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ABSTRACT

Microalgae-based water desalination is an emerging method that uses microalgae to remove salt
from brackish and seawater through a natural photosynthetic process. Because of its low energy con-
sumption, this technology is expected to provide low-cost desalted water. Furthermore, algal lipid,
which is an excellent feedstock for biodiesel production, could be extracted from the recovered algal
biomass. Thus, combining algae-based desalination with lipid production could be a solution to the
world’s water and energy crises. This study used native Scenedesmus sp. isolated from a brackish
Rift Valley lake for simultaneous brackish water desalination and lipid production. Scenedesmus sp.
was cultured in Bold’s basal medium containing 0-15 g/L NaCl for 20 d at 30°C and a light level
of 65 pmol/m? s in a 12 h:12 h light:dark cycle. Maximum and minimum desalination efficiency of
23% and 15% were observed in cultures treated with 2.5 and 15 g/L NaCl, respectively. The high-
est lipid content of 26% was observed in the culture treated with 10 g/L NaCl, which is 27% higher
than the control. The sample treated with 5 g/L NaCl appears to be suitable for the integrated
desalination and lipid production system, achieving a desalination efficiency of 17% with lipid
production of 109 mg/L. According to the findings of this study, microalgal species from a saline

habitat could be used for brackish water biodesalination and lipid production simultaneously.
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1. Introduction

Water scarcity has become one of the most serious prob-
lems that many parts of the world are dealing with as a
result of rapid population and economic growth [1]. Water
shortage have an impact on public health, food security, eco-
nomic development, and international relations in the uti-
lization of transboundary water. Currently, more than 40%
of the world’s population suffers from acute water scarcity,
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which is expected to rise to 60% by 2025 [2]. Despite this
fact, 97% of the world’s water is contained in the seas and
oceans that are too saline to use. As a result, desalination
technologies have emerged as a viable option for sustain-
able water supply by exploiting saline water resources like
the sea and brackish waters. Desalination technologies,
such as thermal and membrane-based, have been widely
used in water-stressed areas, producing roughly 95 mil-
lion m?/d of desalinated water [2]. However, the high energy
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demand, the environmental impact of brine discharge, and
greenhouse gas (GHG) emissions from the current desali-
nation methods have become significant concerns [1]. As
a result, there is a demand for eco-friendly and low-cost
desalination technology [3].

Biodesalination is a relatively new desalination method
that employs microorganisms to remove salt from saline
water. Previous research has shown that microalgae can
remove salt from brackish and seawater via bioaccumu-
lation and biosorption [4]. Microalgae are photosynthetic
organisms that use solar radiation to generate energy from
CO, and water. As a result, the algae-based desalination
method uses less energy to remove the salt than thermal
and membrane technologies. It also helps to reduce green-
house gas emissions by sequestering CO, in the atmosphere
[5]. Microalgae can be mass cultured in algal ponds, which
are relatively simple infrastructures to manage and main-
tain. Hence, highly skilled workers may not be required
to run the system in remote areas [4]. Another advantage
of the algae-based desalination method is the possibility
of reusing the biomass for biofuel production such as bio-
diesel and biogas. Microalgae grown in saline water have
been found to have a higher lipid content and are there-
fore suitable for biodiesel production [6-8]. Thus, coupling
desalination with biomass re-use for biodiesel production
will reduce the operational cost and environmental impact.
The total expenditure (TOTEX) and the water production
cost were estimated to be decreased by 26.8% when biomass
was re-used compared to the system without biomass re-use
[9]. However, very few studies have been done on such an
integrated system [10] and additional research is needed to
determine the viability of this coupled process.

Several factors influence the effectiveness of algal desali-
nation, including the species/strain used, the initial salt
concentration of the saline water, ambient temperature,
light intensity, pH, algal dose, and so on [5]. The first and
crucial step in designing an algae-based desalination sys-
tem is to choose the appropriate algal species. The salt tol-
erance and salt removal capabilities of algal species are the
two most important selection criteria for desalination [11].
The utilization of native microalgal species for any biotech-
nological application is advantageous since they adapted to
the local environmental conditions such as salt stress, tem-
perature, and light [12]. As a result, microalgae from saline
and hypersaline environments are particularly appealing
for biodesalination applications because they have already
adapted to salt stress.

Lake Basaka is one of the brackish lakes in the Ethiopian
Rift Valley. Previous studies reported an electrical conduc-
tivity of the lake ranging from 1.4 to 10.7 mS/cm [13,14].
Scenedesmus sp. is one of the most abundant microalgal
species in this lake [15]. Thus, in the present study, the
potential of native Scenedesmus sp. for simultaneous bio-
desalination and lipid production was investigated at
different salt levels, for the first time.

