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ABSTRACT

Aims: Microalgae were very small in size (a few pum) and have a low concentration in the medium. Due to their size,
harvesting of microalgae from their growth medium remain a major obstacle in downstream processing. Efficient
harvesting method must be applied to ensure it is cost effective, preserves quality and improves the culture process
which is important for commercial algal production. Common harvesting methods use to harvest microalgae from their
growth medium are centrifugation, filtration, flotation, sedimentation, and flocculation. Flocculation is a common method
use to harvest microalgae due to low cost, save time and highly efficient method for algae biomass recovery. The
purpose of this study was to investigate the effects chitosan and eggshell on flocculation of microalga Spirulina
platensis. Chitosan and eggshell were chosen as flocculant due to their biodegradability, non-toxicity and safe to handle.
Methodology and results: The efficiencies of flocculation process were examined by conducting experiments over a
range of culture pH, flocculant concentrations and flocculation time using chitosan and eggshell as flocculant agent.
Under optimized flocculation conditions of 50 mg/L chitosan at pH 8 culture media for 90 min of flocculation time and 4
mg/mL eggshell at pH 4 culture media for 8 min of flocculation time, the maximum flocculation efficiency obtained was
79.98+1.65% and 97.17+1.38%, respectively.

Conclusion, significance and impact of study: Therefore, it can be concluded that chitosan and eggshell could be
used as flocculants for harvesting large scale microalgal biomass production. Nevertheless, eggshell is more economical
and more efficient compared to chitosan in harvesting microalgae biomass.
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INTRODUCTION

Algae were first used by the Chinese to survive a famine Maheswari and
that can be traced back to 2000 years ago
(Saravanamuthu, 2010). Nevertheless, microalgal

(Demirbas and Demirbas, 2011;
Ahilandeswari, 2011; Sani et al., 2013).
Microalgae cultivation is very simple. It can be

biotechnology has started to establish in the middle of the
last century. In the early of 1960s, the first commercial
pilot plant of Chlorella was established in Japan by Nihon
Chlorella (Richmond, 2008). It was followed by the
establishment of Spirulina production facility in the late
1970s in Lake Texcoco, Mexico (Vonshak, 1997;
Borowitzka, 1999). Nowadays, microalgal biomass has
become a potential feedstock for biofuels production due
to its advantageous characteristics. Microalgal can be
grown in a broad range of environments such as
wastewater, brine and non-arable land. In addition, algae
have higher biomass productivity compared to green plant
and crops. Hence, microalgae can be used to supersede
the food crops such as potato and corn in the production
of biodiesel in order to mitigate global food crisis

*Corresponding author

classified as open system such as open pond or closed
system such as photo-bioreactor. Photo-bioreactor is the
simplest way to cultivate microalgae. Thus, light is
important to increase growth of microalgae and
subsequently increase production of microalgae biomass
through carbon fixation process (Milano et al., 2016).
Production of microalgae has so far been limited to high-
value applications. In order to realize large-scale
production of microalgae biomass for low-value
applications, new low-cost technologies are needed to
produce and process microalgae. A major challenge lies
in the harvesting of the microalgae.

Harvesting process in the microalgal biomass
production is critical which accounts for about 20-30% of
the total production cost. This process is costly and
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challenging due to their small size (3-30 ym in diameter)
and low biomass concentration in growth medium (Gudin
and Thepenier,1986; Grima et al., 2003). Therefore, an
efficient and economic harvesting technique is necessary
to be developed. There are several methods that have
been developed for harvesting microalgae such as
centrifugation, filtration, gravity sedimentation,
flocculation, electro-flocculation and foam fractionation
(Chen et al.,, 2011; Salim et al.,, 2011; Kothari et al.,
2017). Among the above methods, flocculation is
considered to be a promising method to harvest
microalgae because it is relatively cheap and allows rapid
treatment of huge quantities of microalgae cultures (Oh et
al., 2001). Flocculation of microalgae can be achieved
through chemical, biological, and physical methods and
by genetic modification. In the flocculation process, the
microalgae suspended growth medium are destabilized
by the addition of flocculants in which the destabilized
particles aggregate to form flocs and effectively removed
by sedimentation (Divakaran and Pillai, 2002; Vandamme
et al., 2010; Salim et al., 2011).

