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rface charge of algal cells changed in response to the method
hile aluminum sulfate and FeCl; supported 87% and 92% effi-
¥ recover 75% of biomass in 10 min. Maximum efficiency (94%) was
m pH from 8.5 to 12.0 achieved through addition of 40 mg1~! of NaOH.
13 and AISO4 were toxic to the cells, flocculation induced by pH change
fective strategy. Residual medium after flocculation could be reused effi-

minimizing the demand for fresh water.
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1. Introduction

s generally involve culti-
mulates the accumulation of
of the biomass for the down-
- 011). However major bottleneck
based product development is the recovery of
biomass from thé luction medium, mainly due to the smaller
size (5-50 pm), preS@e of negative surface charge, low biomass
concentrations, and similarity of the density of algal cells to the
growth medium (Garzon-Sanabria et al., 2012; Milledge and
Heaven, 2013). Key factor limiting the commercial use of microal-
gal biomass is cost effective harvesting, which is considered to be
the most challenging area in algal based biofuels (Georgiana and

in the algal bid

* Corresponding author.
E-mail address: rajeevs@niist.res.in (R.K. Sukumaran).

http://dx.doi.org/10.1016/j.biortech.2016.03.114
0960-8524/© 2016 Elsevier Ltd. All rights reserved.

Mayfield, 2012). It has been suggested that 20-30% of the cost of
algal biomass is the cost of harvesting (Mata et al, 2010).
Harvesting technology is an important factor in the production of
algal based biofuels, and an effective, convenient and economical
method of microalgal harvesting is yet to evolve. The high costs
involved in harvesting are acceptable only in cases where the tar-
get microalgal products are of high value. For low-value bulk prod-
ucts, both the investment as well as the operational costs should be
drastically reduced to make commercial production feasible
(Wijffels and Barbosa, 2010). So it is necessary to develop cost
effective techniques that can permit efficient harvesting of
microalgal biomass from culture systems.

Several methods have been tested for the harvesting of algal
biomass, which includes centrifugation, filtration, flotation and
flocculation (Uduman et al., 2010; Milledge and Heaven, 2013).
Flocculation is a chemical based separation process that needs less
energy than centrifugation and filtration, and thus it is regarded as
one of the most promising means of dewatering algal biomass
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(Wan et al., 2015). A large number of chemical products have been
tested as flocculants including various inorganic multivalent metal
salts (Duan and Gregory, 2003) and organic polymers/polyelec-
trolytes (Vandamme et al., 2010). A variety of flocculation strate-
gies, such as physical, chemical and biological methods have
been developed for microalgal harvesting as summarized in recent
reviews (Vandamme et al.,, 2013; Wan et al., 2015).

The mechanism of flocculation depends on the interaction of
cell surface charge and flocculent charges. Metal salts such as alu-
minum sulfate, ferric chloride, ferric sulfate, etc. are generally
employed in flocculation processes, since they lead to improved
harvesting efficiencies. One of the disadvantages of these inorganic
flocculants is that they are required in high doses and results in
contamination of the biomass with aluminum or iron (Wyatt
et al., 2012). Chitosan has recently emerged as a favorable organic
flocculating agent for harvesting of microalgae. Compared with
other flocculants, it presents various advantages, including forma-
tion of larger flocs, resulting in faster sedimentation of biomass and
providing a clearer residual solution. Chitosan is also non toxic and
biodegradable which makes it possible to reuse the flocculated
medium for algal cultivation (Chen et al., 2014). Another strategy
being actively investigated is the use of auto-flocculation for har-
vesting of algal cells. Auto-flocculation can occur naturally in some
microalgae and they flocculate in response to certain environmen-
tal stresses such as change in nitrogen concentrations, pH, dis-
solved oxygen and the amount of some metal ions in the
medium (Uduman et al., 2010).

