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Abstract: Microalgae are a source of carbohydrates, proteins and lipids. Thus, they can be considered
as raw material to transition from current fossil fuel-based refineries to biorefineries. Microalgae
harvesting is considered a major challenge in biomass production. There are several harvesting
techniques, but the majority of them are either expensive or not effective. The harvesting method that
we propose is sedimentation-induced by light blockage, taking advantage of the motility characteris-
tics of certain microalgae. In this research, the halophilic microalgae Dunaliella salina was selected.
Experiments were conducted under light and dark conditions to compare the sedimentation rates.
Sedimentation behavior was measured by collecting data on the optical density and cell count under
both light and dark conditions. The results showed that, under light conditions, the cell count in the
middle of the flask decreased from 1 × 106 cell/mL to 5 × 104 cell/mL after 50 days. Under dark
conditions sedimentation took less than 10 days for complete settlement. Leaving Dunaliella salina
under dark conditions may constitute a promising harvest method as this provides a high recovery
rate and requires low energy.
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1. Introduction

Microalgae are photosynthetic microorganisms that can be found in marine or fresh-
water environments. They convert sunlight, water, nutrients and carbon dioxide to produce
microalgal biomass that consists of carbohydrates, proteins, lipids and other compounds
over short periods of time. Microalgal biomass can be considered a renewable and sustain-
able source of raw material for different industries such as food, feed, chemical, fermenta-
tion, pharmaceutical, etc. [1–5]. They do not compete with agriculture for arable land as
they can be cultivated in areas that are arid or affected by drought or salinity [6–8]. Some of
them grow in saline water or wastewater, which do not represent any threat to freshwater
supply [9]. They also have a short period of harvesting (1 to 10 days), and can be harvested
practically year round [6]. Therefore, microalgae can help make the transition from current
fossil fuel-based refineries to biorefineries in order to tackle climate change by creating a
carbon neutral society. To reduce CO2 emissions from the current fossil fuel use and reach
carbon neutrality, massive amounts of microalgae become necessary.

Except for large species such as Arthrospira, microalgae are too small (2 to 20 µm) for
conventional filtration systems. Therefore, a major challenge in biomass production lies
in their harvesting [10–17], mainly because of the high cost and energy demand [18]. For
instance, a research team reported that harvesting was 20–30% of the total cost of biomass
production [19]. Microalgae harvesting results in 50 to 200 fold concentration of algae [20]
and can be performed by mechanical, chemical, biological or electrical methods [21,22].
Some of the harvesting methods include gravity sedimentation, flocculation, flotation,
filtration and screening, centrifugation, electricity-based techniques, ultrasound and immo-
bilization, including combinations [17,22–26]. The majority of them are expensive and not
very efficient, requiring long extraction periods or the use of chemicals [23,27]. Thus, there
is a need to seek eco-friendly, cost-efficient, and low-energy systems.
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Sedimentation appears to be one of the pre-dewatering biomass preconcentration
methods with the lowest cost and energy consumption [11,28]. The settlement can be
described by Stokes’ Law (Equation (1)) which describes the velocity of a sphere falling in a
fluid in terms of the radius of the cells and the difference in density between the microalgae
cells and the medium:

v =
2
9

g
r2

η
(ρs − ρl) (1)

where v is the settlement velocity, g is the acceleration due to gravity (9.81 m/s2), r is the
spherical particle radius, η is the dynamic viscosity and ρs and ρl are the solid (particle)
and liquid (medium) densities, respectively.

In this research, the halophilic microalgae Dunaliella salina was selected because of the
high salinity that is required for its growth (up to 5 M NaCl), making it suitable for open
culture systems while reducing the risk of contamination from other microalgae and/or
protozoa. Outdoor systems reduce the production cost because of freely available sunlight,
while being suitable only for microalgae that can live in extreme conditions such as high
acidity, alkalinity or salinity. Dunaliella salina is well known as a source of beta carotene
that is produced when exposed to harsh conditions especially in terms of light, salinity,
temperature and nutrients. It also produces a wide range of compounds with different
potential applications. We propose the massive and open culture of this microalgae on non-
arable land to use as raw materials in different industries and be able to make the transition
to a biorefinery. Considering that Dunaliella salina is a motile microalgae, it can probably be
assumed that light blockage may affect its motility which may lead to settlement. There
is research on the effect of carbon dioxide and pH on motility of flagellated microalgae,
including Dunalliela salina [29]. However, to the best knowledge of the authors, there
is no research that studies sedimentation speed and compares settlement rates in light
and dark conditions. Therefore, this research was conducted to monitor Dunaliella salina
sedimentation with time, using optical density sensors in both light and dark conditions.