2. Methods and materials
2.1. Growth media preparation

Bold’s basal medium (BBM), a common green microal-
gae medium without vitamins, was used in this study [16].

The composition of BBM is shown in Table 1. The pH of
the medium was adjusted to 7.5 using concentrated NaOH.
To prepare the agar medium, 1.5% (w/v) agar was added
to the liquid medium, transferred to Petri plates, and then
allowed to solidify. All glassware and nutrient medium was
sterilized in an autoclave at 121°C for 15 min.

2.2. Scenedesmus sp. isolation

The water sample was randomly collected from differ-
ent locations of Lake Basaka and mixed. The electrical con-
ductivity (EC) of the lake during sample collection ranged
from 4.71 to 4.76 mS/cm. A 100 mL of the composite sample
was transferred into a volumetric flask containing 100 mL
of BBM. Then, the enriched sample was allowed to grow in
a growth chamber at a room temperature of 20°C + 2°C and
a light level of 40 pmol/m? s in a 12 h:12 h light: dark cycle
for two weeks. Scenedesmus sp. was isolated from the algal
population by repeated serial dilution and agar plating
methods [17]. Then a unialgal Scenedesmus sp. was sub-cul-
tured into a fresh BBM for further investigation. The purity
of the stock culture was ensured by a regular microscopic
observation.

2.3. Experimental design

Different concentrations of NaCl (2.5, 5.0, 7.5, 10, and
15 g/L NaCl) were added to BBM to study the effect of salin-
ity on algal growth, biodesalination ability, and lipid con-
tent of Scenedesmus sp. A sample without NaCl was used
as a control culture. A single stock culture was used as an

Table 1
Bold’s basal medium (BBM) composition

Component Stock solution Amount
concentration (g/L) used (mL)

Macronutrients

NaNO, 25 10

MgSO, 7H,0 7.5 10

NaCl 2.5 10

K,HPO, 7.5 10

KH,PO, 175 10

CaCl,2H,0 2.5 10

EDTA-KOH solution 1

EDTA (with 31 g KOH) 50

Ferric solution 1

FeSO,7H,O (with 1 mL 4.98

H,SO,)

Boron solution 1

H,BO, 11.42

Trace-element solution 1

ZnSO,7H,0 8.82

MnCl,4H,0 1.44

MoO, 0.71

CuSO,-5H,0 1.57

Co(NO,),,6H,O 0.49
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inoculum for all sample cultures. 30 mL of the stock cul-
ture in the logarithmic phase (5 d old) was centrifuged at a
speed of 4,000 rpm (g force = 1,790 g) for 5 min using a labo-
ratory centrifuge (Model 800B). The pellet was then washed
twice with distilled water and inoculated into 500 mL cot-
ton stoppered Erlenmeyer flasks containing 300 mL BBM
treated with different levels of NaCl. The initial algal cell
density in all samples was around 1.18 x 10° cell/mL.

All the batch cultures were incubated in a growth cham-
ber for 20 d at a controlled temperature of 30°C and a light
level of 65 pmol/m? s on a 12 h:12 h light: dark cycle. These
growth conditions (temperature and light level) had pre-
viously been identified as the best temperature and light
level for the growth of this species (data not shown here).
Using small fans mounted on the growth chamber, the air
was continuously circulated to provide CO,. The contents of
the flasks were agitated by hand three times daily. For each
salinity, six replicates were prepared, and the same three
replicates were used to study algal growth and desalina-
tion efficiency. The remaining biomass from the batch cul-
ture was then used for lipid extraction.

2.4. Algal growth and pH monitoring

To monitor algal growth, the algal cell density was deter-
mined every other day using a hemocytometer (Improved
Neubauer Haemocytometer, 0.2 mm deep chamber) under
a light microscope (Hund H600, Germany, with 100x to
1,000x magnification). The mean cell number of three rep-
licates was calculated and the number of cells per milliliter
was expressed using Eq. (1) [18]. The growth rate during the
exponential growth phase was calculated using Eq. (2) [19].

Cell density ( L
m

No. of cells _ [ total cells counted
| squares counted

x DF x 10* 1)

where DF is the dilution factor and 10* = is the volume con-
version factor for the hemocytometer.

InN,, —InN
Specific growth rate (u) =2 T )

(tz _tl)

where N, and N,, are algal cell densities at time ¢, and ¢,
respectively.

The pH of the culture was also monitored every other
day using a benchtop pH meter (pH-016) at 25°C.