It is well known that flocculation of algal biomass is sensitive to
pH of the culture medium and enhancement in flocculation effi-
ciency with increase in pH increase has been reported (W
2012). Recently, several studies have revealed that mic
can be successfully flocculated by adjusting the pH. The pH th'
old for flocculation may vary with several para e

sition, and flocculation time (Yang et al.,
increased from 8.5 to 10.5, the flocculatig

could be an attractive alternative
and non toxic to microalgal cel

ly in a few number of microal-
t al., 2015). The method

e potential of physical condi-
edium in flocculating the algal
lants including aluminum sulfate,

medium was pared for harvesting of Chlorococcum sp. R-
AP13 biomass. ation efficiency, dose, and zeta potential of
algal biomass during flocculation were studied and fatty acids pro-
filing was conducted in the optimized flocculated biomass. Recy-
cling of the residual medium after flocculation for the cultivation
of alga was also investigated. For the first time, we demonstrate
that the residual medium after flocculation using pH change, aut-
oflocculation or using chitosan as flocculent supports similar algal
growth as fresh medium and there are no significant differences in
the fatty acid profiles of algal cells grown in fresh or re-used med-
ium. On the other hand, the fatty acid profiles of algal cells grown
in residual medium from chemically flocculated cultures were con-
siderably different from those of their counter parts grown in fresh
medium.

2. Materials and methods
2.1. Microalga and culture conditions

Chlorococcum sp. RAP-13 (Ummalyma and Sukumaran, 2014)
was used for flocculation studies. The alga was maintained in MA
medium, with a composition in mgl~': Ca (NO;),-4H,0-50,
KNO3-100, NaNOs-50, Na,S04-50, MgCl,-6H,0-50, Na-B-glycerop
hosphate-5H,0-100, Na,EDTA-2H,0-5, MnCl,-5, FeCl,-6H,0-5,
Na,Mo0,4-2H,0-0.8, H3B03-20. pH of the medium was adjusted to
6.8. Cells for the study were grown in 5 L f]

the cells reached stationary phase
were procured either from

id and its absorbance was measured at 680 nm in
photometer. Absorbance of the original suspen-
n before addition of the flocculent. The absor-
re extrapolated to cell numbers based on a

d as below (Eq. (1))

(Initial Cell Conc. — Cell Conc. in Supernatant)
Initial Cell Conc.

x 100 (1)

2.3. Zeta potential measurement

Zeta potential of the Chlorococcum sp. R-AP13 was measured
before and after the addition of various flocculants into the med-
ium using Malvern Zetasizer 90 (Malvern Instruments Ltd., USA).
Zeta potential was analyzed in triplicates at room temperature
and the mean values were taken.

2.4. Cell viability

The viability of flocculated cells was tested by dye exclusion
method using 1.0% Trypan blue, which is excluded by viable cells.
One milliliter samples of each experiment were centrifuged at
6000 rpm for 5 min and the supernatant was discarded. Then
100 pl of the 1.0% Trypan blue solution was added, and the cells
were incubated for 3 h at room temperature. Next, the cells were
washed twice using deionized water to remove excess of unbound
dye. Finally, the fresh preparations of cells were examined for dye
exclusion under a Phase contrast Microscope (Leica DMLS2000,
Germany). Cells with intact cell wall (live cells) exclude Trypan
Blue, while the dead cells take up the dye, differentiating viable
and non-viable cells.

2.5. Recycling of flocculated medium

Flocculated biomass and medium were separated by aspirating
the medium. pH of the residual medium was adjusted to 6.8-7.0
using 1N NaOH or HCI. After that, components of MA medium were
added and used for cultivation of the next batch of cells. Fresh MA
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medium was used as control. The control and recycled media were
inoculated with 10% v/v of an inoculum containing 3 x 10° -
cells ml~!. Biomass production was monitored as cell density at
two days interval.

2.6. Fatty acids profiling

Fatty acid profile of oil from different flocculated biomass were
done by acid mediated trans-esterification for FAME generation
followed by gas chromatography methods as described in
Ummalyma and Sukumaran (2014). FAME was identified by com-
paring their fragmentation pattern with internal standards (Sigma
Aldrich, India).

