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ABSTRACT

The idea of using marine bacteria to desalinate seawater and simultaneously generate electricity from
it as a sustainable resource has been investigated. To obtain electrogenic bacterial isolates with the
ability to desalinate by intracellular ion transfer, extensive sampling was carried out from different
regions of the Persian Gulf. The performance of the achieved strains was studied using seawater
as substrate in a microbial fuel cell system. The closed-circuit voltage was measured to be 243 mV
and the concentration desalination rate was 13.8 g/(L-d). In addition, the total dissolved solids value
of seawater in the anode decreased by 18.7%. The ion chromatography results showed that the
amount of eleven major ions decreased between 5.9% (Ca*?) and 41.9% (HCO;). The reduction rate
of Na" and CI" ions was 3.9% and 17.4%, respectively. A practical seed sowing was performed using
the desalinated water for irrigation. The seeds germinated after 10 d and leafed after 12 d. Finally,
identification of bacterial strains was performed. Based on biochemical tests as well as phenotypic
characteristics and 16SrRNA gene sequence, the isolates Bacillus sp. IrKAM1, Bacillus sp. IrKAM2
and Bacillus sp. IrKAM3 were identified as Enterobacter ludwigii EN-119(T), Acinetobacter baumannii
ATCC 19606(T) and Enterobacter sichuanensis WCHCAI1597(T), respectively.
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1. Introduction

Global electricity consumption was 76.5 x 10 J in 2017,
with forecasts of 102.6 x 10" J in 2030 and 151.8 x 10'® J by
2050 [1]. This results in a growth rate of 2.5%/y until 2030
and about 2%/y thereafter. Therefore, electric power gener-
ation from a variety of sources, especially sustainable ones,
is essential.

Microbial fuel cells (MFCs) are an innovative approach
of using microorganisms to generate renewable electri-
cal energy [2]. Bacteria act as catalysts in MFCs, oxidizing
organic or inorganic materials in the anodic half-cell and
generate electrical current. Electrons produced by the bac-
teria from these substrates are transferred to the cathode
chamber through a conductive channel consisting of the
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anode electrode, a wire, a resistor or other electrical load, and
the cathode electrode. These electrons are consumed in the
cathode chamber in the presence of protons using chemical
catalysts [2].

In general, various microbial cells (MXCs) are novel
bio-electrochemical systems equivalent to MFC, with
minor variations in anode and/or cathode configuration.
Microscopic microbes and chronic wastes are used. Other
MXCs include microbial desalination cell (MDC) [3], micro-
bial electrolysis cell (MEC) [4,5], microbial reverse electro-
dialysis cell (MRC) [6], and microbial solar cell (MSC) [7].

MDC:s are three-chambers MFCs used simultaneously for
organic waste treatment and saltwater desalination [8-10].
MEC produces hydrogen or methane from organic waste
[5]. MRC generates electricity using the entropic energy of

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



102 E. Kokabi, E. Asgarani / Desalination and Water Treatment 285 (2023) 101-112

the salinity difference between seawater and river water [6].
MSC uses photosynthetic bacteria and solar energy conver-
sion to generate electricity [7]. A variety of substrates can
be provided to the bacteria to generate electrical energy
through their oxidation. This method can be used to treat
municipal waste streams and high strength organic wastes
from livestock farms [11], landfills [12], and food processing
plants [13-15].

Another vital global need is water. Due to climate change
and water scarcity in the world, the supply of potable water
and water resources for industrial and agricultural pur-
poses is now a major challenge. The percentage growth
of water consumption from 1900 to 2017 was about 750%
and will increase to about 1,100% by 2040 [16]. About 40%
of the countries in the world are located in water-scarce or
dehydrated areas [17]. The population living in these areas
is increasing, reaching more than two billion people today
[17]. Freshwater sources include groundwater, surface
water, and glacial water, which account for only 2.5% of the
total water on Earth [17]. The remaining 97.5% is found in
the oceans [17]. Desalination of this huge resource can be
one way to provide the required water.

