by
adding NaOH solution, the potentials gradually declined and
reached the lowest values at about pH 10.3. pH 10.3 was the inflex-
ion and as pH increased the potentials gradually rose. However, for
marine microalgal systems, N. oculata and P. tricornutum, there was
no pH inflexion and the trend went downwards within pH values
arranging from 7.4 to 10.3.

The downward trend with pH increase demonstrated the de-
crease of surface charge of microalgae cells, indicating that the
charge neutralization occurred in this region. Mg2+ in the growth
medium could form Mg(OH)2 precipitate with a large adsorptive
surface area and a positive superficial charge as pH increased
(Parks, 1967). The precipitate attracted the negatively charged mic-
roalgal cells, thus resulting in the compression of the electrical dou-
ble-layer and causing them to become destabilized and hence to
flocculate. For freshwater microalgae, the trend went upwards as
pH further increased, which was attributable to dissociation of car-
boxylic acid groups on the surface of microalgal cells (Kam and
Gregory, 2001; Henderson et al., 2010). However, the flocculation
efficiency was significantly higher. Hence, it was likely that in this
region sweep flocculation was responsible. Sweep flocculation, de-
fined as a process in which particles were enmeshed in the growing
precipitate and then formed sediment. Mg(OH)2 precipitates
tended to have a rather open structure, so that even a small mass
could give a large effective volume concentration and hence a high
probability of capturing microalgal cells (Duan and Gregory, 2003).
The flocculation efficiency was therefore considerably improved
than when particles were destabilized just by charge neutralization.
3.3. The effect of microalgae biomass concentration on flocculation

Actually, different microalgae biomass concentrations might oc-
cur during the flocculation process. The effectiveness of floccula-
tion by pH increase for microalgae with different biomass
concentrations was therefore evaluated. Fig. 4a and b showed the
(b)

biomass: Chlorella vulgaris (0.68 g/L); Scenedesmus sp. (0.75 g/L); Chlorococcum sp.
); Nannochloropsis oculata (1.6 g/L).



Fig. 2. (a) Spectrum 1: EDX analysis of Phaeodactylum tricornutum cells. (b) Spectrum 2: EDX analysis of Phaeodactylum tricornutum flocs.

Fig. 3. Zeta potentials as a function of pH (a) for freshwater algal systems (b) for marine algal systems.

Table 1
Concentrations of Mg2+ (mg/L) in the medium before and after flocculation for the five species of algae.

Chlorella vulgaris
(0.9 g/L)

Scenedesmus sp.
(1.1 g/L)

Chlorococcum sp.
(1.06 g/L)

Phaeodactylum tricornutum
(2.2 g/L)

Nannochloropsis oculata
(2.4 g/L)

Before flocculation 7.37 7.03 7.11 1402.50 1257.25
After flocculation 0.75 0.72 0.68 1216.25 1041.75
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effect of biomass concentration on the flocculation efficiency. It
was evident that for both freshwater and marine microalgae the
efficiency decreased considerably with the increase of biomass
concentration. This phenomenon could be attributed to the fact
that no sufficient magnesium in the growth medium was available
for the flocculation of excessive microalgae cells. Hence for fresh-
water microalgae with high biomass concentration, extensive floc-
culation was achieved at high pH values with need of adding
minim magnesium (Fig. 4c).

3.4. The effect of RPS on flocculation

Several previous studies on microalgal removal and harvest
have found that microalgal extracellular organic matter (EOM)
could interfere with flocculation with multivalent metal salts
(Pivokonsky et al., 2006; Henderson et al., 2010; Zhang et al.,
2010a,b). Proteins of A. flos-aqua and M. aeruginosa could form
complexes with iron and aluminum, resulting in the increase in
doses of the flocculant required and decrease in flocculation effi-
ciency. RPS of A. halophytica GR02 could compete for flocculant
against microalgal cells by forming complexes with ferrum, thus
leading to the reduction of flocculation of the algae with ferric
chloride (Chen et al., 2009). The microalgae in this work released
few proteins but large amounts of polysaccharides. Thus the influ-
ence of RPS should therefore be taken into consideration during
flocculation of the microalgae by pH increase. Fig. 5 demonstrated
that for each species of alga the increasing concentration of RPS in
the culture suspension resulted in higher pH value to achieve the



Fig. 4. (a) Flocculation efficiency of freshwater algae as a function of pH with
different biomass concentrations. (b) Flocculation efficiency of marine algae as a
function of pH with different biomass concentrations. (c) Flocculation efficiency of
freshwater algae with high biomass as a function of Mg2+ concentration using
MgSO4 at pH 11.2: Chlorella vulgaris 1.7 g/L; Scenedesmus sp. 1.8 g/L; Chlorococcum
sp. 1.7 g/L.
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same flocculation efficiency. For the same pH value, the floccula-
tion efficiency decreased with the increasing RPS concentration.
For example, for C. vulgaris, the flocculation efficiency at pH 10.5
decreased from approximately 92% to 7% with the increase of
RPS concentration from 0 to 70 mg L�1. This indicated that the
inhibitory effort of RPS on flocculation of the microalgae was very
strong and the increase of RPS concentration was detrimental to
the flocculation of the alga. It could be preliminarily inferred that
RPS might form complexes with magnesium, bringing about the
decrease of magnesium in the medium. Hence more hydroxyl were
needed to form Mg(OH)2 precipitate and pH value required to
achieve the same flocculation efficiency was thereupon increased.
3.5. Reuse of growth medium for cultivation

