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KEYWORDS Abstract The biodesalination performance of the cyanophycean Phormidium keutzingianum con-
Biodesalination; centrated using two methods (centrifugation and immobilization) was evaluated for the first time
Phormidium keutzingianun; at NaCl concentrations of 10, 30, 50, and 70 g/L. In addition, the osmoregulation ability of P.
Biosorption; keutzingianum was assessed at high salinities (50, 70, 85, and 100 g/L) over a relatively short time
Bioaccumulation; period. The pH, electrical conductivity, and chloride, nitrate, and phycocyanin concentrations were
Algal growth; measured during all experiments. The immobilization method of concentration resulted in a chlo-
Osmoregulation ride removal rate of up to 44 % during the osmoregulation experiment at a salinity of 100 g/L. For

the centrifugation method, the chloride removal rate was 26 % on the 20th day of observation for
10 g/L. Thus, the immobilization method resulted in faster chloride ion removal than the centrifu-
gation method. The findings demonstrate that biodesalination efficiency can be enhanced by the use
of different P. keutzingianum preparation methods.
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1. Introduction

The primary applications of algae/cyanobacteria include biofuels, food
processing, animal feed, fertilizers, therapeutic supplements, and cos-
metics (Barsanti and Gualtieri, 2014). Recently, cyanobacteria cultiva-
tion has been suggested to treat wastewater because cyanobacteria
consume nitrate and phosphate ions for growth (Ahmad, 2021; El-
Sheekh et al., 2022). Several recent studies have focused on the use
of algae and cyanobacteria to treat saline water (Zafar et al., 2021).
This procedure, which is commonly termed biodesalination, is a poten-
tial inexpensive desalination solution in places that lack sources of
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freshwater. In biodesalination, algae/cyanobacteria consume the ions
that negatively affect the water quality as a source of nutrients for
growth. As a result, the water can be treated, and the biomass can
be further utilized for other commercial products. Furthermore, biode-
salination is expected to result in less brine being returned to the sea,
resulting in reduced marine toxicity.

Cyanobacteria consume ions and nutrients through different meta-
bolic processes, including biosorption and bioaccumulation (Wei et al.,
2020). In biosorption, ions attach to the outer cell walls of living
organisms due to the presence of different charges, extracellular poly-
meric substances (EPS), and functional groups (Sahle-Demessie et al.,
2019; Wei et al., 2020). In bioaccumulation, cyanobacteria consume
ions through diffusion and ionic transport, and the ions accumulate
inside the cells (Zafar et al., 2021). Therefore, the efficiency of the
cyanobacteria is independent of the cultivation method used to remove
salt from the water. Different growth factors can be considered to
increase the efficiency of algae/cyanobacteria for biodesalination,
including the selection of species, light intensity, nutrient media, air,
and carbon dioxide (Gao et al., 2021; Singh and Singh, 2015; Zafar
et al., 2021).

In biodesalination studies, the main goal of algae/cyanobacteria
cultivation is to achieve the maximum salt removal from brackish or
saline water. Barahoei et al. (2021) used Chlorella vulgaris (C. vulgaris)
for brackish water desalination and obtained a maximum salt removal
rate of ~80 % in water with a low salinity of 1 g/L. C. vulgaris is a
freshwater species that is adaptable to saline water. Therefore, some
of these cyanobacteria and algae are found in halophilic environments
such as salty marshes and salt lakes. Phormidium keutzingianum is a
terrestrial cyanobacteria with a filamentous morphology. While P.
keutzingianum is known to be halotolerant (Kirkwood et al., 2008),
it has not been investigated in different treatment methods. In studies
on salt removal with algae and cyanobacteria biomass is often directly
inoculated in water (suspension) (Figler et al., 2021, 2019; Lutzu and
Dunford, 2019; Sahle-Demessie et al., 2019). Such studies on salt
removal from algae/cyanobacteria suspensions have obtained salt
removal rates reaching 70-80 % in different experimental setups. In
another study, algae and wastewater activated sludge consortia was
tested on produced wastewater removing 25 % of chloride ions using
the strain in suspension (Nadersha and Aly Hassan, 2022). Table 1
summarizes the findings of studies on salt removal using several strains
of algae and cyanobacteria based on the factors of treatment method,
salt removal efficiency, treatment time, nutrient media, and light
intensity.

As shown in Table 1, most studies on biodesalination by algae/-
cyanobacteria have focused on suspended algae/cyanobacteria. Wei
et al. (2020) applied the concentrating method on S. obliquus by cen-
trifuging and freeze-drying the sample at —60 °C for 12 h. However,
in their study, salinity was reduced by 15 % using concentrated S. obli-
quus, which was less than the treatment used in suspension, i.e., 20 %.
Technically dense biomasses should have more tendency to consume
ions based on species taxonomy and their natural habitat, which is
hypothesized with the same argument on study of ions uptake (Zafar
et al., 2021). Zafar et al. (2022a) used P. keutzingianum strain in sus-
pension and achieved around 40 % removal efficiency of chloride
ion in 10 g/L salinity. Their study was not performing any further
treatment on the strain P. keutzingianum. Another significant factor
in biodesalination studies is the salinity ranges, which were mostly in
the ranges of brackish water, i.e., between 1 and 20 g/L; see Table 1
for reference.

Furthermore, P. keutzingianum is one of the halophytic strains that
have the capacity to survive even at harsh salinity of 70 g/L (Zafar
et al., 2022b). Another observation found in Table 1 is that the studies
conducted at lower brackish salinities have significant salt removal effi-
ciencies. Therefore, in this study, we evaluated the biodesalination per-
formance of P. keutzingianum concentrated using two approaches
(immobilization and centrifugation) in water from salinity levels (10,
30, 50, and 70 g/L NaCl).