Conventional desalination technologies, including ther-
mal, membrane, and hybrid methods, have made great
progress to date [18]. However, these technologies have sev-
eral drawbacks. The main problem with these processes, in
addition to their high cost, is their requirement for thermal
or electrical energy [18]. Also, the disposal of large amounts
of saline wastewater and salt masses is a major challenge
[19,20]. Providing an environmentally friendly system for
desalination can solve these problems to an acceptable
extent. There are some attempts in this direction in the lit-
erature. One example is the use of photosynthetic bacteria
[21,22]. Halophytic microalgae and halophilic microorgan-
isms have also been used for this purpose [23-25].

In the literature, MFC has been utilized to generate
electricity from seawater [26]. A photosynthetic MDC has
also been used to simultaneously desalinate wastewater
and generate bioelectricity [27]. It is known that carbon
dioxide available in the ocean reacts with seawater to pro-
duce carbonic acid, bicarbonate ions, and carbonate ions.
Bicarbonate ions account for about 90% of the total organic
carbon in seawater [28]. It is also evident that bacteria liv-
ing in seawater have adapted to the complex biological
conditions and use the energy and food sources for their
metabolism [29]. Seawater and bacteria living in it could
be directly used as a substrate and biocatalyst in the anode
section of an MFC system, allowing simultaneous electric-
ity generation and desalination. The electricity is generated
by live bacteria oxidizing the compounds in seawater. This
lowers the total dissolved solids (TDS) level of the seawa-
ter, and the produced water can be used for agricultural
or industrial purposes. As a consequence, this technology
can meet the demand for energy and water at the same
time. Based on this hypothesis, this study investigated the
generation of bioelectricity and simultaneous biodesalina-
tion in an MFC using only seawater as substrate, without
additives such as acetate, etc.

Extensive seawater samples were collected from dif-
ferent locations in the Persian Gulf to achieve electrogenic
bacteria that can be used in the MFC system and also have

the ability to desalinate seawater by transferring its ions
into their cells. Different culture media were used to iso-
late the bacteria found in the samples. The grown isolates
were chosen based on a set of criteria to ensure that they
met the requirements outlined above. The selected isolates
were subjected to a salt tolerance test to determine which
of them would be most suitable for use in the presence of
seawater. Appropriate consortia for use in the MFC system
were found by running an antagonistic effect test on various
combinations of the isolates that passed the salt tolerance
test. We then designed a simple MFC system. The function-
ality of this system was evaluated using the resulting con-
sortia as the biocatalyst and the synthetic saltwater as the
substrate. The superior consortium was determined based on
the amount of power generated as well as the level of desali-
nation. The system was then operated with this consortium
and a seawater sample as the substrate to see how well it
could generate electricity and desalinate water at the same
time. Also, a practical seed planting was performed using
the desalinated water. Finally, the results of morphological
and biochemical identification, 16STRNA gene sequenc-
ing, and phylogenetic tree construction for selected isolates
were presented.

2. Materials and methods
2.1. Collection of samples

The seawater samples were collected from Lavar
(54°41'33.715” N, 27°6'43.879” E), Dayyer Port (51°56'4.692”
N, 27°50'14.642” E), Ameri port (51°6"1.266” N, 28°30'45.733”
E), Buol Kheyr Port (51°6"2.040” N, 28°31'51.840” E), Jofreh
(50°49'15.726” N, 28°58'13.739” E), and the petrochem-
ical desalination ponds in Mahshahr (41°11'16.547” N,
30°33'17.495” E), all from Persian Gulf, Iran. Samples were
collected and stored at 4°C until employed in the laboratory.

2.2. Culture media and isolation of the bacteria from the samples

To isolate bacteria from the water samples, they were
grown in different culture media, including nutrient (Sigma-
Aldrich), Luria-Bertani (LB; Sigma-Aldrich), trypticase soy
broth (TSB; Sigma-Aldrich), and a modified medium for
halophiles (MH). MH was prepared with different total salt
concentrations (Table 1). All samples were examined micro-
scopically. After preparation of the stocks, the grown isolates
were screened based on some parameters such as negative
or positive gram bacilli without spores (the presence of
spores is not suitable for biofilm formation) and faculta-
tive anaerobes (for use in anaerobic conditions in the anode
chamber of the MFC). The selected isolates were used for the
remainder of the study.