Bioflocculation is a biological method because it is
using the organic substances or compounds for
harvesting of microalgae. During flocculation, single cells
form larger aggregates that can be separated from the
medium by simple gravity sedimentation. This method
excludes the use of chemical coagulants. However, it
involves integration with other type of microorganism to
induce flocculation. For example, the hyphae of fungus
are positively charged can neutralised the negatively
charged microalgae cells and thus induce by resulted
formation of flocs (Zhou et al., 2013). The production of
these bioflocculants requires different cultivation
conditions which acquire additional medium costs and
increases the risk of microbial contamination of the
medium (Vandamme et al., 2013).

Chitosan is a well-known positively charged
biopolymer which is a waste product from shellfish
production. It has linear copolymer of d-glucosamine and
N-acetyl-d-glucosamine  that  produced by the
deacetylation of chitin (Rinaudo, 2006). Chitosan
intrinsically possesses high cationic charge density, long
polymer chains, bridging of aggregates and precipitation
(in neutral or alkaline pH conditions) that make it an
effective flocculants for microalgae harvesting (Bratby,
2006). It also consists of others beneficial properties such
as non-toxic, biodegradable, non-corrosive and safe to
handle. Nonetheless, chitosan also possesses
disadvantages for flocculation in which it is only efficient
over a limited pH range and a negative effect on
flocculation performance would be happened when it
exceeded the optimal dose (Guibal, 2004; Renault et al.,
2009). Recently, Choi (2015) suggested that waste
eggshell can be used as a flocculants to harvest
microalgae from the growth medium. Eggshell consists of
several beneficial properties as a flocculant because it is
readily available, cheap, biodegradable, biocompatible,
non-toxic and non-corrosive as compared to other
chemical flocculants. In addition, eggshell possesses
enormous cationic charge density in which it can easily
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attract and destabilize the negative surface charges of
microalgae in suspension as a result of flocculation.

Thus, in this research, harvesting of microalgae
Spirulina platensis using bioflocculant such as eggshell
and chitosan was performed. The flocculation efficiency
was compared in order to determine its suitability for used
in harvesting of S. platensis.

MATERIALS AND METHODS
Microalgae cultivation

The microalgal species used in this study was S.
platensis. The culture (1 L) was grown in Zarrouk’s
medium using 2 L Erlenmeyer flask, with continued
bubbling filtered air (2 L/min), at a room temperature
(251 °C) under continuous illumination using cool white
fluorescence lights at light intensity of 28 pumol photons m-
25"l (2000 Lux). The culture was harvested at early
stationary phase and stored in a refrigerator at 4 °C for
subsequent used in the flocculation experiments. Each
liter of Zarrouk’s medium consisted of (g/L): sodium
bicarbonate (NaHCOs, 16.89), sodium nitrate (NaNOs,
2.50), sodium chloride (NaCl, 1.00), dipotassium
phosphate (K2HPOs, 0.25), potassium sulfate (K2SOa,
1.00), magnesium sulfate heptahydrate (MgSOas-7H20,
0.20), calcium chloride dihydrate (CaClz-2H20, 0.04), iron
() sulfate heptahydrate (FeSO4-7H20, 0.01), disodium
ethylenediaminetetraacetate dihydrate (Na:EDTA, 0.08)
and 1.0 mL of trace element solution. The trace element
solution has the following composition (g/L): boric acid
(HsBOs3, 2.86), ammonium molybdate tetrahydrate
((NH4)sM07024, 0.02), chloride tetrahydrate (MnClz2-4H20,
1.80), copper (I) sulfate (CuzSOas, 0.08) and zinc sulfate
heptahydrate (ZnSO4-7H20, 0.22) (Zarrouk, 1966).

Preparation of flocculants

Chitosan was obtained in the form of a pale brown
powder which is soluble in dilute acetic and hydrochloric
acids. Chitosan powder was dissolved in 10 mL of 0.1 M
HCI solution before it was further diluted to a final
concentration of 25 mg/mL using distilled water.

