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ABSTRACT

Harvesting is ultimately an important step on microalgae production since a successful harvesting will
increase the performance of the system totally as well as increasing the revenue. Bioflocculation is
such type of the harvesting technique that offers high recovery performance, while at the same time
it costs less and is more environment friendly. Exopolysaccharide (EPS) is actually the key of the
performance. The objective of this research is to observe the performance of EPS produced by the
Bacillus subtilis for microalgae harvesting. The bacterial growth medium where the EPS has been
produced was induced directly to the microalgae. Two different species of microalgae, which were
Nannochloropsis oculata and Botryococcus braunii, were used to compare the influence of microalgae
type to the performance. Different concentration of EPS was employed to study how it affects the
recovery performance. These various concentrations were 5% v/v, 10% v/v and 15% v/v. The result
shows that the highest performance was presented when 5% EPS was induced to both the species,
which was about 90%, while the lowest was presented by 15% EPS, which was about 70%. The

same trend was applied for initial floc forming time of each treatment.

INTRODUCTION

Microalgae have been proposed as a nature provider for
various chemicals ranging from low value to high value
chemicals. While in production of some high value chemi-
cals the cost might be an insignificant issue, the production
of lower value chemicals such as fuel, the lowest possible
cost should be taken into account. Otherwise, it will never be
able to compete with conventional source of fuel.

The production of biofuel from microalgaeisbecoming
an attractive option since it offers ease of cultivation (Sing
et al. 2013), high oil productivity per dry massbasis (Rodolfi
et al. 2009, Griffithset al. 2009) and sustainable production
(Ahmad et al. 2011, Pittman et al. 2011). Nannochloropsis
sp and Botryococcus braunii are among the prospective
microalgae due to their high oil content and biomass rate
(Moazami et a. 2012, Biondi et al. 2013, Metzger et al.
2005). Another benefit of cultivating Nannochloropsis is
its robustness, and easy growth in awide range of environ-
ments (Sukenik et al. 2009, Kilian et a. 2011). Inregard to
Botryococcus brauni, it also synthesizes numerous hydro-
carbonsfor wider purposes (Wijffelset al. 2010, Khatri et al.
2013).

Thetotal production cost for biofuel from microalgeeis,

in fact, a function of several variables such as labour cost,
cultivation system, harvesting and refining cost. Such ac-
tions have been applied to suppress the constraints: reusing
nutrient from wastewater mainly in open pond reactor (Park
et a. 2011, Matamoros et a. 2015, Bohutskyi et al. 2015),
improving gas transfer to increase the growth rate
(Zimmerman et a. 2011, Ying et a. 2013), updating the
harvesting technique (Milledge et a. 2013, Barros et al.
2015, Wang et al. 2015), and increasing the efficiency of oil
refinery (Halim et al. 2012, Mubarak et a. 2015).

Cell harvesting is a step prior to the refining process of
microalgae oil. The uneconomical conventional technique
of harvesting could exceed half the cost of total oil produc-
tion (Richmond et al. 2008). A successful techniquefor har-
vesting will not only significantly affect the total perform-
ance of the system, but also reduce thetotal cost. Efficiency
of il recovery inrefinery is also affected by the harvesting
step (Patil et al. 2015). Innovations have been made in har-
vesting technique with consideration of high biomass re-
covery, refining efficiency and low cost.

Chemical flocculation has been applied so far for
microalgae harvesting. It is considered as one of the eco-
nomical techniques since it achieves a good performance
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with relatively low flocculant dosage and results in low
harvesting cost (Bilanovic et al. 2008, Vandamme et al.
2013, Wan et a. 2015). In general principle, a particle has
electrostatical charge that makes them relatively stable
solutes in water, besides their small size that makes them
suspend easily in the water. Chemical flocculants have op-
posite chargethat attract particlesto form aflock. When the
bigger flocks are formed, they become unstable. An unsta-
ble flock either will settle down or float up, depending on
its density and hydrophobicity.

Chemical flocculation has been successful to be applied
for water treatment. To apply such technique for microalgae
harvesting, some consideration needs to be taken. Besides
its several benefits, chemical flocculation has several
drawbacks when it is used in full scale microalgae
production. The presence of sediment caused by the cationic
substance needs more efforts to remove. Chemical
flocculation will change the pH medium, temperature,
dissolved oxygen as well as nutrient depletion that occur
during the process. These adjusted conditions could lead to
change of the composition of the harvested cells (Benemann
et al. 1996). Hence, more sustainable flocculation method
is important to be applied.