2. Materials and Methods

The microalgae Dunaliella salina (strain CS-744/01, from the Australian National Algae
Culture Collection, isolated from a saline lake in Western Australia) was used in the
settlement experiments. The microalgae were cultivated in f/2 medium [30,31] with a
salinity of 12% (2 M NaCl). The f/2 medium was prepared by mixing all the chemicals in
sea salt (Red Sea Salt used in aquariums) solution. A pre-culture of 400 mL was inoculated
into 3600 mL of fresh medium in a 5 L beaker and incubated at 25 ◦C under 200 µmol/m2/s
of continuous illumination (white LED) for 10 days without agitation. The initial cell
concentration was 5.0 × 104 cell/mL, and the pH was 7.14. The 5 L beaker was lightly
covered with a plastic film to prevent evaporation. The pH was measured using a portable
pH meter (Hanna Instruments HI98130), and the salinity was measured with a portable salt
refractometer (Tekcoplus Refractometer ATC). The settlement experiments were conducted
when the cell concentration was around 1 × 106 cell/mL. Dunaliella salina was placed in
25 cm2 culture flasks with double sealed caps (canted neck, slim type, Iwaki). Flasks were
filled to the top (approximately 73 mL) just before overflowing and then they were closed
with the caps. The settlement of Dunaliella salina was tested in bright and dark conditions.
To monitor the settlement speed of the microalgae, optical density (OD600) equipment
(Taitec OD-Monitor A&S connected to OD sensor-S) with light transmission (horizontal
projection, 0.00 to 2.55) was used. The data were taken every minute and automatically
stored on a USB attached to the system. The cell concentration was periodically monitored
by taking a 25 µL sample from the middle of the flask and measured in the Invitrogen Tali
Image Based Cytometer. Experiments were conducted until settlement was complete or
OD values were close to zero. Thus, tests performed in dark conditions were monitored for
10 days, whereas experiments conducted in light conditions were monitored for 70 days.
To obtain a consistent result, experiments were repeated four times for dark conditions and
three times for light conditions.
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3. Results

The settlement experiments were conducted when the average concentration of
Dunaliella salina was 1.28 × 106 cell/mL, the cell size was 12.5 µm and the pH was 8.03.
The settlement or sinking of Dunaliella salina to the bottom of the flask took place gradually
(Figure 1).
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Figure 1. Picture of the settlement process under dark condition: (a) initial condition, (b) during
settlement (on the 6th day), and (c) after settlement (on the 10th day).

Optical density (OD600) change under dark and light conditions are presented in
Figure 2. Optical density is generally used to measure culture growth, but in this study, we
used it to determine the microalgae sinking rate. When Dunaliella salina was in suspension,
the OD was between 0.2 and 1. However, when the microalgae settled, the OD was below
0.2. The OD change graphs that we obtained were very similar, and thus, only one result
for each case was presented. Experiments conducted under dark conditions showed that
Dunaliella salina settlement was completed after 8 days, while experiments conducted in
light conditions showed that sinking took around 50 days.

Appl. Biosci. 2023, 2, FOR PEER REVIEW 4 
 

 

  
(a) (b) 

Figure 2. Optical density (OD) changes in (a) dark and (b) light conditions with time. 

In order to study the cell concentration change with time, total cell concentration was 

measured periodically by taking 25 µL samples from the middle of the flask for both dark 

and light conditions. The results are presented in Figure 3. The results showed that under 

dark conditions, the microalgae concentration decreased to 2 × 104 cell/mL after 8 days, 

which correlates with biomass settlement. On the other hand, for light conditions, after 50 

days, the cell concentration decreased to 5 × 104 cell/mL. Considering that the initial cell 

concentration of microalgae was 1.28 × 106 cell/mL, for dark conditions, it decreased by 

98% after 8 days, and with light conditions, it took 50 days to reach 96%. When comparing 

both results, it can be said that gravity sedimentation of Dunaliella salina occurs faster in 

darker conditions rather than light available conditions. This is probably because blocking 

light decreases microalgae movement, making it sink. Gravity sedimentation is a simple 

harvesting method, but if carried out under dark conditions, it also reduces time from an 

accelerated sinking rate. Therefore, in terms of time and cost reduction, it is recommended 

to harvest Dunaliella salina under dark conditions. 

  
(a) (b) 

Figure 3. Dunaliella salina total cell concentration in (a) dark and (b) light conditions with time. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 10

O
p

ti
ca

l D
en

si
ty

Time (day)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 20 40 60 80

O
p

ti
ca

l D
en

si
ty

Time (day)

10,000

100,000

1,000,000

10,000,000

0 5 10

To
ta

ll 
ce

ll 
co

n
ce

n
tr

at
io

n
 (

ce
ll/

m
L)

Time (day)

10,000

100,000

1,000,000

10,000,000

0 20 40 60 80

To
ta

ll 
ce

ll 
co

n
ce

n
tr

at
io

n
 (

ce
ll/

m
L)

Time (day)