Eggshell waste was collected from the cafeteria at
Universiti Sains Malaysia. The eggshells were washed
with tap water to remove the unwanted substances
attached on its surface. The eggshells were then rinsed
with distilled water and dried in an oven at 65 °C for
overnight (Binder hot air oven, USA). The dried eggshells
were ground into fine powder by mortar and pestle. Then,
the eggshell powder was sieved mechanically using a
325-mesh size sieve. The eggshell powder was dissolved
in 10 mL of 1M HCI with continuous stirring for 30 min.
The final eggshell solution (1.0 mg/mL) was obtained by
diluting the acid solution using deionized water (Elga
PURELAB Prima 7-15-30, United Kingdom).
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Determination of flocculation efficiency

A lab-scale Jar Test (VELP Scientifica, model JLT4,
Europe) was used to determine the flocculation
performance of eggshell and chitosan as bioflocculant on
harvesting of microalgae S. platensis under various
conditions (pH, flocculants concentration and flocculation
time). Before the flocculation process begin, the optical
density (OD) of the test samples were recorded at
wavelength of 680 nm by UV-Vis spectrophotometer
(Hitachi Model U-1900). Then, the samples (500 mL)
were stirred at 100 rpm for 5 min prior to the addition of
flocculant (chitosan or eggshell separately). The samples
were continuous mixed at 100 rpm for 1 min prior to
reduce the agitation speed to 40 rpm and stirred for
another 15 min. Thereafter, the samples were allowed to
settle (10 min) and an aliquot of the samples were
withdrawn and measured the optical density at
wavelength 680 nm using UV-Vis spectrophotometer at
(Hitachi Model U-1900). The flocculation efficiency was
calculated using the following equation (Huo et al., 2014).
Experimental conditions which contributed to the highest
flocculation efficiency was chosen for used in next
experiment unless otherwise stated.

A
Flocculating efficiency (%) = (1 — E) x 100

Where,

A= is the absorbance reading of the sample at specified
time interval and

B= is the initial absorbance reading of the sample.

Factors affect flocculation of S. platensis

For the effects of culture pH, the experiments were
conducted using various culture pH ranging from 4 to 8 (1
pH unit interval). Other the other, for the effects of
flocculants  concentration, the experiments were
conducted using different concentration of eggshell (2
mg/L to 10 mg/L, 2 mg/L interval) and chitosan (50 mg/L
to 250 mg/L, 50 mg/L interval). Finally, for the effect of
flocculation time, the experiments were conducted for 2 to
16 min (2 min interval) and 15 to 120 min (15 min interval)
using chitosan and eggshells, respectively. Thereafter,
the samples were allowed to settle (10 min) and an
aliquot of the samples were withdrawn and measured the
OD at wavelength 680 nm using UV-Vis
spectrophotometer at (Hitachi Model U-1900). The
flocculation efficiency was calculated according to the
equation described above.

Statistical analysis

All data reading was in triplicates. Data was analysed
statistically by single factor analysis of variance (ANOVA)
using IBM SPSS Inc. software 20.0 (SPSS Inc, lllinois,
USA). Data presented are from the mean values of
triplicate readings. The comparisons of means were made
using Duncan'’s test.
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RESULTS AND DISCUSSION
Effect of culture pH on flocculation of S. platensis

The pH is critical in the harvesting of microalgae by
flocculation because of the zeta potential of charged
particles in the suspension changes with pH and
eventually it may influences the flocculation (Clasen et al.,
2000; Divakaran and Pillai, 2002; Chaiwong and Nuntiya,
2008; Vandamme et al, 2010). The flocculation
efficiencies of chitosan and eggshell were tested by
adding 250 mg/mL chitosan and 8 mg/mL eggshell
accordingly into 500 mL of test cultures under various pH
conditions as shown in Figure 1. The flocculation
efficiencies of chitosan were relatively low under acidic
conditions (pH 4 to 6) which ranged from 57.12+1.76% to
76.17+6.15%. This probably due to the change of the
molecular structure of chitosan in which the net positive
charges (cationic) of chitosan is minimum under acidic
condition (Huei and Hwa, 1996). The positive charges of
chitosan are required to interact with the net negative
charge carried out by the microalgae cell surface (acidic
condition) and thus formation of flocs and precipitation.
This consequently increased the flocculation efficiency at
higher pH condition.
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Figure 1: Effect of pH on flocculation of S. platensis using
chitosan and eggshell. Error bars indicate means with
standard error of three replicates. Means with the same
letter indicated no significantly difference at 5% level of
probability by Duncan’s test.