Bioflocculation could be an aternative for a cheaper
harvesting cost, since it reduces the use of chemical coagu-
lant, hence reducing the following treatment to dispose sedi-
ment from the site. Bioflocculation is aterm to address any
floccul ation enhanced by exopolysaccharide (EPS) secreted
by microorganisms(Christenson & Sims2011). Itisconsid-
ered as a biodegradable substance and more environmental
friendly than any chemical polymer used in non-
biocoagulation process (Kim et al. 2011).

EPSisamajor component in microbia biofilm. Severa
factors affect the composition of EPS as well as its forma-
tion. Microbial genetics and the physico-chemical condi-
tions of the growth medium are among the two factors af-
fecting the EPS composition (Castro et a. 2014). Such en-
vironmental conditions also affect the character of the EPS
in terms of its porosity, density, moisture content,
hydrophobicity and mechanical stability (Wingender et a.
2012). According to Pham et al. (2000), EPS itself is pro-
duced during thefinal session of stationary phase of micro-
bial life cycle when it beginsto experience a nutrient short-
age. However, after any particular time, the number of EPS
could decrease, asit will be consumed by microbesitself as
acarbon sourceif more nutrient is not added in the medium.
Hence, it is essential to decide the best time to harvest the
EPS for further utilization as biofloccul ant.

Aggregation of algae occursasan effect of bridging done
by the EPS. As the aggregate becoming larger, its
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stabilization in the medium becomes weaker and resultsin
settlement or floating of the floc, depending on its density
and any other treatment combined with the flocculation
process. The recovery performance is affected by several
parameters, including EPS dosage, EPS characteristics,
morphology of themicroalgae and culturedensity (Manheim
& Nelson 2013). Research by Patil et a. (2010) revealed
that the flocculation performance increased along with the
increasing EPS dosage until it achieved the critical
flocculation performance, which was 72% and 500 mg/L
for the flocculation performance and dosage of EPS
respectively. The study showed that there was no increase
in the flocculation performance if the EPS added into the
medium exceeded 500 mg/L. The highest performance in
the report was 98% recovery when higher concentration of
pure y-PGA from Bacillus licheniformis was employed for
the harvesting (Ndikubwimana et al. 2016).

Microalgae morphology is linked to the culture den-
sity, where the smaller individual microalgae size lead to
the denser floc formation resulted in the higher settling per-
formance (Manheim & Nelson 2013). This morphological
effect was also applied for the bioflocculant type produced
by different species of the bacteria.

Thisresearch wasto observe the effect of bioflocculants
dosage in the recovery performance as well as its settling
time. Nannochloropsis and Botryococcus brauni were the
strains used in this experiment to compare their behaviour
during floc formation asthey are morphologically different.
Bacillus subtiliswas applied asthe EPS producer. Thistype
of bacteriahas presented to produce biopolymer y-PGA that
was successful in harvesting microalgae by employing the
pure polymer in the medium (Zheng et al. 2012). In this
study, the Bacillus subtilis culture medium with EPS
produced in it was directly employed.

MATERIAL AND METHODS

Microorganismsand itsCulture

Nannochloropsis oculata and Botryococcus brauni were
two microalgae strains used in this study. The microalgae
were collected from the Institute of Brackish Water
Aquaculture (BBAP) Situbondo, East Java, Indonesia. Each
strain of microalgae was cultured in astandard Bold’ s Basal
Medium (BBM) ina5-litrefibreglasstube reactor with con-
ventional agitation to prevent sedimentation. The sparger
was placed in the bottom of the reactor to induce carbon
dioxidefrom ambient air. Lighting was provided using fluo-
rescent lamps with intensity of 3000 lux, 24 hours aday for
15 days.