2.3. Salt tolerance test

Bacteria were grown in their specific broth culture
media. Samples were then reached to half-McFarland tur-
bidity (colony forming unit (CFU)). The assay was per-
formed with 96-well microliter plates and by preparing
NaCl salt stock at various concentrations from 40 to 190 g/L.
In this way, 240 pL of the culture media were first added to
the microliter plate wells. Then, 50 uL of the different salt
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Table 1
Composition of two modified MH culture media
MH 7.5% (g/L) MH 10% (g/L)

Part Weight (g) Part Weight (g)
MgCl, 5.25 MgCl,-6H,0 7
MgSO, 7H,0 7.20 MgSO, 7H,O 8
CaCl, 0.27 CaClLH,0 0.36
Kdl 1.50 Kdl 2
NaHCO, 0.045 NaHCO, 0.06
Yeast extract 10 Yeast extract 1
NaBr 0.0175 NaBr 0.026
Glucose 1 Glucose 1
NaCl 60.75 NaCl 80

Protease peptone 5 Protease peptone 5

concentrations were added. Subsequently, 10 uL of the bac-
terial suspensions were inoculated. Non-pathogenic E. coli
ATTC25922 was also used as a negative control. The test
result was monitored after 24 h.

2.4. Antagonistic effect test

This test was performed according to cross-streak
method [30]. Different combinations of the isolates which
satisfied the salt tolerance test were examined. Each of these
combinations contained the bacterial isolates with the same
growth curve. For different combinations, related culture
plates were prepared and inoculated with the species of the
isolates through a single inoculum streak in the center of
the plate. After incubation at 37°C for 24 h, the plates were
seeded with the other isolates of the combination through a
single streak at 90° to the first isolate. Microbial interactions
were analyzed by comparing the size of the zone of inhibi-
tion, and finally the suitable consortia were determined.

2.5. MFC construction

A simple solution was chosen for fast and low-cost con-
struction. The designed MFC system consists of two con-
tainers connected by a bridge. Each of these containers has
a dimension of 10 cm x 10 cm x 10 cm. The interface is a salt
bridge consisting of 5 M sodium chloride and 10% agarose.
It is known that the length and cross-section of the bridge
affect the performance of the system. Since a shorter length
and a larger cross-section increase the efficiency of the sys-
tem, the diameter of the bridge and its length were set to
3 and 2 cm (the minimum length that can be fabricated),
respectively. A basket-shaped titanium with dimensions of
6 cm x 6 cm x 6 cm was used as the electrode in the anode
chamber. The anode electrode contains 300 g of granular
activated carbon (GAC), which serves as a bed for the for-
mation of a bacterial biofilm. The cathode electrode was also
made of aluminium in a pocket shape with dimensions of
4 cm x 12 cm. To operate the system, anaerobic conditions
must be created in the anode chamber and aerobic condi-
tions in the cathode section. For this purpose, an air pump is
used in the cathode chamber for aeration. Also, copper wires

and an electrical resistance of 100 ohms were used to estab-
lish a closed circuit between the anode and cathode cham-
bers. To achieve this design with acceptable performance,
two revisions were made from Revision 1 and Revision 2
to final revision.

2.6. Formation of bacterial biofilm

To prepare the bacterial biofilm, the titanium basket con-
taining 300 g of GAC was placed in a container with broth
nutrient medium and 4.5 g/L sodium chloride. Then, half
Mc-Farland suspension of bacteria isolates of each selected
combination was inoculated into the nutrient medium. The
vessel was placed in an incubator (GALLENCAMP, Plus 11
Incubator) at 37°C for 20 d.

2.7. Operation of the MFC system with synthetic seawater to
determine the superior consortium

The main MFC systems of different consortia and the
control system without bacterial biofilm were operated
simultaneously. The anode section contains synthetic sea-
water with a concentration of 40 g/ NaCl as salt and 1 g/L
acetate as carbon source. The cathode section contains urban
water with a TDS of 0.3 g/L. An air pump was used for aer-
ation in this section. The only difference between the main
systems and the control system is that the GACs in the anode
chamber of the control system don’t have a bacterial bio-
film, as mentioned earlier. During the running process, the
closed-circuit voltage and also the reduction of TDS level in
the anode of the MFCs were measured and recorded within
12 h. The consortium that had the maximum voltage level
and the greatest TDS reduction was determined to be the
superior consortium.