Nevertheless, the flocculation efficiencies of chitosan
were higher under neutral (pH 7) and alkaline (pH 8)
conditions which were more than 80%. Moreover, the
addition of chitosan caused the formation of large and
dense flocs under alkaline conditions meanwhile relatively
small flocs with dispersed texture were formed under
acidic conditions.

In this study, the maximum flocculation efficiency of
chitosan was 82.97+2.60% at pH 8 and followed by
81.43+4.50% at pH 7. Although the flocculation
efficiencies of chitosan have no significant change
(P>0.05) between pH 7 and pH 8, pH 8 should be chosen
as optimum pH for chitosan to flocculate the algae as it
was relatively close to the condition of original algae
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culture medium. Divakaran and Pillai (2002) reported that
the maximum flocculation efficiency of chitosan on
flocculation of freshwater microalgae was obtained at pH
7 with about 90% removal meanwhile a higher optimal pH
was obtained by Cheng et al. (2011) which was pH 8.5.
According to Roussy et al. (2005) and Guibal et al.
(2006), the ionic flocculant like chitosan has shown
significant impact on flocculation process over the
changes of pH. Moreover, Qian et al. (2004) reported that
the structure of flocculants in suspension has a significant
impact on the flocculation performances. The change of
pH influences the molecular structure of chitosan in which
the positive charges of chitosan disappeared and
precipitated with coil structure under alkaline conditions
(Huei and Hwa, 1996).

On the other hand, the flocculation efficiencies of
eggshell were high under acidic conditions. The
flocculation efficiencies decreased with increasing of pH
reaching minimum at pH 8. The highest flocculation
efficiency of eggshell was 98.92+1.60% which was
obtained at pH 4 and followed by 72.88+1.07% at pH 5.
On top of that, the flocculation activities of eggshell
rapidly decreased at higher pH (pH 6 to 8) which ranged
from 8.53+3.13% to 12.32+6.80%.This indicated that
eggshell was more effective in removal of microalgae
under acidic condition (pH 4, P<0.05) where the net
negative charge carried by the microalgae cell surface
most likely favors the electrostatic attraction between the
eggshells and microalgae. In fact, the change of pH
influences the physicochemical interactions between
eggshells and microalgae as well as the structure of
eggshell in suspension. Moreover, eggshells have a high
cationic charge density and attract the negatively charged
microalgae as a result of charge neutralization and
precipitation Choi (2015). However, Choi (2015) reported
that the optimal pH was pH 6 which was higher compared
to the present study. Henderson et al. (2008) suggested
that the difference in culture media, growth conditions and
unique strain properties, such as cell morphology,
extracellular organic matter and cell surface charge would
also influence on the flocculation performance.

Effect of flocculant concentrations on flocculation of
S. platensis

Flocculant concentration is another important factor that
influences the extent of flocculation efficiency. A range of
flocculant concentrations was used to study the effect of
flocculant concentration on flocculation activity of chitosan
and eggshell which has shown in Figure 2. The pH of test
culture was adjusted to pH 8 (Chitosan) since it is the
optimum pH with maximum flocculation efficiency (Figure
2A). The overall flocculation efficiency of chitosan was
high in the ranged of 81.60+0.606% to 84.38+1.872% with
different tested chitosan concentrations. The highest
flocculation efficiency of 84.38% was obtained using 150
mg/L of chitosan. However, the flocculation efficiency was
decreased to 81.60+0.606% with an increasing
concentration of chitosan to 250 mg/L. In this study, 50
mg/L chitosan has been chosen as the optimum
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flocculant concentration because it achieved high
flocculation efficiency (82.08+0.92%) with a minimum
amount of chitosan usage. In addition, statistical analysis
also indicated no significant difference (P>0.05) in
flocculation efficiency obtained among tested chitosan
concentrations. One of the flocculation mechanisms of
chitosan-based flocculant is the simple charge
neutralization in which the electrostatic repulsions
decrease to a minimum value when the given dose of
flocculant stabilizes the dispersed particles in the
suspension by completely neutralized its surface charges.
The dispersed particles aggregate to form large flocs and
eventually settle. As the flocculant dose in excess, the
suspended particles are surrounded by flocculant and the
zeta potential deviates from zero. The recharged particles
are then stabilized again by the electrostatic repulsion
effects which cause reduction in flocculation efficiency. As
referred to this mechanism, the optimal dose of chitosan
should be determined to avoid re-stabilization in order to
achieve maximum flocculation efficiency (Guibal et al.,
2006; Yang et al., 2011).
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Figure 2: Effect of flocculant concentration on flocculation
of S. platensis using: (A) chitosan and (B) eggshell. Error
bars indicate means with standard error of three
replicates. Means with the same letter indicated no
significantly difference at 5% level of probability by
Duncan'’s test.