As an EPS producer, Bacillus subtillis was employed.
The isolate was obtained by the Department of Postharvest
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Technology, Brawijaya University, Indonesia. To produce
the EPS, 1 dose of isolated bacteria was put into 20 mL of
0.9% NaCl. Theinoculate was then cultivated in 980 mL of
sterilized nutrient broth. The nutrient broth was prepared
by dissolving 8 gram of nutrient broth Merck 105443 into 1
litre of deionized water and stirred at 50°C until perfectly
dissolved. The culture was homogenized using a stirrer at
100 rpmfor 72 hoursat room temperature of 25-30°C. Sev-
enty-two hour was the determined time resulted from the
preliminary experiment asthe timefor thebacteriato achieve
late stationary phase in a batch medium.

Exopolysacharide (EPS)

Thetotal EPSwastested gravimetrically by meansof putting
25 mL culture of bacterial broth medium into 50 mL centri-
fuge tubes. It was then centrifuged at atemperature of 4°C,
6000 rpm for 20 minutes. The supernatant was taken, twice
as much as cold ethanol (96%) was added and it was al-
lowed to stand for overnight. The second cold centrifuga-
tion was carried out at another 4°C, 5000 rpm for 25 min-
utes. Theremaining solid wasdried at a105°C and weighed.
The productivity of the bacteriato produce EPS per litre of
culture was calculated using the following formula:

EPS,,. = % ¥ 100% (D)

Where, W isthe dry weight of the EPS (gram) and V is
the sample volume (litre).

Microalgae Harvesting

Microalgae was transferred from the glass tube bioreactor
into 1litre of glassbeaker with 300 mL of working volume
each. The pH of the culture was increased by adding 0.1M
NaOH until it reached pH 10. The Bacillus subtiliswasthen
added into the beaker. To study the effect of bioflocculant
concentration, different volumes of bacterium-EPS inocu-
lum were added ranging from 5% (v/v), 10% (v/v) and 15%
(v/v). In this study, undried bacterium-EPS inoculum was
added instead of dried mass of EPS since it usesless energy
by skipping the separation process for EPS itself from the
growth medium. A volume to dry weight conversion was
carried out to ease the comparison of the results of this study
to othersif necessary. Asthe control of each strain, no bac-
terial inoculum was added to the beaker. Each treatment
was done in triplicate.

The observation of macrofloc formation was carried out
using 10x magnifying glass. The time of macrofloc forma-
tion was determined when the macrofloc started to be ap-
pearing in each beaker. M easurement of the harvesting per-
formance was carried out by calculating theinitial cell den-
sity of microalgae and the left microalgae suspended in the
medium. The cell density was observed with haemocytom-
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eter under a microscope. The performance was determined
using this formula:

Kp—X.
=2y 100%
“Ap

Performance =
..(2)

Where, X isthe initial cell density (cell/mL) and X is
theleft microalgae (cell/mL).

RESULTS AND DISCUSSION

EPSProduction

Bacillus subtilisis one of the biopolymer producer used for
bioflocculation. To produce the EPS, the bacteria needs to
be cultured in agrowth medium until it reached an optimum
production of EPS. As reported by Pham et a. (2000), the
optimum EPS production occursin thelate stationary phase
just beforethe death phase. A fall number of EPSwill occur
in themedium during death phase asit isused by the bacteria
for its carbon source. It makes, determining the best
harvesting time for the bacterial culture, as essential.

To determine the harvesting time, a preliminary experi-
ment was carried out to observe the growth curve of the
bacteria in the prepared growth medium. The growth was
observed by counting the number of coloniesusing ahaemo-
cytometer under microscope every 12 hours until it reached
the death phase. The time of the bacteria to reach the late
stationary phase was then determined as the time when the
culture was ready to use for the microal gae harvesting.

Fig. 1 shows the growth curve of the bacteria culture
carried out in the preliminary experiment. The first count
was done after 12 hours since the culture started. It
logarithmically increased for the next 36 hoursto reach the
point of inflection. From the curve, it can be determined
that the death phase occurred after 72 hoursof the cultivation.
According to these data, the bacterial culture would be best
used for microalgae harvesting when its age is 72 hours
within the same growth medium type. Different mediatype,
concentration and bacterial species might differ the growth
curve. The growth rate could be higher when more nutrients
were provided. A higher population (8 x 108 cfu/L) and
longer stationary phase (more than 72 hours) has been
achieved when the Bacillus subtiliswas cultured under more
optimized conditions (Ghribi et a. 2011).