2.8. Assessment of the system with seawater

After demonstrating the system’s operation and deter-
mining the superior bacterial combination, it was tested with
natural seawater in the anode chamber as substrate with-
out any additives such as acetate to evaluate the hypothe-
sis of simultaneous electricity generation and desalination.
This water was collected from the Persian Gulf and had an
initial TDS value of 46.3 g/L. In this test, the closed-circuit
voltage and the TDS changes of seawater were examined.

In addition, the ion chromatography method (IC) was
used for a more detailed measurement of the reduction
degree of different ions in seawater. The amount of eleven
major ions in the anode chamber seawater was measured
before and after operation of the MFC system according
to Standard Methods for the Examination of Water and
Wastewater #4110 (American Public Health Association,
American Water Works Association, Water Environment
Federation, 1999). The instrument used was 930Compact
IC Flex (Metrohm Company).

To ensure the transfer of ions into the bacterial cells,
the intracellular content was measured before and after
the operation of the system. For this purpose, the method
of atomic absorption spectroscopy (AAS) was used. The
instrument used was SpectrAA 220 (Varian, Inc.). To do this,
a sample of 1 g of anode chamber GAC was taken and the
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bacteria contained in it were isolated. Then, the intracellu-
lar content of these bacteria was extracted according to the
protocol presented by Szatmari et al. [31]. Two control sam-
ples (25 and 50 ppm) were also used to check the accuracy
of the measurement.

2.9. Stacked test and seed planting

To simulate a real factory, a stacked test was defined
and implemented. Three systems were installed in stacked
together. Each system has its own bacterial biofilm. The
desalinated output water from the first system is fed into
the anode chamber of the second-one to be further desali-
nated. Then, it is fed into the third system for the final desali-
nation process. In this test, the overall reduction in TDS
was measured.

The function of a real factory is very similar to this test,
but the number of stacks is many more there. In this factory,
there must also be a biofilm production line to provide the
required biocatalysts for different systems and replace them
after each run. So, the final desalinated water (output of
the factory) will have a TDS value suitable for agricultural
and industrial applications.

A simulated desalinated water for the factory was pre-
pared by diluting the seawater seven times to adjust the
TDS value almost equal to the TDS value of the farm water,
which has been measured to be about 7 g/L. Then, seed
planting was performed by using this water for irrigation.

2.10. Biochemical identification

The selected isolates were subjected to five biochemi-
cal tests to identify their characteristics. These tests include
oxidase, catalase, oxidation—fermentation (OF), triple sugar
iron agar test (TSI) and sugar fermentation test.

2.11. Molecular identification and phylogenetic analysis of isolates

Supplemental identification of selected isolates was per-
formed by amplification and sequencing of the 165rRNA
gene. Total DNA was extracted according to the modified
Marmur method [32]. PCR reaction was carried out using uni-
versal primers 27F (5-AGAGTTTGATCMTGGCTCAG-3’)
and 1492R (5- GGTTACCTTGTTACGACTT-3") for each
sequence [33,34]. Analysis of the sequencing results was then
performed using the EZTaxon database [35,36]. A phyloge-
netic tree was drawn via MEGA 10.2.2 software, and molec-
ular genetic analysis was calculated by the neighbour-join-
ing method. The identified gene sequences were then
submitted to NCBI GenBank.

3. Results and discussion
3.1. Isolation of the bacteria from the samples

Twenty-three bacterial isolates were obtained in the
culture process, but only nine of them have met the criteria
mentioned in section 2.2. Fig. 1 shows a microscopic view
of these isolates. As can be seen in this figure, all isolates
are Gram-negative bacilli without spores. As a result, they
may be suitable for biofilm formation. Also, these isolates

are facultative anaerobes and can be used under anaerobic
conditions in the anode chamber of the MFC. These isolates
were used for the remainder of the study. To determine the
anaerobicity, the isolates that obscured the entire broth cul-
ture medium were selected as facultative anaerobes. Also,
isolates that grew only on the surface of the medium were
classified as aerobic and excluded.

3.2. Salt tolerance test

The results of this test showed that all nine isolates
exhibit suitable and relatively rapid growth in high salt
concentration. Isolates #1, #2, #3, #5, and #6 grew in salt
concentrations up to 90 g/L. Isolates #7, #8, and #9 showed
salt tolerance up to 110 g/L. Isolate #4 had the best perfor-
mance, growing in a salt concentration up to 130 g/L. The
negative control, the non-pathogenic E. coli ATTC25922,
did not grow at any salt concentration.