3. Results and discussion
3.1. Evaluation of inorganic flocculants for harvesting microalgal cells

Among the inorganic flocculants-aluminum sulfate and ferric
chloride tested for flocculation of Chlorococcum sp. R-AP13 cells,
FeCl; was found to be more effective than aluminum sulfate. FeCl3
supported a flocculation efficiency of 92% at concentrations of 70-
80 mM while aluminum sulfate had an efficiency of 87% at 120 mM
concentration (Fig. 1A and B). Initial zeta potential of the algal cells
was found to be —20 mV. The surface charge of the cell changed
after the addition of flocculants. Flocculation efficiency was
increased near to the neutralization point. Higher concentrations
of aluminum sulfate and ferric chloride increased the positive
charges in the medium which affected the flocculation efficien
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Fig. 1. Flocculation of Chlorococcum sp. RAP-13 cells using inorganic flocculants.
A: Aluminum sulfate, B: Ferric chloride.

of cells (Fig. 1A and B). Possible explanation for this could be that
the amount of flocculent that exceeded the optimum concentration
could contribute to excess of positive charges, thus stabilizing the
cell particles in suspension by charge repelling, as well as by stearic
hindrance (Vandamme et al., 2010).

The flocculation mechanism depends on the nature of the algal
cells and the charge of the flocculent. Numerous chemical coagu-
lants or flocculants have been tested for microalgal flocculation
(Rakesh et al., 2014). Metal salts (aluminum sulfate, ferric chloride,
etc.) are generally preferred because they lead to improved har-
vesting efficiency. The results of FeCls as flg

flocculation of Chlorella zofingiensis
given algae species, effective floc
obtained if the conditions of neggsi

might be
sufficient

on the cell surface, th
effective flocculation

precipitates form bridges between
gether into flocs. At low algal con-

ith algal concentration. However, at higher
inimum amount of FeCl; required for floccu-
pendent of algal concentration, as the domi-

s that it may lead to contamination of growth medium
ith aluminum or iron (Oh et al,, 2001). Nevertheless, they may
e useful in treatment of wastewaters, wherein the spent water
fter mass multiplication of microalgae can be passed through col-
umns to remove the Fe ions and then reused for algal cultivation. In
this present study, ferric chloride was found to be a more effective
flocculent for harvesting of microalgae compared to alum.

3.2. Evaluation of chitosan for flocculation

Chitosan is a cationic polysaccharide, which has emerged as a
favorable flocculating agent in the harvesting of microalgae (Xu
et al., 2013). Compared with other commercial flocculants, it has
various advantages, including production of larger flocs (Zeng
et al., 2008) resulting in faster sedimentation rates and providing
a clearer residual solution after harvesting, and being nontoxic
and biodegradable (Knuckey et al., 2006). Use of chitosan as floccu-
lent makes it possible to reuse the residual solution to grow
microalgae. Chitosan mediated flocculation of Chlorococcum sp.
R-AP13 was tested at concentrations of 20-120 mg 1. Floccula-
tion efficiency of 84% was obtained at a concentration of 40 mg ™!
and the zeta potential of algal cell was changed from —20 mV to
+5mV (Fig. 2). Further increase in the concentration of chitosan
increased the positive charges on the cells which affected further
flocculation. This drastic decrease in performance could have
resulted when the chitosan overdose caused an overload of posi-
tive charges, which were retained on the surface of the cell causing
repulsion between positively charged microalgal cells resulting in
re-stabilization.

3.3. Flocculation of algal cells by changing pH of the medium

Recently, flocculation induced by increase in pH has gained
more attention for algal flocculation (Wu et al.,, 2012; Rakesh
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86 =1 Flocculation efficieny(%) ~—@—Zeta potential (mV) 35 Flocculation induced by high pH is considered as a potentially
81 I 30 useful method to pre-concentrate fresh water microalgal biomass
o . during harvesting (Vandamme et al., 2011). However, as microal-

gae usually carry a negative surface charge, an increase in pH will
8 + — 0 cause an increase in surface charge rather than a decrease, which
78 1s might be the possible cause for flocculation induced by high pH.