2.5. Biomass as dry weight

To measure the biomass as cellular dry weight (CDW),
a 50 mL culture suspension at the end of the batch cul-
ture was filtered through a pre-dried and weighted mem-
brane filter with a 0.45 pm pore size. The pellet was rinsed
twice with deionized water and oven-dried at 60°C until
it reached a constant weight. The dry biomass weight
produced per liter was calculated using Eq. (3) [20].

Dry biomass weight (g/L) = (;’S) x 1000 3)

where m is the algal cell dry weight (g) in 50 mL of growth
media.

2.6. Desalination efficiency

To evaluate the algal desalination efficiency, a change
in electrical conductivity of the culture medium (EC at
25°C) was monitored using a conductivity meter (Bante-
520). Before algal inoculation, the initial EC of the medium
was measured and recorded as EC. 30 mL of culture were
taken every fourth day, centrifuged at a speed of 4,000 rpm
(g force = 1,790 g) for 10 min, and filtered through a 0.45 pym
membrane filter. Then the EC of the supernatant was mea-
sured and recorded as EC,. The desalination efficiency
was calculated according to Eq. (4) [10].

i

EC,
Desalination efficiency (%) = ~gc |x100 4)

2.7. Lipid extraction and determination

The remaining culture treated with different NaCl lev-
els was centrifuged separately at a speed of 4,000 rpm for
10 min. The pellets were washed twice with deionized water
and oven-dried at 60°C for 24 h. The pellet was then ground
to a fine powder and algal lipid was extracted using modi-
fied Bligh and Dyer’s method [21]. 100 mg of dried biomass
was mixed with 10 mL of chloroform-methanol (2:1) mix-
ture and left to stand overnight. The mixture was vortexed
for 2 min, and a 2.5 mL chloroform-methanol (2:1) mixture
was added and vortexed again for 1 min. Then, it was centri-
fuged at a speed of 4,000 rpm for 10 min, and filtered through
a filter paper (Whatman # 41). 10 mL of 5% NaCl solution
were added and mixed completely. The liquid in the lower
phase was separated and transferred into a pre-weighed
test tube (W) and dried at 60°C until constant weight (W)
was obtained. The lipid content and lipid production
were estimated according to the Egs. (5) and (6) [10].

pid content (%) X100 )

a

Lipid production (mg/L) =Lipid content(%)
x Dry weight (mg/L) (6)

where W is the weight of dry algae used.

2.8. Data analysis

All experiments were carried out in triplicate and data
were presented as mean * standard deviation. Data analy-
sis was performed using SPSS version 21.0. One-way anal-
ysis of variance (ANOVA) was used to test the differences
among treatments. Tukey’s test was applied to compare
means among treatments when necessary. Differences
were considered to be significant at a 5% confidence level
(p <0.05)
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3. Results and discussion
3.1. Effect of salinity on algal cell density and biomass

Fig. 1 shows the growth curves for the batch cultures of
Scenedesmus sp. grown in the presence of different NaCl con-
centrations. At all salt levels, the algal cell density increased
with cultivation time till the 18th culture day. The cell den-
sity of the culture containing 5 g/L NaCl remained constant
after the 18th day, whereas that of the culture containing
10 g/L NaCl decreased. Moreover, the effect of salt on algal
cell density depended on the age of the culture. Until the
6™ culture day, the cell density of the control culture was
found to be higher than those of the salt-treated cultures.
However, the effect of salt was less afterward, with the cell
density of cultures with 2.5 and 5.0 g/L NaCl exceeding
that of the control after the 8" and 10" culture days, respec-
tively. The slow algal growth at the early stage in the salt-
treated cultures could be due to sudden salt stress, which
improved with time after the acclimatization period [22].

As can be seen from Fig. 1, the highest cell density of
8.41 x 10° was observed for the culture treated with 2.5 g/L
NaCl, which was followed by 7.31 x 10° and 6.38 x 10° for
the culture with 5.0 g/L. NaCl and the control culture, respec-
tively. On the other hand, cultures treated with more than
5 g/L NaCl had lower cell densities than the control, with
the lowest algal density of 1.83 x 10° recorded in cultures
treated with 15 g/L NaCl

The naked eye could also observe the algal growth dif-
ference between cultures treated with various NaCl concen-
trations due to the difference in the intensity of the green
color of the cultures. Cultures containing moderate NaCl
concentration (0-5 g/L NaCl) had intense green color com-
pared to cultures containing higher salt concentrations
(7.5-15 g/L NaCl), probably due to differences in chloro-
phyll concentrations.