For most microalgae harvested by adding flocculants, the used
growth medium after flocculation was usually disused as the med-
ium was contaminated by the flocculants, resulting in an environ-
mental problem and a great loss of water. However, for the
microalgae harvested by pH increase, since no flocculants were
used and the medium was not contaminated, the growth medium
after flocculation might be reused by neutralizing pH and then sup-
plementing nutrients. The products of neutralizing pH with HNO3

for flocculated BG-11 medium and HCl for flocculated ASW med-
ium were NaNO3 and NaCl, which were the necessary nutrients.
In this respect, the recycle of flocculated medium could minimise
the cost of nutrients and the demand for water. Some microalgal
cells flocculated by pH increase were cultivated in the recycled cul-
ture solution and the biomass as a function of growth phase was
shown in Fig. 6. It was observed that the biomass of each microal-
gal species cultivated in the reused growth medium was close to
that cultivated in the fresh solution, indicating the culture solution
could be recycled. Moreover, the fact that the flocculated microal-
gal cells could be recultivated demonstrated that there was no cell
lysis during the flocculating by pH increase, and the molecular
function and structure of the photosynthetic apparatus were not
affected.
3.6. Comparison with other harvesting methods

For the harvest of microalgae, flocculation induced by pH in-
crease is potentially an improvement over other comment meth-
ods. Most commercial organizations use centrifugation, the
traditional method for harvesting microalgae, but it is an energy-
intensive process as it consumes a great deal of electric power
(Chen et al., 2011). Some microalgae can be harvested using filtra-
tion, but membranes are rapid fouled by extracellular organic mat-
ter (Zhang et al., 2010a,b). Microalgae can also be harvested using
foam fractionation, but the energy consumption of large-scale har-
vesting systems is high (Brennan and Owende, 2010). Another
method for harvesting microalgae is by means of flocculation. Inor-
ganic flocculants, including alum and iron chloride, lead to con-
tamination of growth medium with aluminum or iron (Oh et al.,
2001). The contaminated growth medium has to be disused, caus-
ing an environmental problem and a great loss of water. Organic
polymer/polyelectrolyte flocculants, such as cationic starch and
chitosan, have no toxic effects and do not contaminate growth
medium. They are, however, high-value products with a market
value of about $US10 per kilogram for chitosan and $US1–3 per
kilogram for cationic starch (Vandamme et al., 2010). In our exper-
iments, microalgae were harvested by flocculation induced by
NaOH. By comparison, it is not an energy-consuming process,
and NaOH is an inexpensive product about $US 0.13 per kilogram.
Moreover, NaOH does not contaminate growth medium, which can
be recycled to reduce the cost and the demand for water at larger
scales. Thereby the method presented here contributes to the eco-
nomic production from algae to biodiesel.



Fig. 5. Flocculation tests of algae by pH increase in algal cultures containing various concentrations of RPS: (a) Chlorella vulgaris (�) in growth medium, (N) in 25 mg L�1 RPS
medium, (j)in70 mg L�1 RPS medium; (b) Scenedesmus sp. (�) in growth medium, (N) in 8.1 mg L�1 RPS medium, (j) in 12.2 mg L�1 RPS medium; (c) Chlorococcum sp. (�) in
growth medium, (N) in 15.2 mg L�1 RPS medium, (j) in30.4 mg L�1 RPS medium; (d) Phaeodactylum tricornutum (�) in growth medium, (N) in 67.8 mg L�1 RPS medium, (j)
in 101 mg L�1 RPS medium; (e) Nannochloropsis oculata (�) in growth medium, (N) in 21 mg L�1 RPS medium, (j) in 43 mg L�1 RPS medium.
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4. Conclusions

A flocculation method induced by pH increase was found effec-
tive for harvesting microalgae. The mechanism involved the forma-
tion of magnesium hydroxide precipitate, sweeping flocculation
and charge neutralization. The flocculation efficiencies decreased
considerably with the increase of biomass concentration and RPS
concentration. The flocculated medium could be reused, thereby
minimizing the demand for water and reducing the cost of biodie-
sel production from algae. Finally, the method was only conducted
at laboratory scales and tested to a very small number of microal-
gal strains. Therefore, further research would have to look for
application development at larger scales and for other algae
groups.



Fig. 6. Comparion of biomass as a function of time in fresh and reused growth medium: (a) Chlorella vulgaris in fresh (�) and reused (e) growth medium; Scenedesmus sp. in
fresh (j) and reused (h) growth medium; Chlorococcum sp. in fresh (N) and reused (4) growth medium; (b) Phaeodactylum tricornutum in fresh (d) and reused (s) growth
medium; Nannochloropsis oculata in fresh (j) and reused (h) growth medium.
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