The EPS production by the Bacillus subtilisis presented
in Fig. 2. About 50 mL of samples was taken from the cul-
ture medium per day in three days of culture. Each sample
was dried sequentially to analyse the dried EPS produced.
After one day of culture, the bacteria produced only less
EPS. The production increased to several folds on the fol-
lowing day. The rate of EPS production was decreased on
the third day; while on another side, it reached the highest
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Fig. 1: Kinetics of Basillus subtilis in nutrient broth carried
out in the preliminary experiment.

production number, which was 0.235 gram. Given that the
EPS tends to decrease as it passes the stationary phase, no
observation of EPS production was carried out.

By converting the result of the last day into gram per
litre basis, it can be presented that it was equal to 4.70 gram
of dried EPS produced by the bacteria per litre growth me-
dium. Type of medium has revealed to have an effect to the
amount of EPS produced by the bacteria, besidesthetype of
bacteriaitself. A dightly higher production of EPS by Ba-
cillus subtilis has been reported in 48 hours of culturetime,
which was4.86 gram/L (Razack et al. 2013). Thisresult was
achieved by adding cane molassesinto the growth medium,
which increased the amount by 2% of the total volume.
Molasses does not only provide carbon source for the bac-
teria, but it al so provides some minerals and growth precur-
sors (Liu et a. 2011). The highest reported productivity of
microbial exopolysaccharide was probably by the fungus
Phoma herbarum (13,6 gram/L) with the sorbitol used as
the main carbon source, which was 60 g/L.
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Fig. 3: Time to achieve first floc of EPS-microalgae.
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Fig. 2: Dried EPS produced by Bacillus subtilis from
50 mL sample.

Microalgaerecovery: Given that the harvesting step could
enhance the overall performance of microalgae production,
it isessential to determine the harvesting method that could
recover more microalgae with less cost. Bioflocculation has
been proposed as a promising method since such successful
method could recover about 90% or more of thetotal cultured
biomass. The less cost when employing this method is
attributed by its biodegradability, hence no post treatment
is needed to recover the flocculants.

In this study, dried EPS was not employed. Instead, the
Bacillus subtilis culture medium with the EPS excreted in it
was directly used as aflocculant. About 5%, 10% and 15%
by volume of EPS was added for microalgae harvesting. By
converting this percentage into milligram per litre, these
numbersare equal to 220 mg/L, 420 mg/L and 620 mg/L for
the 5%, 10% and 15% respectively. It is necessary to
highlight that this practice, which was using EPS directly
from the bacteria growth medium, is only practical when
the EPS is produced in the same site as those of the

0.90 031

7

10% EPS

5% EPS

Control 15% EPS

m Nannochloropsis sp B Botryococcus braunii

Fig. 4: EPS performance on microalgae recovery.
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microal gae cultivation. For any different condition, such as
the EPS produced by different producer, the use of commer-
cialy dried EPS might be preferable.

The microalgae harvesting started with the addition of
the EPS to the microalgae culture. The culture was then
homogenized in a magnetic stirrer with faster mixing (100
rpm) for 2 minutesfollowed by slower mixing (40 rpm) for 8
minutes. This step was followed by letting the samples to
settle down for about 2 hours. The time of initial floc
formation was observed (Fig. 3). Theindicator of macrofloc
formation is when the particles began to randomly moving
and attach to each other or attach to a closest polymer. In
both the microalgal species, the addition of 5% v/v of EPS
wasthe best timeto initially forming macrofloc, which was
25 minutes, and 21 minutes for Nannochloropsis oculata
and Botryococcus brauni, respectively. Other than the con-
trol, the most unfavourable concentration among all treat-
ment was 15% v/v for both the microal gae species.

To evaluatetherecovery performance, the sample of the
microal gae growth medium before and after addition of the
EPS was taken and was analysed under microscope. It was
carried out to see the microalgal cell number initialy as
well as the left cell suspended in the medium. The same
trend also occurred in the EPS performance on harvesting
the microalgae with 5% v/v was the most favourable con-
centration for the treatment with around 90% achievement
for both the microalgal species, while the highest concen-
tration showsthe lowest performance (Fig. 4). A direct EPS
producer bacteriainduction to the microalgae medium was

w1 A
. 1= F ™
| I.e: \\ 3 & g '.r .
d "‘ > R : P ’.‘ [
» - . 1 R 4 9
“ a .Y . '-l C
b d