Fig. 2 shows the specific growth rate and biomass as dry
weight of the batch cultures of Scenedesmus sp. cultured in
BBM treated with different NaCl concentrations. Significant
differences in the specific growth rate (p < 0.05) were
observed among algal cultures treated with different NaCl
levels. As shown in the figure, the specific growth rate of cul-
tures with 2.5 g/L (2.31 d™) and 5.0 g/L (0.229 d™*) NaCl was
higher than that of the control culture (0.213 d7), although
the differences were not significant (p > 0.05). On the other
hand, the specific growth rates of cultures containing 7.5 g/L

—O—Control
100 1 7580

25g/L
—%-10.0g/L

—A—5.0g/L
—O-15.0g/L

x 10¢/)/ml)

Cell density ((Cell number

Culture time (d)

Fig. 1. Growth curves for the batch cultures of Scenedesmus sp. in
BBM media with different levels of NaCl.

NaCl (0.208 d) and 10 g/L NaCl (0.199 d™) were signifi-
cantly lower (p < 0.05) than those of the cultures treated with
2.5 and 5.0 g/L NaCl. The culture treated with 15 g/L NaCl
had the lowest specific growth rate of 0.149 d~, which was
significantly lower (p < 0.001) than of all other cultures.

Similarly, a significant difference (p < 0.05) in the dry
biomass weight of Scenedesmus sp. was observed among
cultures treated with different NaCl concentrations. In the
control culture (BBM without NaCl), dry cell weight and
biomass productivity of 442 mg/L and 22.1 mg/L d, respec-
tively, were obtained. These are comparable with the results
of [23], who reported dry cell weight and biomass produc-
tivity of 421.85 mg/L and 22.72 mg/L d for Scenedesmus sp.
CCNM 1077 culture grown in BG-11 medium. The biomass
as dry weight of Scenedesmus sp. increased significantly
(p < 0.001) with the addition of 2.5 and 5.0 g/L NaCl. In both
cultures treated with 2.5 and 5.0 g/L NaCl, the maximum
cell dry weight and biomass productivity were 450 mg/L
and 22.5 mg/L d, respectively. On the other hand, high con-
centrations of NaCl (7.5-15 g/L NaCl) significantly reduced
(p < 0.05) the dry biomass weight as compared to that of the
control.

The above-results indicated that native Scenedesmus
sp. isolated from Lake Basaka grew well in the presence of
0-15 g/L NaCl in the culture medium. Besides, cultures with
2.5 and 5.0 g/L NaCl exhibited enhanced growth compared to
the control culture. However, a pronounced reduction in the
algal growth was observed in the culture treated with 15 g/L
NaCl. Elevated salt concentration negatively affects algal
growth and physiological metabolism due to the osmotic and
ionic stress it exerts [24]. Reduced algal growth rate and cell
dry weight were reported for different strains of Scenedesmus
sp. at higher salt levels [19,25]. Similar to our study, different
Scenedesmus strains have previously shown increased growth
in the presence of moderate salt levels [26-28]. In contrast,
other studies reported a reduced algal growth with salinity
increment irrespective of the salt concentration [6,10,23,29].
The enhanced growth of Scenedesmus sp. under moderate salt
levels observed in this study could be due to the brackish
nature of the lake from which the alga originated. Previous
studies have also reported enhanced growth of algae in
media with salt levels close to those of their habitats. Park
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Fig. 2. Specific growth rate and biomass as dry weight of Scened-
esmus sp. cultured under different salt levels. Values are means
of three independent measurements (1 = 3) and bars indicate
standard deviation.
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et al. [25] studied the growth of Scenedesmus quadricauda
isolated from a brackish water reservoir (with an aver-
age salinity of 3.7 g/L) at different salt levels and reported
enhanced algal growth at moderate salt levels (3 and 6 g/L),
which were similar to those of field conditions [24].

3.2. pH of the culture

The variations in the average pH values of the culture
during the cultivation period are illustrated in Fig. 3. For all
samples, the pH of the culture was found to increase with
culture age. The variations in pH of the culture medium
treated with relatively lower NaCl levels (0 to 5.0 g/L) were
found to be higher than those of cultures treated with salt
levels above 5 g/L NaCl mainly due to the enhanced photo-
synthetic activity at the lower salt levels. The pH levels of
the control and cultures treated with 2.5 and 5 g/L NaCl
increased by four units, ranging from 7.38 to 11.52. The
pH of the culture medium treated with 15 g/L, however,
ranged from 7.25 to 9.78. At a higher photosynthetic rate,
the amount of CO, utilized becomes higher than the supply,
which leads to a rise in culture pH [30]. In the actual con-
ditions where seawater was used, pH variation is expected
to be less than the experimental values due to the better
carbonate buffering capacity of seawater as compared to
that of freshwater [30].