The critical factors related to growth and higher cell density are
mainly supplemental media and light intensity. Nutrient media serves
as a food supplement for the growth of algae or cyanobacteria cells
containing essential ions such as sodium, calcium, potassium, magne-
sium, iron, nitrate, nitrite, phosphate, sulfate, and chloride ions. The
light intensity is necessary for the cultivation of algae/cyanobacteria
due to the presence of chlorophyll-a, b pigment that executes the pho-
tosynthesis process (Ho et al., 2012; Singh and Singh, 2015). Algae
consume ions and light for photosynthesis, in which natural sugars
are produced along with adenosine triphosphate (ATP) for energy
and growth (Gao et al., 2021). In most nutrient media, the salts are
similar; however, only the final concentration of ions varies in different
recipes. Moreover, the target is to grow a higher number of cells with
the nutrient media.

Moreover, the durations of past studies on algae/cyanobacteria in
suspension were relatively long. Therefore, we also attempted to reduce
the time needed to treat saline water. Finally, we conducted an
osmoregulation experiment using only the immobilization method of
concentration to evaluate the tolerance of P. keutzingianum to extreme
salinities (50, 70, 85, and 100 g/L NaCl) over short retention times. The
objectives were as follows: 1) estimate the salt tolerance of P. keutzin-
gianum; 2) evaluate the ion/salt removal rate of P. keutzingianum by
measuring the electrical conductivity (EC) and Cl™ ion content; 3)
examine the biosorption and bioaccumulation of P. keutzingianum
concentrated by centrifugation and immobilization in water with dif-
ferent salinities and reveal the possible mechanism; and 4) evaluate
the osmoregulation effect of P. keutzingianum concentrated by immo-
bilization to reveal the rate of Cl™ ion removal over short durations.

2. Materials and methods
2.1. Materials

2.1.1. Cyanobacterial culture inoculation

P. keutzingianum was collected from the culture collection cen-
ter at the University of Texas, Austin. The stock of cyanobac-
teria was inoculated into a 1000-mL Erlenmeyer flask at 23 °C
and cultivated at an irradiance of 2885 Ix continuously.

The volume of P. keutzingianum solution was scaled up to
5000 mL in a Schott bottle. Air was supplied continuously to
increase the stock of cyanobacteria. The Schott bottle was agi-
tated at 2000 rpm on a magnetic stirrer to uniformly mix the
cyanobacteria.

2.1.2. Reagents and nutrient media preparation

The following analytical grade reagents in the experiments
were used containing sodium nitrate NaNO;z (98.5 %),
dipotassium hydrogen phosphate K,HPO,4 (98.5 %), magne-
sium sulfate heptahydrate MgSO,4-7H,0 (99 %), calcium chlo-
ride dihydrate CaCl,-2H,O (99 %), citric acid monohydrate
C¢HgO7-H,O (99.5 %), disodium EDTA dihydrate Na,-
EDTA-2H,0O, and anhydrous sodium carbonate Na,CO;
(99.8 %). For preparing trace metal solution following analyt-
ical grade reagents used containing anhydrous boric acid
H;BO;5; (99.5 %), manganese chloride tetrahydrate MnCl,-
-4H,0 (99.5 %), zinc sulfate heptahydrate ZnSO47H,O
99 %), sodium molybdate dihydrate Na,MoO4-2H,0O
(99.5 %), copper sulfate pentahydrate CuSO,4-5H,0O, cobalt
(IT) nitrate hexahydrate Co(NO3),-6H,O The BG-11 medium
contained all these reagents in 10 mL volume per liter. The
trace metal solution was spiked with a 1 mL of volume per
liter. P. keutzingianum was grown in BG-11 + 10 g/L NaCl.
All these reagents were purchased from the Scientific Progress
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Table 1 Salinity removal efficiencies achieved in biodesalination studies using different strains in suspension or concentrated; (a)
Treatment method; (b) Removal efficiency (%); (c) Treatment Time (days); (d) Nutriet media; (e) Light intensity/Irradiance (Lux).

Species/Taxa TM ® Salinity RE® TT °(days) NM ¢ LI®(Lux) Reference

(g/L)
Phormidium keutzingianum (Cyanobacteria) —SS' 30 46 % 68 BG-11+ 2885 Zafar et al. (2022b)

50 44 % 1 % NaCl’

70 29 %
Phormidium keutzingianum ( Cyanobacteria) SS 10 40 % 80 BG-11+ 2885 Zafar et al. (2022a)

1 % NaCl
Chlorella vulgaris (Algae) SS 1 80 % 15 M.BG-11 1700 Barahoei et al. (2021)
Coelastrum morus (Algae) SS 10 70 % 14 BBM 1320 Figler et al. (2021)
Scenedesmus obliquus (Algae) SS 8.8 20 % 0.02 BG-11 1650 Wei et al. (2020)
Scenedesmus obliquus (Algae) c’? 8.8 15% 0.02 BG-11 1650 Wei et al. (2020)
Chlorella vulgaris (Algae) SS 20 27% 14 BBM 1320 Figler et al. (2019)
Scenedesmus obliquus (Algae) SS 4 30 % 40 f/2 medium® 1320 Sahle-Demessie et al. (2019)
Scenedesmus obliquus (Algae) SS 5 39% 14 BBM 1320 Figler et al. (2019)
Phormidium keutzingianum ( Cyanobacteria) SS 13.5 64 % 30 BG-11+ 1320 Lutzu and Dunford (2019)
1 % NaCl

Geitlerinema amphibium (Cyanobacteria) SS 13.5 33% 30 A+ 1320 Lutzu and Dunford (2019)
Geitlerinema carotinosum (Cyanobacteria) SS 13.5 35% 30 A+ 1320 Lutzu and Dunford (2019)
Aphanothece sp. (Cyanobacteria) SS 13.5 28 % 30 BG-11 1320 Lutzu and Dunford (2019)
Nannochloropsis oculate (Algae) SS 2.8 10% 10 f/2 medium 1900 Shirazi et al. (2018)
Scenedesmus obliquus (Algae) SS 4.8 80 % 16 BG-11 1650 Gan et al. (2016)

! Suspension treatment method.

2 Blue-green algae medium.

3 Concentrated.

4 £/2 is a common enriched seawater medium.

3 A+ medium is basically saline water in brackish range (18 ppt) and pH between 6 and 8.

L.L.C., AlAin, UAE. Distilled water was used to prepare the
stock solutions of these reagents and their final concentrations
are presented in (Supplementary Data-Table S1).