Since water with a salinity of 4041 g/L occupies most
of the Persian Gulf region [37], all nine isolates can be used
for desalination in this area.

3.3. Antagonistic effect test

The results of the cross-streak method showed that
among the combinations of bacterial isolates with the same
growth curve, four combinations had no inhibitory activ-
ity. The results for these combinations have been illustrated
in Fig. 2. It can be clearly seen that both isolates of each
combination show continuous growth at the intersections
and no inhibition zones are formed. Therefore, the bacte-
ria in each of these combinations create no antagonistic
metabolites and do not inhibit the growth of the other. As
a consequence, these combinations were suitable candi-
dates for constructing the biofilm of the MFC system for
electricity generation.

It is well known that pure cultures have low energy
transfer efficiency compared to the mixed bacterial con-
sortia found in marine sediments [38]. Moreover, mixed
bacterial cultures provided several advantages over pure
cultures-driven MFCs, including higher resistance to pro-
cess disturbances, higher substrate degradation rate, lower
substrate specificity, and higher power output [39]. The
results of the antagonistic effect test revealed that we could
benefit from adopting mixed bacterial consortia.

3.4. Formation of bacterial biofilm

To examine the progression of the biofilm generation, we
observed the scanning electron microscopy images (SEM) of
a sample of sterile GAC and compared them with the SEM
images of the GAC sample used to generate the biofilm on
the 1st, 6th, 12th, and 20th days of the formation process.
These images have been shown in Fig. 3 for combination
#1. Fig. 3a—d show SEM images of biofilm formation on day
#1, day #6, day #12, and day #20, respectively. As illustrated
in these figures, bacterial biofilm formation is clearly visi-
ble and exhibits progressive growth. Fig. 3e shows a SEM
image of sterile GAC used as a negative control to confirm
the biofilm formation process. It is clear that this GAC has
no biofilm.



E. Kokabi, E. Asgarani / Desalination and Water Treatment 285 (2023) 101-112 105

Fig. 1. Microscopic view of cultured bacterial isolates meeting the criteria in section 2.2. Gram staining shows that all nine isolates
are Gram-negative bacilli.

3.5. Operation of the MFC system with synthetic seawater to
determine the superior consortium

The results of the run assessments of four main systems
containing bacterial consortia and the control system in
12 h have been shown in Table 2. As can be seen from this
table, the maximum closed-circuit voltage of the system
belongs to combination #1 which is 250 mV. Combinations
No. 2, No. 3, and No. 4 produced 60, 38, and 69 mV, respec-
tively. Combination No. 1 also had the best TDS reduction
value (6.9 g/L). For the other combinations, this value was
3.8, 4.6, and 4.9 g/L, respectively. Therefore, combination
No. 1 was selected as the superior consortium.

It should be noted that the voltage of the control system
was below 3 mV during the 12 h. Furthermore, there was no
desalination capability in this system. This concludes the
successful operation of the main systems.

As illustrated in Table 2, the closed-circuit voltage of
the superior consortium is 250 mV. The comparison of this
voltage level with the results of other researches on the MFC
has been shown in Table 3 based on the data presented by
Koffi and Okabe [40]. As can be seen, the performance of
the constructed system is in the moderate range. Since the

goal of this study is to investigate the possibility of simulta-
neous electricity generation and desalination using seawa-
ter and the bacteria it contains, and not to achieve a higher
performance MFC system, this system was used for the
rest of the study.

This consortium also has the best TDS reduction value.
The concentration desalination rate (CDR) was measured
using the equation presented by Jafary et al. ([41]) to com-
pare desalination performance. The CDR was calculated
to be 13.8 g/(L-d). The assessment of the results of twelve
other studies (gathered in Table 2 of [41]) shows that eleven
of them have a CDR of less than 13 g/(L-d) and only one
study has a CDR of 60.1 g/(L-d). Consequently, the CDR
achieved in this study is a good value compared to the
results obtained in the available literature.