The use of flocculation induced by high pH for harvesting microal-

76
20 /.// gae may have an additional advantage that the high pH may effec-
tively sterilize the microalgal biomass as well as the process water.
& / This may be advantageous when microalgae are used in wastewa-
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gae (Horiuchi et al., 2003; Sirir
Fig. 2. Flocculation of Chlorococcum sp. RAP-13 cells using chitosan. recovery efficiencies higher t

has biomass

. . . . 3.4. Autoflocculation
et al,, 2014). In this present study, increase in medium pH as a floc-

culation agent was evaluated for Chlorococcum sp. R-AP13 cells.
Flocculation efficiency increased as the medium pH was increased
to the alkaline range of 11-12. Maximum efficiency of 94% was
obtained with the pH increased to 12. Zeta potential of the algal
cell varied with different pH, but the surface charge of the algal
cells was negative in the alkaline pH (Fig. 3).

The zeta potentials were pH dependant and negative at differ-
ent pH values. For freshwater microalgal systems, the zeta poten-
tial was shown to initially decrease with increase in pH, but
increasing on further increase of pH. The decrease in zeta potential
with pH increase indicated the decrease of the cell surface charges,
possibly due to charge neutralization in this range. Possible
anisms of pH mediated flocculation is the formation of
precipitate from Mg?* in the growth medium as the pH incr
The Mg(OH), precipitate has a large adsorptive surface area a'

increased
of 75%

the initial week to maximum efficiency
cubation. Zeta potential of cells became

tion may be induced by end of the exponential
resultant of the pH changes in the culture broth
). Algal surface charge and suspension stability is

ted to surface functional groups in C. zofingiensis (Zhang
et al., 2012). Therefore, micro algal cell instability is presumed to
increase in the later growth phase.

Cell flocculation widely occurs in microorganisms and several
self-flocculating microalgae have also been discovered, such as
Chlorella vulgaris JSC-7 (Alam et al., 2014), Scenedesmus obliquus
AS-6-1 (Guo et al., 2013). Limited reports are available in the liter-
ature regarding the auto flocculation of cells and actual mechanism
of auto flocculation is still obscure. Guo et al. (2013) and Alam et al.
(2014) had studied the biochemical basis of auto flocculation in the
micro algae S. obliquus AS-6-1 and C. vulgaris JSC-7 respectively.
They found that the polysaccharides biosynthesized by these two
strains were responsible for self-flocculation. Another recent
report proposed that glycoproteins are involved in cell flocculation
of the green microalga Ettlia texensis SAG79.80 (Salim et al., 2014).
Therefore, microalgal self-flocculation may occur when the floccu-
lating agents (e.g., polysaccharides and glycoprotein) produced by
microalgal cells themselves patch adjacent cells, or it may be due
to formation of bridges between the cells via charge neutralization

) ) with changes in medium pH, promoting self-flocculation. More
|ation effucency(%) —#—zeta potential(mV) 0 . . . .
- research is needed in this area to understand the exact mechanism

it has a high proba i icroalgal cells (Duan and
Gregory, 2003). i was therefore consider-

100

0 I — 2 of self flocculation of microalgal cells. Microalgal self-flocculation,
& %0 B R differing from the flocculation induced by pH adjustment, can
g 00 = [T [7] -6 E occur naturally via interaction of adjacent cells without acid, alka-
£ 60 “\ 8z line, or metal ion addition. Moreover, harvesting microalgae using
g 50 \‘“\ 10 g self-flocculation, which requires no extra expenditure in cultiva-
}_‘E 40 ﬁk\ 23 tion of microalga or purification of bio-flocculent, is a promising
g 5 \r/“'/—*\ 1 N method for low-cost harvesting.
- RS
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N 3.5. Viability of flocculated biomass
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Viability assay of flocculated biomass was carried out by Trypan
pH4 pHS pH6 PH7 PH 8 PH9 PH10 PH11 PH12