3.3. Desalinization (Conductivity reduction)

In the present study, the elimination of salt from the
culture medium was monitored using measurements of
electrical conductivity. Before alga inoculation, the electri-
cal conductivity (EC) of the autoclaved culture media con-
taining various levels of NaCl was determined. Then the
EC of the filtered cultures was checked at 4 d interval. The
changes in EC of the culture media of the batch cultures of
Scenedesmus sp. gown in BBM containing different levels of
NaCl (0 to 15 g/L NaCl) are shown in Fig. 4.

In the present investigation, the conductivity of the cul-
tures declined significantly (p < 0.05) from the beginning to
the end of the cultivation period of the batch cultures of both
control and treatment cultures. For all cultures, the conduc-
tivity of the culture medium decreased steadily from the
start of the cultivation to the 12" day, during which more
than 70% of the total salt removed was observed. On the 16"
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Fig. 3. Average pH values of culture media with the cultivation
period.

culture day, the conductivity of the culture started to rise
again for cultures containing 5.0, 7.5, and 10.0 g/L. Except
for the control culture, which showed a rise in conductiv-
ity after the 16™ day, the conductivity of all cultures began
to drop again until the end of the culture period. The max-
imum salinity reduction occurred on the 20* culture day in
samples treated with 2.5, 7.5, 10, and 15 g/L NaCl. Whereas
in the control and culture with 5 g/L NaCl, the maximum
salinity reduction was observed on the 16™ and 12" days,
respectively.

The unexpected increase in culture conductivity could
be attributed to salt release from the dead algal cells. An
abrupt salt release from a dead algal cell was also reported
to have caused an increase in electrical conductivity in batch
cultures of Scenedesmus sp. and Chlorella vulgaris on the
18" culture day [29]. This indicated that pronounced salt
removal is expected to occur when the number of cells gen-
erated is higher than the number of cells lost. As a result,
algal biomass must be harvested during this period to pre-
vent salt from being released from the dead cells [31]. The
other possible explanation for the unexpected rise in the
conductivity of the culture is an active salt extrusion from
the algal cells. Under saline and hyper conditions, salt-tol-
erant microalgae use different salt export mechanisms
to maintain the ionic balance inside the cell [32]. Active
Na* export from living cells consumes the cell’s ATP. Thus
depleting internal ATP stores once the culture has achieved
high cell density protects salt extrusion from the algal cell.
This can be achieved through environmental manipulations
such as changing the light intensity, depleting nutrients and
essential metals, changing pH, and so on [31].

Microalgae remove salts both through bioaccumulation
(salt uptake) and biosorption (surface adsorption) [4,29].
Adsorption was discovered to be the primary mechanism
responsible for approximately 75% of salt removal [4].
Though adsorption is expected to be the main salt removal
mechanism, the contribution of bioaccumulation cannot be
overlooked. Yao et al. [33] reported a significant increment
in cellular Na* (12.0%-275.7%) for S. obliquus cultivated
at different salinities (5-25). The amount of salt removed

EC/EC,

0.7 1
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7.5g/L —%-10.0g/L —0-15.0g/L
0.6 T T T T 1
0 4 8 12 16 20
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Fig. 4. Conductivity reduction (EC/ECo) in Scenedesmus sp.
grown in BBM dosed with different NaCl concentrations. Val-
ues are means of measurements in three independent samples
(n = 3). The error bar indicates the standard deviation.
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either by adsorption or salt uptake is expected to increase
as the number of algal cells in the culture increases. Sahle-
Demessie et al. [29] observed a steeper decline in electrical
conductivity during the growth phase. Similarly, Sergany
et al. [34] observed a minor reduction in the total dissolved
solids (TDS) of saline water after the 16" day of the batch
culture of Scenedesmus sp. probably due to a reduced algal
growth after this culture period. As a result, adjusting
favorable algal growth conditions for biomass produc-
tion, such as temperature, light, and nutrients, is expected
to increase the efficiency of desalination

3.4. Effect of salt concentration on desalination

Fig. 5 shows the desalination efficiency (%) of Scenedes-
mus sp. cultured in BBM with various NaCl concentrations
at the end of the batch culture (20" day). Results of one-way
ANOVA indicated a significant difference (p = 0.002) in the
desalination efficiency (%) among cultures treated with dif-
ferent NaCl levels. As can be seen from Fig. 5, the sample
treated with 2.5 g/L NaCl had a maximum desalination effi-
ciency of 23%, which was substantially greater (p < 0.05) than
all the other cultures. Whereas, the minimum desalination effi-
ciency of 15% was recorded in the culture treated with 10 g/L
NaCl. The desalinization efficiency observed in this study
is within the range of values recorded [11], which reported
a conductivity reduction of 3% to 26% for batch cultures of
S. obliquus and Scenedesmus obutus grown in BBM treated
with 0.5 to 10 g/L NaCl. A higher desalination efficiency
(30%) was reported for different Scenedesmus sp. cultivated
at different initial salt levels and culture conditions [10,29].