2.1.3. Saline medium preparation

For saline water experiments, synthetic saltwater was prepared
in the laboratory using NaCl. The salt was added to the
growth medium BG-11, which was the source of nutrition
for the cyanobacteria. The salt was added to obtain NaCl con-
centrations of 10, 30, 50, and 70 g/L in the BG-11 medium
(BG-11 + 10 g/L NaCl, BG-11 + 30 g/L NaCl, BG-
11 + 50 g/L NaCl, and BG-11 + 70 g/L NaCl), respectively;
Supplementary Data Table S2). For the osmoregulation exper-
iment, salt was added to the BG-11 medium to obtain final
concentrations of BG-11 + 50 g/L NaCl, BG-11 + 70 g/L
NaCl, BG-11 + 85 g/L NaCl, and BG-11 + 100 g/L NaCl.
The term “‘salinity” used in this article refers to the NaCl salt
concentrations and its reduction measured by electrical con-
ductivity and ion chromatography.

2.1.4. Negative control preparation

A negative control was prepared for the centrifugation exper-
iments by adding NaCl salt to BG-11 medium to obtain salt
concentrations of 10, 30, 50, and 70 g/L (Supplementary
Data-Table S2). The composition of BG-11 was the same as
for the growth of cyanobacteria. The cyanobacteria could
not grow in the negative control and were replaced instantly
if cyanobacteria grew inside the reactors. The negative control
for the immobilization experiments was prepared by adding
alginate beads into solutions with different salt concentrations.
A 5 % sodium alginate (SA) solution was prepared at 5000—
7000 rpm on a magnetic stirrer. The mixed SA solution was

placed on a syringe pump, and beads were prepared by drop-
ping the SA into a 2 % (w/v) calcium chloride solution at a
rate of 5 mL/min. Each reactor was poured with 12.5 % of
beads volume in 200 mL of final volume.

2.2. Cyanobacteria treatment methods

2.2.1. Cyanobacteria concentration via centrifugation

The cyanobacteria were collected from the stock in 50-mL cen-
trifuge tubes. The tubes were centrifuged (Thermo Scientific-
SL8, Waltham, Massachusetts, U.S.) at 6000 rpm for
10 min. The supernatant was discarded, and the cyanobacteria
were washed twice with deionized (DI) water. The centrifuged
cyanobacteria were resuspended to a volume of 10 mL with DI
water in a graduated cylinder. The cyanobacteria concentrate
was kept in a refrigerator at 4 °C overnight.

Batch experiments using the centrifuged cyanobacteria were
conducted using Schott bottles (250 mL) as reactors. The salt,
including the nutrient source, was added to a volume of
240 mL. The solution was mixed by agitating at 5000 rpm
on a magnetic stirrer. The stirred solution was placed in the
refrigerator overnight at 4 °C. The remaining 10 mL of cen-
trifuged cyanobacteria was then added to the reactor to reach
the final volume of 250 mL. The reactors were placed on a 10-
plate magnetic stirrer (Fine PCR-ST10, South Korea) at
200 rpm for experimentation.

2.2.2. Cyanobacteria concentration via immobilization

Immobilized beads were formed as follows. First, immobilized
algal beads were prepared by collecting cyanobacteria from the
stock in 50-mL falcon tubes (approximately 24-30 tubes in
total) to reach the desired volume. The cyanobacteria-filled
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tubes were centrifuged at 7500 rpm for 15 min, and the super-
natant was discarded. The biomass was resuspended using a
vortex machine set at 2000 rpm. The concentrated biomass
was collected in a graduated cylinder up to 50 mL. To prepare
the algal beads, SA 5 % (w/v) solution was prepared in a 500-
mL beaker and stirred on a magnetic stirrer at 7000-8000 rpm
for complete mixing. To determine the optimal ratio of SA to
blue-green algae, a preliminary experiment was performed to
check the efficacy of the algal beads with mixing ratios of
1:1, 2:1, and 3:1 (SA: blue-green algae, v/v) were tested. A
4 % (w/v) calcium chloride solution was prepared to stabilize
the spherical shape of SA beads. Finally, the SA and blue-
green algae mixture were loaded into a syringe pump, and
the beads were formed in the calcium chloride solution, which
was placed in beakers below the syringe pump (flow rate =
5 mL/min). The beads were left overnight to settle and form
circular shapes. On the next day, the beads were washed with
DI water. The average bead size was approximately 2.3 + 0.
5 mm. Based on the preliminary experiment, a 2:1 ratio of
SA to blue-green algae (v/v) was optimal. This ratio was used
in all immobilized cyanobacteria experiments, including the
osmoregulation experiment. Finally, the beads were placed in
the BG-11 + NacCl reactors. Four different concentrations
of NaCl were evaluated: 10, 30, 50, and 70 g/L. Three replicate
experiments were conducted for each concentration to ensure
precision and accuracy in the results. Each reactor contained
200 mL of BG-11 + NaCl and 25 mL of beads. A mesh was
added to displace the beads toward the wall of the beaker to
receive sufficient light for growth.

2.2.3. Phycocyanin (PC) experiment

After some time, a blue pigment was observed in the reactors.
The pigment released by the cyanobacteria was determined to
be PC, a primary blue phycobiliprotein pigment found in
cyanobacteria that has many applications in the food, cosmet-
ics, and biotechnology industries (Wood et al., 2015). To verify
the presence of PC, we conducted a series of experiments with
salinities of 10, 30, 50, and 70 g/L in 200-mL reactors with
immobilized cyanobacteria. The cyanobacteria were prepared
as described in Section 2.2.2, and the experiments were per-
formed in triplicate. The PC concentration was determined
using the following equation based on the optical densities at
615 and 652 nm (ODg;5 and ODgs,, respectively), which were
measured using a spectrophotometer (Hach DR-3900, Ger-
many) (Arashiro et al., 2020; Beer and Eshel, 1985):

PC(%) — [OD015*05».437:><0D652] (1)

2.2.4. Osmoregulation experiment

To verify the ability of the algal beads to uptake ions under
extreme salinity, an osmoregulation experiment was conducted
using immobilized cyanobacteria, as described in Section 2.2.2.
The reactor volume was 250 mL. The difference between this
experiment and the immobilization experiment described in
Section 2.2.2 was the salt concentration in the reactor and
the experimental duration. The salinities used in this experi-
ment were 50, 70, 85, and 100 g/L. Water samples were col-
lected from the reactors before adding the cyanobacteria and
at different time points after cyanobacteria inoculation (15,
30, 60, 120, 240, and 360 min). The C1I~ and NOj3 concentra-

tions were monitored using ion chromatography. Table 2 sum-
marizes all experiments conducted during this study.