Figure 2. Optical density (OD) changes in (a) dark and (b) light conditions with time.
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In order to study the cell concentration change with time, total cell concentration was
measured periodically by taking 25 µL samples from the middle of the flask for both dark
and light conditions. The results are presented in Figure 3. The results showed that under
dark conditions, the microalgae concentration decreased to 2 × 104 cell/mL after 8 days,
which correlates with biomass settlement. On the other hand, for light conditions, after
50 days, the cell concentration decreased to 5 × 104 cell/mL. Considering that the initial cell
concentration of microalgae was 1.28 × 106 cell/mL, for dark conditions, it decreased by
98% after 8 days, and with light conditions, it took 50 days to reach 96%. When comparing
both results, it can be said that gravity sedimentation of Dunaliella salina occurs faster in
darker conditions rather than light available conditions. This is probably because blocking
light decreases microalgae movement, making it sink. Gravity sedimentation is a simple
harvesting method, but if carried out under dark conditions, it also reduces time from an
accelerated sinking rate. Therefore, in terms of time and cost reduction, it is recommended
to harvest Dunaliella salina under dark conditions.
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Figure 3. Dunaliella salina total cell concentration in (a) dark and (b) light conditions with time.

Stokes’ law (Equation (1)) was used to predict the settlement velocity of Dunaliella
salina. The density and the viscosity of the medium, obtained from the literature for
seawater with 12% salinity, were considered to be 1090.25 kg/m3 and 1320.6 µPa·s, re-
spectively [32]. According to previous research, the density of the cytoplasm of marine
microalgae ranges between 1030 and 1100 kg/m3 [33]. Another study considered the
density of Dunaliella salina as 1260 kg/m3, the density of glycerol [34]. Due to the small
density difference between the microalgae and the medium, it can be said that density
contribution to settlement is small compared to the size of the microalgae. Stoke’s law
holds for spherical shaped microalgae, so Dunaliella salina was assumed to be spherical.
The average size of Dunaliella salina was 12.5 µm, so for a radius of 6.25 µm, the settlement
velocity is expected to be around 0.05 m/day. This value is not in accordance with experi-
mental results probably because Dunaliella salina is a motile microalgae, which makes it
more difficult to predict its settlement. Flagella are considered a dynamic morphological
means to suspension [33], and thus, complex hydromechanical [35] and biophysical [36]
parameters might be considered for settlement prediction models.
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4. Discussion

Microalgae can potentially be a great source of raw materials such as protein, car-
bohydrates and lipids. However, its elevated price compared with raw materials from
fossil fuel is still a great barrier to overcome. Therefore, reducing biomass production and
processing costs are crucial for large scale culture and establishing a microalgae-based
biorefinery. For instance, cost effective cultivation and harvesting methods may drasti-
cally reduce their cost. In this study, we proposed the gravity sedimentation technique
of the halophilic microalgae Dunaliella salina under dark conditions taking advantage of
its motility characteristic. In our previous study, we presented the settlement degree of
Dunaliella salina at different temperatures and found a sedimentation rate of 79 to 96%
between 20 to 30 degrees Celsius [37]. Thus, in the present study, we conducted exper-
iments at 25 degrees Celsius and monitored the speed of settlement when experiments
were conducted both in dark and light conditions, using OD and cell concentration data.
Motile phytoplankton sank to the bottom of the flask when they lost their flagella, when
stressed physiologically or with increasing age (senescent cells) [33]. In this study, light
blockage might have triggered Dunaliella salina’s loss of movement and subsequent gravity
settlement, but further research should be conducted to determine the mechanism involved.
Light, photoperiod and nutrients may affect suspension and sinking, but these factors have
not been well studied, so their level of influence are, to a certain degree, unknown [33].
Another hypothesis that can potentially explain the sinking of this microalgae is a possible
aggregation between cells [33], especially when exposed to stressful conditions. However,
further research should be conducted to test this hypothesis.

Costs can be kept low as the energy required for this harvesting method is low,
the recovery rate is high, and no consumables are required. As such, it can probably
constitute a cost-effective recovery method. In addition, chemical substances such as
flocculants and pH adjusters are not necessary, which avoid chemical contamination.
Physical and mechanical methods such as centrifugation, filtration (filter), evaporation to
dryness, voltage application, etc. are not required, and equipment operation or maintenance
are not necessary. This method is simple, suppressing costs.

For high volumes of microalgae or open and large-scale cultivation, we suggest
temporarily transferring the culture to a collection container, then blocking the light for
several days. The culture water can be removed by decantation or other methods, and the
supernatant can be reused. This research was conducted in a laboratory under controlled
conditions. As part of further research, we need to conduct experiments at a larger scale,
performing the experiments outdoors to assure the efficacy of this method under a broad
range of temperatures.

5. Conclusions

Sedimentation under dark conditions of Dunaliella salina was completed in less than
10 days, whereas settlement under light conditions took more than 50 days. The cell count
in the middle of the flask decreased from 1 × 106 cell/mL to 5 × 104 cell/mL after 50 days
(96% recovery rate). Under dark conditions, sedimentation took less than 10 days for almost
complete settlement (98% recovery rate). Leaving Dunaliella salina under dark conditions may
constitute a promising harvest method as this provides a high recovery rate, requires low
energy and has high efficiency. A large-scale pilot is necessary before its application.
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