In the present study, no direct relationship between NaCl
concentration and desalination efficiency was observed. As
the amount of NaCl rose from 0 to 2.5 g/L, the desalination
efficiency increased from 15.6% to 22.8%. Then it decreased
to 17.4% (for culture treated with 5.0 and 7.5 g/L NaCl) and
15.3% for culture with 10 g/L NaCl. However, the desalina-
tion efficiency raised to 16.9% as the amount of salt added
increased to 15.0 g/L NaCl. Similar to our study, no direct
relationship between salt level and salinity reduction was
observed for S. obliqguus and S. obutus [11]. The correla-
tion between initial salinity and desalination efficiency is
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Fig. 5. Desalination efficiency (%) of batch cultures of Scened-
esmus sp. in BB medium dosed with different NaCl concentra-
tions. Values are the means of three replicate samples. The error
bar indicates the standard deviation.

not consistent between studies. Gan et al. [10] observed a
consistent increase in desalination efficiency with salinity
increments from 2.2 to 8.8 g/L. In contrast, an inverse rela-
tionship between conductivity reduction and initial conduc-
tivity levels (24-59.8 mS/cm) was observed for indigenous
microalgal consortium isolated from evaporation pond
concentrates [35].

The algal desalination potential observed in this study
could be improved further by altering various factors.
Operational conditions such as algal dose, temperature, light
intensity, pH, and CO, concentration have been reported to
influence algal salt removal effectiveness [4,34,36,37]. In this
study, an initial algal dose of 1.18 x 10° cell/mL was used
for the batch culture study. Increasing the initial algal cell
density is expected to improve the salt removal efficiency.
Sergany et al. [34] reported a direct relationship between
algal dose and TDS removal efficiency for Scenedesmus sp.
cultured in a pilot plant consisting of three consecutive
basins. Accordingly, the TDS removal increased from 0% of
algal levels of 150 mL/path to 62.7% and 87.7% of 300 and
400 mL/path, respectively [34]. In addition to algal dose,
growth conditions were also found to affect the algal desali-
nation capacity. Sergany et al. [36] reported a 0.5% increment
in TDS removal efficiency for each 2°C temperature incre-
ment. Another study Azmi et al. [37] also reported a change
in desalination potential due to the interactive effect of tem-
perature, light, and pH for the cyanobacterium Synechococcus
sp. PCC 7002. In the present study, the culture was grown
at experimentally determined optimal temperature and light
levels. However, the air was used as a CO, source, which
contains only roughly 0.04% of CO,. Due to the low CO,
input, the pH of the culture gradually increased throughout
the cultivation time. A previous study has shown that an
extra source of CO, is required for improved algal growth,
biochemical composition as well as management of pH vari-
ations in the culture medium [38]. As a result, the provision
of more CO, may boost algal growth and the entire desali-
nation process. Nonetheless, further research is needed to
fully comprehend the impact of each element of the culture
condition on algal biodesalination ability.

3.5. Effect of salt on lipid content and production

Microalgae are becoming increasingly attractive as a
source of high-lipid material for biofuel generation for dif-
ferent reasons. Unlike first-generation biofuel feedstocks,
microalgae do not compete with food crops and can be
grown on non-arable land [39]. Microalgae could be culti-
vated in brackish and seawater, which reduces the cost of
water and also the risk of contamination by other species.
Furthermore, the algal lipid content can be induced under
stressed conditions such as high salinity [40]. The lipid con-
tent and lipid production of Scenedesmus sp. at various salt
concentrations are shown in Fig. 6. A significant change in
lipid content (p < 0.05) was observed among cultures treated
with various NaCl levels. The lipid content of Scenedesmus
sp. grown in the control culture (BBM without additional
NaCl) was 20.2% of the dry cell weight. This value is con-
sistent with a previous study [22], which reported a lipid
content of 20.8% for the same local species grown in BBM
medium. Meanwhile, lower lipid contents of 12.8% [6] and
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18% [28] were reported for S. obliqguus XJ002 and S. obliquus
HM103382 grown in BG-11 and BB media, respectively.