2.3. Statistical analysis

All reactors were run in triplicate, and the parametric results
are reported as mean = standard deviation. Differences
between means were evaluated by one-way analysis of variance
(ANOVA), and the significance of differences were assessed by
Tukey’s test using OriginPro 2020 SR1 Version 9.7 (Origi-
nLab, Northampton, MA, USA). The ANOVA analysis com-
pared the two cyanobacteria concentration methods
(centrifugation and immobilization) at a given salinity along
with different salinities. Tukey’s r-test results are shown in
the (Supplementary data — Fig. S2) as a box plot results.

2.4. Parametric and analytical measurements

The pH was continuously monitored using a pH probe
(Extech-407228, China). Salinity was measured based on the
EC (Horiba-LAQUA EC210, Japan). The anion concentration
was measured by ion chromatography (Thermo Scientific-
Dionex Aquion AS-DV, Waltham, Massachusetts, U.S.).
NOs3 and CI™ were the most abundant ions measured by ion
chromatography. A dilution factor of 1000x to 2000x was
used when sampling saline water for ion chromatography.
For the osmoregulation experiment, a higher dilution factor
of 2500x (85-100 g/L) was used due to the higher instrument
sensitivity. The diluted samples were filtered by a 0.22-um
nylon membrane to avoid contamination of the ion chro-
matography column.

The optical density at 620 nm was measured by a spec-
trophotometer (HACH-DR3900, Germany) to estimate the
growth of centrifuged P. keutzingianum in 10-mL aliquots col-
lected from the reactors (Suryata et al., 2010; Zafar et al.,
2022a). The corresponding data can be found in Section |
(Supplementary Data — Fig. S1).

3. Results and discussion

3.1. Changes in pH

The pH is an essential parameter that provides information
about the redox reaction and metabolic reactions that lead
to the exchange of electrons/ions during photosynthesis in
algae/cyanobacteria (Gao et al., 2021). Fig. 1a illustrates the
change in pH in solutions of centrifuged cyanobacteria during
cultivation from day 0 to day 70. In the negative control, the
pH remained in the range of 7.5-8.0 for all tested salinities.
In contrast, the pH values measured on day 0 in the reactors
containing centrifuged cyanobacteria were 8.8, 8.9, 9.0, and
9.2 for salinities of 10, 30, 50, and 70 g/L, respectively. The
maximum pH (11.9) was observed on day 42 at the salinity
of 10 g/L. Similar patterns were observed at salinities of 30,
50, and 70 g/L, with maximum pH values of 11.4, 11, and
10.9, respectively. At the end of the experiment (70 days),
the pH values at salinities of 10, 30, 50, and 70 g/L had
decreased to 10.8, 9.8, 9.1, and 9.4, respectively.

The photosynthetic activity of algae/cyanobacteria usually
increases the pH due to the transfer of electrons from photo-
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Table 2 Summary of the experimental conditions used to compare the two methods for concentrating cyanobacteria for

biodesalination.

Treatment method Salinity

(g/L)*

Temperature (°C)

Duration of
experiment

Volume of
reactor (mL)

Light Intensity
(Lux)

Centrifugation 10 23-25
30
50

70

Immobilization 10 23-25
30
50

70

Immobilization (Phycocyanin) 10 23-25
30
50

70

Immobilization 50 23-25
(Osmoregulation) 70
85

100

2885 250 60 d

2885 200 14 d

2885 200 14 d

2885 200 360 min

Note: * denotes that the experiment was conducted in triplicate.
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Fig. 1

system II (PSII) to photosystem (PSI). However, other factors
also contribute to the increase in pH. During photosynthesis,
the cyanobacteria experience electron exchange, ionic
exchange, and carbon fixation. The Na™/H™ antiporters,
which are key channels involved in Na™ and H™ circulation
in eukaryotes and prokaryotes, play essential roles in Na™
homeostasis and affect cell pH (Padan and Schuldiner,
1993). Since the current experiment was conducted in hyper-
saline water, significant Na™ ions were available for the
Na™/H™ antiporters. The optimum pH range for cyanobacte-
ria is between 7.5 and 10 (Singh et al., 2016). However, in this
study, we observed higher pH values in the centrifuged
cyanobacteria experiments at all tested salinities. Two factors
might have contributed to this high pH. First, at high salinity,
the Na™/H™ antiporters may activate at an elevated Na™ con-
centration (Blumwald et al., 1984; Nitschmann and Packer,

8.5
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The pH as a function of time for the (a) centrifuged cyanobacteria experiment and (b) immobilized cyanobacteria experiments.

1992). However, cyanobacteria can neutralize the pH in the
cell cytoplasm (Elanskaya et al., 2002). A sodium cycle involv-
ing Na*/H" antiporters maintains pH homeostasis in
cyanobacteria growing at high pH (i.e., 12-14), similar to het-
erotrophic bacteria (Padan and Schuldiner, 1993). Second,
after adding cyanobacteria, the pH can increase as the carbon-
ate/bicarbonate in the culture medium is dissolved, producing
carbon dioxide; this process generates OH™ ions during the
cultivation of cyanobacteria (Richmond and Grobbelaar,
1986). Both these phenomena can occur simultaneously and
explain the increasing pH during the centrifuged cyanobacteria
experiments.