Fig. 5: Microscopic picture of first macrofloc formation of both
microalgae in 100x magnitude. Nannochloropsis oculata with 5%
EPS and 10% EPS (a and b respectively). Botryococcus brauni with
5% EPS and 10% EPS (c and d respectively).
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also carried to harvest Clamydomonas sp. and Picochlorum
sp. where the recovery performance ranged from 75% to
90% (Diaz et a. 2015). As has been reported by Patil et al.
(2010), a concentration did not always linearly affect the
harvesting performance. It was suggested that no signifi-
cant performanceincrease could happen when the optimum
flocculation performance has been achieved. Thisstudy was
even more interesting when the increase of concentration
was inversely proportional to the performance of recovery.
An inverse condition was also reported by Ndikubwimana
eta. (2016), where the peak performancewas achieved with
addition of 20% y-PGA. Beyond this point, the flocculation
efficiency has been decreased.

However, it cannot be justified that less the concentra-
tion of EPS, the better is the performance. It was probably
because the optimum concentration has been achieved by
the lowest one, or even lower, while increasing the concen-
tration would only distract the performance. It is hypoth-
esized that when the optimum flocculation has happened,
an additional flocculant likely will destabilize some
macroflocs those have been formed by other biopolymers.
A repulsiveforce between the same charges of theflocculants
probably could be the reason of this destabilization. Avoid-
ing more free surface of flocculant probably could be done
by optimizing the flocculant-microalgae ratio.

Analysing the form of the floc microscopically isessen-
tial to understand the interaction between the microalgae
and the EPS. Furthermore, it is necessary to ensure that the
formation of the floc was due to the attraction of the EPS to
the targeted microalgae, and was not due to any interaction
with other substances. Accordingto Salim et al. (2011), there
are two ways for the polymer to form the flocs. Bridging
occurswhen the polymer is partialy binding the microalgae
on its surface. It normally occurs when the polymer islong
enough. On the other side, when the polymer is short, it
tends to adsorb the microalgae through its surface. The last
sub-mechanism was named as patching. In thisstudy, patch-
ing can be concluded asthe way of macrofloc formation, as
shown in Fig. 5 for all the treatments.

An ANOVA analysis was done using 5% confidential
intervals. From the result, it could be concluded that the
addition of EPS in the medium has significantly affected
the harvesting performance whilethe type did not affect the
performance of those two species employed (Table 1). A
significant inverse effect was shown for the EPS concentra-
tion employed for the harvesting. Whileit was hypothesized
that a species could affect the performance, this study did
not show the effect significantly to such phenomenon. In
earlier study, species might affect the harvesting perform-
ance mainly due to its density, morphology and microbial

Nature Environment and Pollution Technology @ Vol. 18, No. 1, 2019
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Table 1. Statistical test of the harvesting performance.

Dependent Variable: Recovery

Musthofa L utfi et al.

Source Type Il Sum df Mean Square F Sig. Partial Eta Squared
of Squares

Corrected Model 0.3232 7 0.046 127.235 0.000 0.982

Intercept 12.191 1 12.191 33613.068 0.000 1.000

Microalga species 0.001 1 0.001 3.031 0.101 0.159

EPS Conc. 0.322 3 0.107 295.658 0.000 0.982

Microalga species 0.000 3 7.749E-5 0.214 0.885 0.039

* EPS Concentration

Error 0.006 16 0.000

Total 12.520 24

Corrected Total 0.329 23

a R Squared = .982 (Adjusted R Squared = .975)

community structure (Pham et al. 2000, Diaz-Santos et al.
2015). Thetwo microalgae have clearly different morphol-
ogy and microbial community structure. While densities of
these two algae might not be significantly different, which
iscloseto water density, it probably made those two differ-
ent microalgae to not show significant recovery perform-
ance for the same EPS concentration added.

CONCLUSIONS

Inthiswork, aninduction of EPSto the microalgae medium
has significantly affected the recovery performance aswell
as decreasing the harvesting time. Instead of increasing the
harvesting performance, an inverse trend was shown when
the EPS concentration increased. It is predicted that repul-
sive force of free surface of the flocculant negatively im-
pacted the recovery performance. To avoid such repulsive
force, a study to optimize the EPS-microalgae concentra-
tion ratio is suggested for future research.
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