3.6. Functional test with seawater

As shown in Fig. 4, the system was able to reduce the
TDS factor by 18.7% within 4 h (Fig. 4a). In contrast, the
TDS factor of the cathode hardly changed (Fig. 4b). The ini-
tial open circuit voltage of the system in the test mode with
seawater was 722 mV. With the establishment of the closed
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Fig. 2. The results of the cross-streak method.

circuit, the voltage started at 243 mV and reached 60 mV
after 4 h (Fig. 4c). Compared to the results of the simulated
seawater test reported in the previous section, these results
are acceptable. This proves that the system is successful in
electricity generation and simultaneous desalination when
only seawater is used as substrate and no other nutrients
are consumed to feed the biofilm.

The result of IC method has been presented in Table 4.
As can be seen, the amount of the eleven major ions in sea-
water has decreased between 5.9% (Ca*") and 41.9% (HCQO,")
after the operation of the system. The reduction rate for
Na*and Cl-ions were 3.9% and 17.4%, respectively.

The results from AAS for 25 and 50 ppm controls were 27
and 48.6 ppm, respectively, demonstrating the validity of the
test. In addition, the results for the pre- and post-run sam-
ples were 37.4 and 44.8 ppm. This proves that the amount
of ions increased after the run, which shows the transfer of
ions into the bacterial cells. Therefore, it can be concluded
that bacteria in the biofilm have accumulated a relatively
large amount of ions in their bodies, resulting in a noticeable
decrease in the TDS value of the seawater.

3.7. Stacked test and seed planting

The results of stacked test showed that the TDS value
of the desalinated output water of the third system was
reduced from 46.3 to 28 g/L (39.6% reduction rate). Based

on this reduction rate, it can be concluded that the average
reduction rate of each system was about 15.5%.

It is known the TDS value of water used for irrigation
in a farm is about 7 g/L. Therefore, a reduction rate of 85%
is required to reduce the TDS value of seawater from 46.3
to 7 g/L. From the stacked test result, it can be concluded
that a real factory with ten stacked systems where each
system has a reduction rate of 20% is achievable. This fac-
tory has an overall reduction rate of about 90%. Therefore,
its desalinated water can be used for irrigation purposes.

The water used for seed planting was prepared by dilut-
ing seawater by seven times. In other words, the TDS value
of the water was reduced from 46.3 to 6.6 g/L. Then, the
pepper seeds were planted in three pots. The first pot was
irrigated with urban water, the second with farm water, and
the last with the simulated water. Fig. 5 shows that all three
pots have germinated after 10 d. Also, the first and third
pots have leafed after 12 d. This result confirms that the
desalinated water can be used for agricultural purposes.

3.8. Biochemical identification

The results of the biochemical tests on the bacterial iso-
lates of the superior consortium are listed in Table 5. The
three isolates of this consortium are designated as Bacillus sp.
IrKAM1, Bacillus sp. IrKAM2, and Bacillus sp. IrKAM3. These
isolates are all oxidase and catalase positive. OF test results
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Fig. 3. SEM images of the surface of GACs containing bacterial biofilm. Images were taken on (a) 1st day, (b) 6th day, (c) 12th day,
and (d) 20th day of biofilm formation. Part (e) shows SEM photo of sterile GAC.
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indicate that the isolates are facultative anaerobes. According
to TSI test results, the Bacillus sp. IrKAM1 and Bacillus sp.
IrKAMS3 isolates are acidic slant/acidic butt (A/A); Yellow/

Table 2
Results of the operation of the MFC system with the selected
consortia. Consortium #1 has the best performance

Maximum closed-circuit voltage Anode TDS
Combination # (mv) Combination # (g/L)
33.1 1 250 1
36.2 2 60 2
35.4 3 38 3
35.1 4 69 4
40 Control system 3 Control system
Table 3

Comparison of the MFC performance

E. Kokabi, E. Asgarani / Desalination and Water Treatment 285 (2023) 101-112

Yellow. In other words, they can ferment glucose, lactose
and sucrose. Also, Bacillus sp. IrKAM?2 is alkaline slant/slant
butt (K/K); Red/Red. Therefore, it cannot ferment glucose,
lactose and sucrose.