Fig. 1b shows the change in pH during the immobilized
cyanobacteria experiments over 14 d. The pH in these experi-
ments remained in relatively close to neutral (6.25-8.25); thus,
the change in pH was not as significant as in the centrifuged
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cyanobacteria experiments. In both the negative control and
reactors with immobilized cyanobacteria, the pH fluctuated
throughout the experiment. On day 0, the pH values of the
experimental reactors were 6.7, 6.7, 6.9, and 6.8 for salinities
of 10, 30, 50, and 70 g/L, respectively; the corresponding pH
values on day 14 were 7.5, 8.1, 7.9, and 7.3, respectively. The
lack of any distinct trend in pH may be due to the overlapping
of the SA beads. However, the transport of ions through
immobilized surfaces is not well understood at present. A sim-
ilar fluctuation in pH without any clear trend was found in
another study of immobilized algae (Chlorella sorokiniana)
(Mollamohammada et al., 2020). The pH trend in the immobi-
lized cyanobacteria experiments remains unknown because
immobilization could have growth inhibition that may affect
the transport of ions from the inside to the outside surface
of the beads. However, comparing Fig. 1a & b reveals a signif-
icant difference between the pH values in the centrifuged and
immobilized cyanobacteria experiments with an F-value of
~183. There is a significant difference between the pH means
of two treatment methods. Understanding this large difference
in pH requires further in-depth investigation at nanoscale in
future.

3.2. EC in the centrifuged and immobilized cyanobacteria
experiments

The EC reduction in the centrifuged and immobilized
cyanobacteria experiments are shown in Fig. 2a and 2b,
respectively. Several studies have measured EC to estimate
the desalination rate using different algal/cyanobacteria spe-
cies (Figler et al., 2019; Gan et al., 2016; Sahle-Demessie
et al., 2019; Shirazi et al., 2018; Wei et al., 2020). However,
cyanobacteria are involved in photosynthesis and carbon fixa-
tion, which generate oxygen (Moroney and Somanchi, 1999)
and may release bicarbonate and carbonate ions back to the
water. Since bicarbonate/carbonate ions contribute to overall
salinity (Williams and Sherwood, 1994), these ions may affect
the EC readings. As shown in Fig. 2a, the EC decreased grad-
ually during the 70-day centrifuged cyanobacteria experiment
under all tested salinities. In contrast, no significant reduction
in electrical conductivity was observed in the negative control.
In the centrifuged cyanobacteria reactor with a salinity of 30 g/
L, the maximum reduction in EC reached 11.5 %. For cen-
trifuged cyanobacteria experiments, the final EC reductions
for salinities of 10, 50, and 70 g/L were 8.1 %, 8.4 %, and
9.1 %, respectively, while for 30 g/L salinity the reduction
was 10.8 %.

Fig. 2b shows EC values during the 14-day immobilized
cyanobacteria experiments. The maximum EC reduction
(13.3 %) was observed on the 4th day in the reactor with a
salinity of 10 g/L. The EC reductions obtained at the salinities
of 10, 30, and 50 g/L were 10.3 %, 12.0 %, and 12.1 %, respec-
tively. For the salinity of 70 g/L, the EC decreased significantly
within 2 days of inoculation with the immobilized cyanobacte-
ria, and the EC reduction reached 12.6 %. At the end of the
experiment (day 14), the maximum EC reduction (12.7 %)
was observed for the salinity of 70 g/L. EC reduction trend
was similar to those reported by (Zafar et al., 2022a), where
the same strain was studied in suspension. In their study, the
EC reduction was affected by the cyanobacteria carbon fixa-
tion cycle, which were hindering the results obtained from

ion chromatography. Since the current study was tested on
same cyanobacteria therefore similar EC reduction pattern
was observed in both centrifuged and immobilized cyanobacte-
ria experiments. It was anticipated that EC values might show
some difference in immobilized experiments, however no sig-
nificant reduction was observed. ANOVA results showed sig-
nificant statistical differences in EC results between the
centrifuged and immobilized cyanobacteria experiments with
an F-value of ~8.4.

3.3. Chloride ion concentration in the centrifuged and
immobilized cyanobacteria experiments

In desalination studies, removing CI™ ions is essential because
these ions significantly contribute to salinity, in addition to
Na™, SO?{, K", Ca?", and Mg“. In seawater with a salinity
of 35 g/L, most of the major ions are present in the form of
Ca®™, Mg”, K™, Na™, SO3, Cl-, and HCO; at concentra-
tions of 10.2, 53.2, 10.2, 468.0, 28.2, 545, and 2.4 mmol/L,
respectively (Babel and Schreiber, 2014). Therefore, in this

study, CI™ ion removal was considered to be the best indicator
of biodesalination potential. Fig. 3a illustrates the reduction in
Cl™ ions to assess the removal efficiency of centrifuged
cyanobacteria. The maximum removal rate of CI™ ions dif-
fered based on the salinity of the reactor. For instance, for
the salinity of 10 g/L, the maximum Cl~ ion removal of
26.2 % was observed on the 19th day after inoculation with
P. keutzingianum. For the salinities of 30, 50, and 70 g/L, the
maximum chloride ion removal rates (18.4 %, 24.2 %, and
21.7 %, respectively) were observed on the 14th, 39th, and
Sth days, respectively. Therefore, in the centrifuged cyanobac-
teria experiments, the maximum CI™ ion uptake by P. keutzin-
gianum was observed at the salinity of 10 g/L.

We found remarkably more Cl™ ion uptake by the algal
beads compared to the centrifuged cyanobacteria. Fig. 3b
shows the reduction in Cl— ion concentration during the
immobilized cyanobacteria experiments. The maximum CI™
ion reduction rates obtained in the reactors with salinities of
10, 30, 50, and 70 g/L were 38.1 %, 39.9 %, 21.3 %, and
38.3 % on day 8, 14, 2, and 14, respectively. Thus, the maxi-
mum CIl™ ion removal by immobilized cyanobacteria was
obtained under a salinity of 30 g/L. The difference in Cl™
ion reduction between the centrifuged and immobilized
cyanobacteria experiments was statistically significant for all
the salinities with an F-value of ~3.2 (Supplementary data —
Table S-3).

To understand the mechanism of Cl™ ion removal by P.
keutzingianum, many factors affecting chloride ion uptake
should be considered. Fig. 4 shows a general schematic of
the biosorption and bioaccumulation processes; the explana-
tion of other phenomena that might occur is explained in detail
below.