Stressful growth circumstances, such as high salinity,
are reported to induce the algal lipid content. An increase
in algal lipid content under salt stress has been documented
for different Scenedesmus strains [6,10,23]. Under salt stress,
lipid biosynthetic pathways shift from membrane lipid syn-
thesis towards neutral lipid accumulation, primarily tri-
acylglycerol, and glycerol, which are ideal feedstocks for
biodiesel [41]. The lipid content of Scenedesmus sp. increased
from 20.2% to 25.7% as the concentration of NaCl added to
the medium grew from 0 to 10 g/L, respectively. However,
it decreased again to 24% as the concentration of NaCl fur-
ther increased to 15 g/L. Yet, the amount of lipid in the cul-
tures treated with NaCl was considerably higher (p < 0.05)
than in the control culture, except in the culture treated
with 2.5 g/L NaCl. Similarly, an increase in lipid content
from 18% to 34% was observed in S. obliquus as the quan-
tity of NaCl added to BBM grew from 0 to 25 mM (approx-
imately 1.5 g/L NaCl). However, the lipid content dropped
to 21% as the salt concentration increased further to 100 mM
NaCl (about 5.8 g/L) [28]. The highest lipid content of about
26% was observed in the culture with 10 g/L NaCl, which
is about 27% higher than in the control. The maximum
lipid content obtained in this study is high compared to
S. obliquus, which exhibits 21% when grown at a salinity of
8.8 g/L NaCl [10]. Others report a lipid content higher than
30% [6,28] for Scenedesmus sp. treated with different salt
levels.

Because of the reduced algal growth under salt stress,
most investigators found an inverse correlation between
lipid content and lipid production rate [10]. In our study,
the lipid production of Scenedesmus sp. increased as the level
of NaCl in the culture medium increased from 0 to 5 g/L
NaCl. This is due to the increased algal growth and biomass
at moderate salt levels of 2.5 and 5.0 g/L. NaCl. For cultures
with 0, 2.5, and 5.0 g/L NaCl, lipid production was found
to be 89, 94.6, and 108.7 mg/L, respectively. Cultures treated
with 7.5, 10, and 15 g/L NaCl, on the other hand, produced
98, 96, and 72 mg/L of lipids, respectively. Algal cultures
with greater lipid productivities but intermediate lipid accu-
mulation (20%-50%) are favored for mass cultivation over
those with higher lipid content but lower lipid production
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Fig. 6. Lipid content (%) of dry cell weight and lipid produc-
tion rate (mg/L) of Scenedesmus sp. biomass at a different salt
concentration.

[42,43]. As a result, a culture medium with 5 g/L NaCl can
be considered to have the optimum salinity level for lipid
production.

3.6. Integrating biodesalination with lipid production

The above-results indicated that Scenedesmus sp. isolated
from Lake Basaka could be employed for the simultaneous
use of brackish water desalination and lipid production.
Table 1 summarizes the overall results for the batch culture
of Scenedesmus sp. grown in BBM treated with 0-15 g/L. NaCl
at the end of the batch culture. The salt level at which maxi-
mum desalination efficiency and lipid production occurred
at different salt levels, as shown in the table. Maximum
desalination efficiency of 23% was observed in the culture
treated with 2.5 g/L. NaCl. However, if we consider the total
amount of salt removed from the given culture, 17% EC
reduction in the culture treated with 15 g/L NaCl was by
far better than the 23% reduction in the culture treated with
2.5 g/L NaCl. Maximum lipid production (109 mg/L), on the
other hand, was recorded in a culture containing 5 g/L NaCl.
As a result, the best salt level for simultaneous desalination
and lipid production was found to be for the culture treated
with 5 g/L NaCl. A similar study by Gan et al. [44] exam-
ined the potential of Scenedesmus obliquus for simultaneous
use of desalination and lipid production using a Blue-Green
medium (BG-11) having salinity between 1.2 to 8.8 g/L
NaCl. According to this study, a salinity of 4.8 g/L NaCl
was found as an acceptable salt level for this coupled sys-
tem. At this salt level, a salt removal of 1 g/L (around 20.8%
desalination efficiency) and lipid production of 100 mg/L
was achieved. The desalination efficiency reported in the
study [44] was slightly higher than our result, while the
lipid production was lower. This could be due to the differ-
ence in culture growth conditions such as nutrient media
used. In Gan et al. [44], study BG-11 media, having rela-
tively higher nitrate concentration (1.5 g/L of NaNO,) [45]
compared to BBM (0.25 g/L. NaNO,), was used. This high
nitrate concentration could increase the algal growth and
biomass produced, which in turn improve the salt removal
process. Similarly, the high lipid production observed in
our study could be due to the lower nitrate concentration
in BBM, which facilitates lipid accumulation. The increase
in lipid accumulation under a nutrient limitation is well
documented in previous studies [46,47]. However, addi-
tional investigations on the effect of nutrient concentration
on the performance of this coupled system are required.