On the other hand, the flocculation efficiencies of
eggshell over a range of tested concentrations were
higher than 85% (higher than flocculation efficiency using
chitosan). The highest  flocculation efficiency
(98.71+1.32%) was achieved using 8 mg/L of eggshell at
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pH 4. While, the lowest flocculation efficiency of
81.74+4.33% was detected using 2 mg/L of eggshell.
According to Rashid et al. (2013), the zeta-potential of
microalgae culture generally increased with flocculants
dose which then reduced the surface charges of
microalgae as a result of neutralization by eggshells. The
zeta potential was considered as a key indicator of the
dispersion stability of microalgae and eggshells in
suspension where high (negative or positive) zeta
potentials tend to stabilize the microalgae and remain
dispersed in suspension whereas low zeta potentials
allow coagulation or flocculation to occur (Choi, 2015). In
this study, the selected optimal eggshell concentration for
flocculation was 4 mg/L with flocculation efficiency of
95.86+1.00% since it achieved high flocculation efficiency
using relatively low concentration of flocculant. On top of
that, statistical analysis showed no significant different in
flocculation efficiency obtained using 4 mg/L compared
with 8 mg/L (showing the highest flocculation efficiency).
Therefore, 4 mg/L eggshell was considered favorable to
achieve over 95% separation efficiency of S. platensis.

Effect of flocculation time on flocculation of S.
platensis
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Figure 3: Effect of flocculation time on flocculation of S.
platensis using (A) chitosan and (B) eggshell. Error bars
indicate means with standard error of three replicates.
Means with the same letter indicated no significantly
difference at 5% level of probability by Duncan’s test.

The time taken for the microalgae cell to settle down after
flocculation process also play a big role in the harvesting
of S. platensis biomass. As shown in Figure 3, rapid flocs
of microalgae cell were detected using eggshell as
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flocculant compared with chitosan. About 85.81+2.29% of
flocculation efficiency was detected after 2 min of
flocculation process when eggshell was used as
flocculant compared to chitosan which only achieved
about 16.83+5.52% of flocculation efficiency after 15 min.
This indicated that formation of flocs occurred more
efficient and rapidly using eggshell compared with
chitosan. This can be seen from Figure 4 in which the
microalgae culture has separate into 2 layers with
biomass sediment at the bottom after 2 min of flocculation
process using eggshell. On top of that, the flocculation
efficiency achieved > 90% after 4 min of flocculation time
(eggshells) and reaching >98% after 12 min. In addition,
statistical analysis indicated no significant different
(P>0.05) in flocculation efficiency obtained between 8 min
to 16 min of flocculation time.

Figure 4: Comparison of the flocculation efficiency of S.
platensis (A) before and (B) after adding eggshells
flocculant at 40 mg/L at pH 4 for 2 min.

On the other hand, flocculation efficiency constantly
increased with time when chitosan was used as flocculant
and reaching maximum (84.04+0.72%) after 120 min of
flocculation process. No flocculation process was
performed beyond 14 min (eggshell) and 120 min
(chitosan) because only minor changes in flocculation
efficiency (P>0.05) was recorded. Based on previous
studies, most of the findings demonstrated that the
flocculation efficiency achieved 97% after 10 min
(Divakaran and Pillai, 2002; Farid et al., 2013) which was
in agreement with present study using eggshell as
flocculant.

CONCLUSION

The present study reveals that both flocculants (chitosan
and eggshell) could be considered as a promising
approach to harvest the S. platensis with maximum
harvesting efficiency of 79.98+1.65% and 97.17+1.38%
under the optimal conditions using 50 mg/L chitosan at
pH 8 culture media for 90 min and 4 mg/L eggshell at pH
4 culture media for 8 min, respectively. Nevertheless, the
harvesting of S. platensis using eggshell is more
economical and more efficient compared to chitosan as
eggshell has achieved higher flocculation efficiency and
required lesser quantities. Additionally, it is also much
cheaper and abundantly available.
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