3.3.1. Modification in cell morphology after salinity exposure

Na™ ion is essential for nutrient transport (e.g., Na™-
dependent HCO3 transport) in unicellular organisms
(Amezaga et al., 2014; Apte and Thomas, 1983; Espie et al.,
1988). Na™ ion is also essential for cell subdivision in hetero-
trophic cyanobacteria and pH homeostasis under alkaline
environments (Elanskaya et al., 2002; Maeso et al., 1987;
Padan and Schuldiner, 1993). When the Na™ ion concentra-
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tion in the cell increases to a toxic level, the fatty acids in the
cell membrane destabilize, the electron transport between H,O
and PSII is inhibited, and photoautotrophic growth stops
(Allakhverdiev and Murata, 2008; Bhargava et al., 2003;
Huflejt et al., 1990). Successful salt acclimation depends upon
the adaptation of cyanobacterial cells to the environment and
the length of salt exposure (Amezaga et al., 2014; Hagemann,
2011). The adjustment of cell turgor pressure is one of the ear-
liest responses to salt stress (Blumwald et al., 1984). A halo-
phytic alga, Pheridia tenuis, reported storing salt in the cell
vacuoles (Khan and Weber, 2006; Yensen, 2006). However,
the following changes occur when cyanobacteria are exposed
to salt: (1) restoration, unbalancing of the cell turgor (walled
cell) pressure, and cell volume change (wall-less cell) (Gao
et al., 2021); (2) changes in cell membrane porosity (Minas
et al., 2015); (3) adjustment between K * uptake and Na™ dis-
charge from the cell; (4) enzyme deactivation; (5) increased
production of reactive oxygen species (Fal et al., 2022); (6)
decreased growth rate; and (7) cellular ionic disproportion
and significant cell dehydration, which affects the cell mor-
phology (Fig. 4a) (Mahajan and Tuteja, 2005; Tiflickjian and
Raybum, 1986). When Na™ and CI~ ions move into the cell

vacuole, they cause cell dehydration. K* ions and other
organic solutes, such as proline and glycine, are released into
the cell cytoplasm from the vacuole. The algal cytoplasm bal-
ances the osmotic pressure, as confirmed by a study on Chlor-
ella autotrophica (Ahmad and Hellebust, (1984). An osmotic
gradient is formed when cyanobacteria are introduced into
extreme salinities; this phenomenon is termed ‘“‘salt shock”
(Kirst, 1990).

3.3.2. Bioaccumulation

Bioaccumulation is another process that may occur during the
uptake of salt by cyanobacteria/cyanobacteria (Fig. 4b).
Bioaccumulation is an energy-dependent biological process in
living cells in which salt and other ions accumulate inside the
biomass (Chojnacka, 2010; Fal et al., 2022). Bioaccumulation
is a slow process because salt ingestion takes place until the
cells are in living condition. It takes place until the salt deposits
inside the cell through diffusion or ion-exchange process. Due
to the concentration gradient, salt diffuses steadily into the cell
with the help of ATPase enzymes or ATP as an energy source
(Timkova et al., 2018). Usually, ATP is considered an external
energy source in cells. However, ATP-independent light-
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activated biological batteries called “halorhodopsin” proteins
have been identified in cyanobacteria (Amezaga et al., 2014;
Sahle-Demessie et al., 2019). Halorhodopsin occurs naturally
in the salt-tolerant haloarchaea species and is known as a
Cl™ -specific pump (Klare et al., 2011; Schobert and Lanyi,
1982). Halorhodopsin is considered to remove chloride ions
from the surrounding brackish or hypersaline water.

3.3.3. lon exchange

K™ ions are essential ions associated with the cytoplasm and
are vital for algal growth (Iyer et al., 2015). The exchange of
Na™ with ions such as K™ and H" allows cyanobacteria to
actively transport intracellular Na™ out of the cytoplasm
against the electrochemical Na™ gradient (Gao et al., 2021;
Hagemann, 2011; Rai and Tripathi, 2009), as shown in
Fig. 4c. Initially, Na™ competes with K* for uptake (Gao
et al., 2021), and the ionic exchange leads to a deficiency in
K™ in the cell cytosol (Affenzeller et al., 2009). Homeostasis
between K+ and Na™ is maintained by the intake of K™ into
the cell through the K™ import system, and loss of Na™ occurs
(Chen et al., 2019; Hagemann, 2011; Matsuda et al., 2004; Rai
et al., 2015).

3.3.4. Biosorption

Fig. 4d schematically shows the process of biosorption, a fast
ionic removal process in which metals ions bind to the outer
surfaces of the cell membranes of inactivated algal cells
(Ahalya and Ramachandra, 2003; Ahluwalia and Goyal,
2007; Goyal et al, 2003; Gupta and Rastogi, 2008;
Velasquez and Dussan, 2009; Wang et al., 2019). Functional
groups on the outer cell surface can also attach Na™ and
CIl” ions to contribute to biosorption (Ivanova et al., 2012).
Wei et al. (2020) reported that —OH and amide groups bind
with CI™ ions due to their positive charges, while —COR,
—COOR, and —NH attach to Na ™t ions due to the negative

charge groups. Sahle-Demessie et al. (2019) reported that
bioaccumulation and biosorption occur simultaneously in all
living organisms.

Some channeling has taken the Cl~ by centrifuged and
immobilized P. keutzingianum, but both biosorption and
bioaccumulation may have occurred in both experiments.
However, the immobilized cyanobacteria may have been
encapsulated, resulting in more Cl~ uptake due to the denser
algal culture. The centrifuged cyanobacteria cells were in sus-
pension, and both biosorption and bioaccumulation may have
occurred. Similarly, centrifuged cyanobacteria results are very
low compared to studies conducted in suspension (Table 1).
However, for the immobilized cyanobacteria, we cannot
assume that the cells were active and played a role in ionic
movement because of the fact that the cyanobacteria is tightly
compacted with SA inside the beads.