blue staining of the cells. Auto flocculated cells, cells flocculated by
Fig. 3. Flocculation of Chlorococcum sp. RAP-13 cells by increase in medium pH. chitosan and through change in medium pH were found to be
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viable. However, at least some cells flocculated through aluminum
sulfate and ferric chloride showed dye uptake indicating the pres-
ence of dead cells and the percentage of dead cells were propor-
tionate to the concentration of the flocculent. Inorganic
flocculants, including alum and iron chloride, may also lead to con-
tamination of the growth medium with aluminum or iron (Oh
et al., 2001). Flocculation by alum or ferric chloride therefore can-
not be considered as a preferred method for algal biomass recovery
in this case, since it was found to be toxic to the cells besides con-
taminating the residual medium. Flocculation mediated by chi-
tosan was very effective for harvesting the biomass, with the
added advantages of non toxicity and complete clarification of
medium after flocculation. However, the cost of chitosan is high
making it not a feasible option for large scale usage. Flocculation
mediated by auto flocculation or induced by pH increase may be
considered as effective strategies for harvesting the microalgal bio-
mass since these are low cost processes and no extra flocculants
are required for harvesting of the biomass.

3.6. Recycling of flocculated medium for algal cultivation

Medium recovered from flocculation could preferably be recy-
cled for next round of cultivation. In the flocculation studies per-
formed, the medium was recovered after flocculation and then
were supplemented with nutrients (Components of MA medium).
The medium pH was adjusted to 6.8-7.0, and was used for algal
cultivation so as to evaluate the possibility for medium recycling.
Chlorococcum sp. R-AP13 cells were cultivated in the recycled med-
ium (Fig. 4). It was observed that the cell densities of Chlorococci
sp. R-AP13 cultivated in the recycled growth medium were clo
that cultivated in fresh MA medium, indicating that the resi
medium after flocculation and separation of cells could be succe
fully recycled for cultivation of the alga. Previous
ducted with P. tricornutum, Nannochloropsi
Chlorococcum sp. have also concluded that the
from fresh or recycled media were similar
et al., 2013).

flocculated biomass we
minum sulfate an Tic

1.E+06
9.E+05
8.E+05
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4 6 8 10 12
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Fig. 4. Growth of Chlorococcum sp. R-AP13 in recycled medium.

Table 1
Fatty acid profile of algal biomass cultivated in fresh medium and residual medium
from different flocculation treatments.

Fatty Fatty acid content in the oil (%)
add type o Chitosan  pH 12 FeCls AISO,
flocculation
F R F R F R F R F R
C12 3.7 2.8

C14 23 34
C15 1.7 1.8
C16 39.7 398
C16:1 36 52
c17 2.1 1.2
C18:0 8.1 9.2
C18:1 220 16.2.
C18:2 32 46
C18:3 75 6
Cc22 - -
C22:1 59 46
C24 - -

F - Fresh medium; R -

nts also showed elevated oleic acid content
ly higher that the levels of this fatty acid from
edia. Oleic acid production might have a pro-
up with the toxic chemicals in the medium.
nsaturated fatty acid content of algae grown in
edia could also be a sign of stress and may be recognized
nism of adaptation to the environmental conditions. It
s been suggested that algal TAG serves as a depot of PUFA, which
can be mobilized for the construction of chloroplast membranes
nder certain environmental conditions (Khozin-Goldberg et al.,
005).

4. Conclusion

Development of economically feasible flocculation technology
can significantly reduce the cost of microalgal biomass production.
pH modulation as a flocculation method seems to be a feasible
strategy since it attained a flocculation efficiency of 94%, and
allowed re-use of the medium. pH-induced flocculation and auto-
flocculation therefore can be considered as best possible options
for cost effective and efficient harvesting of Chlorococcum cells.
These methods also allow the re-use of media for further cycles
of cultivation thereby minimizing fresh water requirement. The
self flocculating micro alga — Chlorococcum sp. R-AP13 can be used
for various applications such as biofuels and nutraceuticals.
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