According to the present and prior studies, total desali-
nation cannot be accomplished in a single batch cycle. Hence,
a multi-stage desalination process is required for the prac-
tical implementation of algal-based desalination to produce
the necessary water quality for the intended use (Fig. 7). The
number of desalination stages required is determined by
the desired water quality, the water’s initial salinity, and the
algal desalination capability in a single batch cycle [48].

In a multi-stage desalination process, the saline water
desalted in the first stage of the process will be transferred
to the second-stage and desalted with new microalgae cul-
ture, and so on. Thus, the overall salt removal capacity will
then be boosted as a result of this operation. The biomass
collected at each stage will be collected and used for lipid
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Fig. 7. Multi-stage microalgae-based desalination integrated with biodiesel production.

Table 2

Summary of the desalination efficiency, lipid content, and lip-
id production of Scenedesmus sp. grown in BBM containing
various levels of NaCl

Culture (/L. Desalination  Lipid Lipid production
NaCl added) efficiency (%) content (%) (mg/L)

Control 156+1.5 202+1.4 89.1

2.5 22.8+3.5 21.0+0.6 94.6

5.0 174+1.2 242 +0.8 108.7

7.5 174+0.9 245+09 98.1

10.0 15.3+0.1 257+1.2 96.3

15.0 16.9+0.8 24.0+1.0 72.1

extraction, which could be converted into biodiesel through
the transesterification process. A group of researchers from
Egypt has built an outdoor continuous algal pond containing
three consecutive basins to study the desalination capacity
of Scenedesmus sp. under natural conditions. They reported
a TDS removal above 95% from the three basins with initial
TDS of the water ranging from 2,000 to 40,000 ppm [49].

3.7. Biomass harvest and downstream processing

Algal harvesting or dewatering is the biggest downside
connected with algal downstream processing, accounting
for 20%—-30% of the overall production cost. The small size
and density of most algal cells with negatively charged cell
surfaces make biomass harvesting challenging [50]. The most
common algal harvesting techniques include centrifugation,
filtration, and gravity sedimentation. The choice of biomass
recovery depends on the biomass slurry’s density and the
value of the end product [51]. The use of attached cultivation
can also be considered as an alternative for the suspended
culture due to the ease of harvesting [52].

The presence of salt in the algal biomass is another major
obstacle to utilizing salt-water-grown microalgae to produce
valuable biochemicals. For marine microalgae cultivated in
saline water, the cell dry weight of non-washed algal bio-
mass was found to be 1.2 times higher than that of biomass

cleaned with distilled water [53]. Furthermore, the presence
of salt on the algal cell wall was visible in a scanning elec-
tron microscopy (SEM) image of salt-grown alga [54], which
could impair downstream processing. Knoshaug et al. [55]
reported a difference in lipid extraction yield from the fer-
mentation broth between the salt-water and fresh-water
grown algal biomass. Washing solvents such as distilled
water, HCl, and ammonium bicarbonate have been sug-
gested to remove salt from the algal biomass to produce fatty
acids and other valuable products from marine microalgae.
The washing solvent was found to affect the composition
of the biochemicals produced from the biomass. Significant
differences in the relative abundance of saturated fatty acids
were observed between algal biomass cleaned with different
washing treatments and reported that the untreated biomass
resulted in a better fatty acid profile than distilled water-
washed biomass for biodiesel production [54]. However,
further studies are required to understand the effect of dif-
ferent washing treatments on algal lipid yield and biodiesel

quality.

4. Conclusions

The present study shows that native Scenedesmus sp.
isolated from a saline lake, Lake Basaka, can be used for
simultaneous brackish water desalination and lipid pro-
duction. The maximum desalination efficiency of 23%
was achieved in the sample treated with 2.5 g/L NaCl.
Whereas, the minimum desalination efficiency of 15% was
observed in the sample treated with 10 g/L NaCl. The algal
lipid content increased from 20% to 26% as the amount of
NaCl in the medium increased from 0 to 10 g/L. Due to the
enhanced algal growth at moderate salt levels, a maximum
lipid production of 108 mg/L was observed in the culture
treated with 5 g/L NaCl. Thus, the sample treated with 5 g/L
NaCl seems suitable for the simultaneous desalination and
lipid production system. At this salinity level, a desalina-
tion efficiency and lipid production of 17% and 109 mg/L,
respectively, were achieved. This study shows that native
algal species originating from a saline habitat could be uti-
lized for simultaneous desalination and lipid production
systems.
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