3.4. Competition for nutrients in centrifuged and immobilized
cyanobacteria

Nitrate (NO3) ion is a significant source of nutrition for the
growth of cyanobacteria. NOj3 ions are assimilated into cells,
where they are converted into nitrite ions (NO,) for other
metabolic processes through nitrite reductase enzymes
(Larsdotter et al., 2007, Sommer, 1983; Zafar et al., 2021).
Fig. 5a shows the concentrations of NOj3 ion during the cen-
trifuged cyanobacteria experiments, including the negative
controls. The cyanobacteria consumed NOj3 ions for their
growth as a nitrogen source. However, some NOj3 ions were
released back into the water, showing a high nitrate concentra-
tion. The initial nitrate ions in the reactors were high (1711.2,
1728.2, 1705.8, and 1672.2 ppm for salinities of 10, 30, 50, and
70 g/L, respectively). The NOj3 uptake remained inconsistent
throughout the experiment; the final NOj concentrations were
1293.8, 1211.6, 1771.4, and 1932.2 ppm for the salinities of 10,
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Fig. 5 Concentrations of NOj3 ion (ppm) during the (a) centrifuged cyanobacteria and (b) immobilized cyanobacteria experiments.

30, 50, and 70 g/L, respectively. Thus, for the higher salinities
(50 and 70 g/L), NOj ions leached from the cells into the water
in response to salt stress, resulting in a loss of NOj storage. In
cyanobacteria, nitrate ions provide the nitrogen source as a
food supplement against high salinities (Rai and Abraham,
1995). Mohapatra et al. (1998) studied Scenedesmus bijugatus
in high salt concentrations with an observation of higher
growth in nitrogen and phosphorus-rich conditions. The
results from the Fig. 5a suggest that the centrifuged cyanobac-
teria could not accumulate NOj ions at higher salinities for a
longer time duration. This could happen when extreme osmo-
tic stress events might have occurred due to extreme salinities
(Fal et al., 2022). However, during the commencement of
experiments, the trend for nitrate ions was unconventional in
the centrifuged cyanobacteria. Another reason could be the
centrifuged cells that start increasing and consume NOj ions
during the lag phase and release NOj3 ions back during the
death phase. These findings are similar to another study per-
formed on P. keutzingianum (Zafar et al., 2022b).

Fig. 5b shows the NOj ion concentrations during the
immobilized cyanobacteria experiments. The initial (day 0)
nitrate concentrations were 1469.1, 12239, 3249, and
1897.4 ppm in the reactors with salinities of 10, 30, 50, and
70 g/L, respectively. The NOj3 removal by the immobilized
cyanobacteria might have occurred via the biosorption pro-
cess. NOj3 ions are the most common product of nitrogen fix-
ation in both centrifuged and immobilized cyanobacteria. The
pattern of NO3 uptake was more complex for the centrifuged
cyanobacteria than for the immobilized cyanobacteria. Simi-
larly, in Fig. 5b, it was found that the immobilized cyanobac-
teria showed a reduction of NO3 ions. The final NOj3 ion
concentrations at the end of the experiment were decreased,
corresponding to NOj removal rates of 63.8 %, 47.6 %,
89.9 %, and 81.9 % for salinities of 10, 30, 50, and 70 g/L,
respectively. The argument is comparable to another study
on nitrate reduction using immobilized S. sp. and C. sorokini-
ana, where 90 % of nitrate was reduced from groundwater
within 9 to 12 sequential days (Mollamohammada et al.,
2020). The differences in NO3 uptake between the centrifuged
and immobilized cyanobacteria were significant for all tested

salinities, with an F-value of 4.718 (Supplementary data —
Table S-3).

3.5. PC release during the cultivation of immobilized
cyanobacteria

When the immobilized cyanobacteria were placed in beakers
for experimentation, a blue pigment (PC) appeared. PC is a
light-harvesting pigment found in prokaryotic cyanobacteria
that can store nitrogen proteins (Querques et al., 2015). How-
ever, in our experiments, PC was first detected based on the red
fluorescence that appeared when the graduated cylinder was
viewed under a flashlight (Fig. 6a). Copper sulfate (0.01 g)
was added to confirm the presence of PC based on the interac-
tion between Cu®" on phycocyanobilin protein. The red fluo-
rescence disappeared upon the addition of copper sulfate,
confirming that P. keutzingianum released PC during the
experiments (Fig. 6b).

Fig. 6 shows the PC concentration during the immobilized
cyanobacteria experiments. PC was primarily released on days
2-4 of the experiment. For the salinity of 10 g/L, the PC con-
centration increased more slowly over time compared to the
other salinities. On day 0, the maximum PC concentration
(0.015 mg/mL) was observed in the reactor with a salinity of
70 g/L because the high salinity caused the release of PC via
osmotic pressure. In the reactors with salinities of 10, 30,
and 50 g/L, the initial PC concentrations were 0.001, 0.003,
and 0.009 mg/mL, respectively. Overall, the maximum PC con-
centration (0.052 mg/mL) was observed on day 4 in the reactor
with a salinity of 50 g/L. After day 4, the PC concentration in
all reactors decreased except for the reactor with the salinity of
10 g/L, in which PC release was observed after day 4. While all
the controls were free from cyanobacteria, significantly less
amounts of PC were detected spectrophotometrically, poten-
tially due to the turbidity of the solution. The cyanobacteria
may have re-absorbed the PC due to the temperature effect
or cell cracks. In a study on Nostoc muscorum, Arnon et al.
(1974) found that after PC was released, the PSI and PSII sys-
tems were retained in the cells that carried out the photosyn-
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thetic process. The release of PC did not disturb the electron
transport.

3.6. Osmoregulation experiment with immobilized cyanobacteria

Despite the significant growth of P. keutzingianum at the high
salinity of 70 g/L, an extreme salinity test was performed to
evaluate the resistance of the cyanobacteria to salt stress under
extreme salinity (50, 70, 85, and 100 g/L) for short durations
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(0-360 min). Only CI™ and NOj ions were detected, and some
ions appeared at irregular intervals; therefore, inconsistent
ions were neglected in the analysis. Fig. 7a shows the trend
in ClI” ion removal (C/C,). The maximum removal rates
obtained for the salinities of 50, 70, 85, and 100 g/L were dis-
played in Table 3. Thus, from these results, it can be concluded
that the Cl” ion uptake increased as the salinity increased;
however, the sampling time varies between different salinities.

Fig. 7b illustrates the reduction in NOj3 ions (C/C,) during
the osmoregulation experiment. At salinities of 50, 70, 85, and
100 g/L, the maximum NO3 removal rates were shown in
Table 3. It is worth noting that more nitrate is consumed at
higher salinities because the NO3 acts as a nitrogen source,
which protects against highly toxic salt concentrations (Rai
and Abraham, 1995). The argument corroborates our results
obtained in the current study for the osmoregulation experi-
ment. Zafar et al. (2022b) observed in salinity of 70 g/L that,
nitrate ion concentration increased at the end of the treatment
cycle. In this study, the argument is correct for only one reac-
tor, i.e., 100 g/L. The reactor with 100 g/L salinity caused
much osmotic stress on the cell, and due to this, a major vari-
ation in CI~ and NOj ions has been observed. In the end, the
“salt shock” condition must have prevailed for the salinity of
100 g/L. The salt shock condition has already been discussed
in Section 3.3.1. The uptake of CI™ and NOj in such short time
periods does not provide in-depth information about biosorp-
tion or bioaccumulation processes. However, the osmoregula-
tion results indicate that ion exchange occurred continuously
between the water and the cyanobacteria cells from the begin-
ning of the experiment (Fig. 7a and 7b).

4. Limitations, prospects, and recommendations

The biodesalination process is less energy-consuming; how-
ever, the preparation of immobilized and centrifuged
cyanobacteria can consume more electricity. The regeneration
of sodium alginate beads and reusing biomass is possible but
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Fig. 7 Reductions in (a) ClI” ions and (b) NOj3 ions during the 6-h osmoregulation experiment performed on immobilized P.
keutzingianum at salinities of 50, 70, 85, and 100 g/L. “Before” means before inoculation with cyanobacteria. “After” means after

inoculation with cyanobacteria.
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Table 3 Maximum removal efficiency (R.E.) of chloride and nitrate ion was shown during the osmoregulation experiment’s

commencement.

Sr. No. Salinity (g/L) Max. Cl™ ion Time (min) when Max. NO3 Time (min) when
R.E. (%) max CI” R.E. ion R.E. (%) max NO; R.E.

was achieved was achieved

1 50 11 15 10.7 15

2 70 14.6 120 8.8 60

3 85 28.1 240 15.1 360

4 100 43.7 60 24.5 240

challenging. The immobilizing process of algae and cyanobac-
teria is time-consuming. Including all the limitations, the exact
time at which algae or cyanobacteria can consume maximum
salt concentration should be monitored continuously. pH dif-
ference was significant in two treatment methods and can be
further investigated about the interaction and ion-exchange
at nanoscale. Studies on immobilized beads should be con-
ducted in continuously flow stirred tank reactors at a pilot
scale level.

Some more studies should be conducted on various haz-
ardous industrial wastewater for strains like P. keutzingianum,
which is highly resistant to toxicity. The production of biofu-
els, lipids and fatty acids can be evaluated for strain P. keutzin-
gianum. Genetic modification of the studied strain is
recommended as the scope of future work for greater salt
removal efficiencies for the biodesalination process. According
to the observed salt tolerance capacity of the strain P. keutzin-
gianum, it is suggested that the brine treatment from reverse
osmosis plants can be useful for biodesalination exploration.
Studies on CO, capturing using P. keutzingianum should be
conducted as checking the capability of the strain towards
acidic scale.

5. Conclusions

In our experiments, P. keutzingianum showed remarkable salt toler-
ance regardless of the method used for concentration (centrifugation
or immobilization). In the centrifuged cyanobacteria experiments, the
EC showed a maximum reduction of 11.5 % at the salinity of 30 g/
L. Similarly, in the immobilized cyanobacteria experiments, the maxi-
mum EC reduction (13.3 %) was achieved at the salinity of 10 g/L.
However, the maximum CI™ removal rates for the centrifuged and
immobilized cyanobacteria were 26.2 % at the salinity of 10 g/L and
39.9 % at the salinity of 30 g/L, respectively. Thus, ion chromatogra-
phy indicated a higher desalination than EC measurements, similar to
another finding (Zafar et al., 2022a). Also, in the chloride estimations,
the decrease in removal efficiency could happen due to the swollen cell
or cell death phase. The cell death phase could happen only for cen-
trifuged cyanobacteria due to cell rupture and high osmotic pressure
inside the cell resulting in the loss of chloride ions back into the water.
While in immobilized cyanobacteria, this phenomenon was not
observed, and chloride was continuously reduced until the end of
experimentation. One reason could be that the SA encapsulation pre-
vented direct exposure to osmotic conditions and transfused chloride
ions essential for growth. Moreover, the other reason could be
biosorption that happens fast due to extra covering of SA on the outer
surface of cells, increasing the surface area.

The findings of this study indicate that salt accumulation and nutri-
ent uptake by P. keutzingianum occurred through both processes of
biosorption and bioaccumulation, which eventually happens in all liv-
ing organisms. Compared to the centrifuged cyanobacteria, the immo-

bilized cyanobacteria achieved better removal efficiency in a shorter
treatment time. In the osmoregulation experiment, no apparent meta-
bolic inhibition was observed in the cyanobacteria, and a CI” ion
removal rate of 43.7 % was obtained at 60 min after inoculation in
shorter intervals. Overall, the salinity was reduced in all the tested con-
ditions on P. keutzingianum; therefore, biodesalination performance
increased when the biomass was concentrated. Similarly, the perfor-
mance in this study was better than the literature, as shown in Table 1.
The release of phycocyanin pigment indicated a good sign of the P.
keutzingianum strain’s adaptability to the saline environment and
future scope that can be utilized as a commercial value product.
Another conclusion is that the cell activities continued even at extreme
salinities throughout the experiment.

The immobilization method has the advantage of relatively easy
biomass harvesting compared to cells cultivated in suspension. In the
immobilization method, only refreshing the SA material is required
to prolong the encapsulation of the cyanobacteria inside the beads.
Thus, if appropriately modified and monitored, the immobilized
cyanobacteria can be used in biodesalination water treatment plants
as part of an efficient and energy-saving biodesalination strategy with
minimal release of living cells into the effluent.
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