3.9. Molecular identification of the superior consortium isolates

Based on the results of 165 rRNA gene sequencing, the
Bacillus sp. IrKAM1 strain with 1371 nucleotides was 99.6%
phylogenetically identical to Enterobacter ludwigii with acces-
sion number EN-119(T). The Bacillus sp. IrKAM2 strain
with 1381 nucleotides showed 99.8% sequence similarity
with Acinetobacter baumannii with accession number ATCC
19606(T). Finally, the Bacillus sp. IrKAM3 strain with 1018
nucleotides was 99.8% phylogenetically related to Enterobacter
sichuanensis with accession number WCHCAI1597(T).
The phylogenetic tree of these strains is shown in Fig. 6.

MFC reactor type MEC working voltage References
Two-chamber MFCs (1.2 mL) 0204V Ref. 20 of Koffi and Okabe (2020)
Two-chamber MFCs (120 mL) 0.837 V Ref. 10 of Koffi and Okabe (2020)
Two-chamber MFCs (50 mL) <02V Ref. 6 of Koffi and Okabe (2020)
Air—cathode MFC (27 mL) ~05V Ref. 7 of Koffi and Okabe (2020)
Sediment microbial fuel cells (550 mL anolyte, 445 mL catholyte) 04V Ref. 11 of Koffi and Okabe (2020)
Two-chamber MFCs (150 mL) 0310V Ref. 12 of Koffi and Okabe (2020)
Two-chamber MFCs (150 mL) 0311V Ref. 12 of Koffi and Okabe (2020)
Single-chamber air-cathode MFC (316 mL) 03V Ref. 2 of Koffi and Okabe (2020)
Benthic MFC 0.35-0.5V Ref. 13 of Koffi and Okabe (2020)
Air—cathode MFC (450 mL) 0.44V Ref. 14 of Koffi and Okabe (2020)
Single-chamber air-cathode MFC (316 mL) 018V Ref. 22 of Koffi and Okabe (2020)
Single-chamber air-cathode MFC (300 mL) 0.2-0.5V Ref. 16 of Koffi and Okabe (2020)
Sediment MFC (15 L) 02V Ref. 15 of Koffi and Okabe (2020)
Single-chamber air-cathode MFC (300 mL) 0.2-0.5V Koffi and Okabe [40]
Two-chamber air-cathode MFC (500 mL) 0.250 V This study
47 0.7 250
- -G+ - Control System
- <3 - Control System
- )
[72] -
[=WPP) E i 8125
3 3 &
o < °
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k
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Fig. 4. Results of the functional test with seawater: (a) anode TDS, (b) cathode TDS, and (c) closed-circuit voltage.



E. Kokabi, E. Asgarani / Desalination and Water Treatment 285 (2023) 101-112 109

Table 4 Table 5
Results of the ion chromatography method Results of the biochemical tests
Ton Concentration Concentration Reduction Biochemical Bacteria
after test (ppm) _before test (ppm) rate (%) test Bacillus sp. Bacillus sp. Bacillus sp.
Na* 11,220 10,780 3.9 IrKAM1 IrKAM2 IrKAM3
Cl- 20,735 17,119 174 Oxidase
SO 3,123 2,523 19.2 Catalase
Alkalinity 4,300 2,500 41.9 OF
coy 0.0 0.0 - TSI A/A K/K A/A
HCO; 4,300 2,500 41.9 Gas+HS  Gas+HS  Gas+HS
Ca*® 681.4 641.3 5.9 Glucose " _ +
Mg 1,433 1,117 22.1 Lactose N _ N
K 479.6 4244 115 Sucrose + _ N
Sr*? 3.9 29 25.6
Br 54 39 278 OF represents “oxidation—fermentation”;

TSI represents “triple sugar iron agar”.

Farm Water System Water Urban Water

After 12 days

Fig. 5. Seed planting results. The pots were irrigated by urban water, farm water, and simulated water. All three pots germinated
after 10 d. The pots with urban water and simulated water leafed after 12 d.
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r F1668828.1:1-1360 Enterobacter sp. DICSJIA
. MW485251 Bacillus sp.IrKAM1

4 MK226200.1:1-1357 Enterobacter ludwigii strain WP7

&

MT002728.1:31-1401 Enterobacter ludwigii strain YC-IL1

KJ541760.1:3-1373 Enterobacter cloacae strain ZL1103

5

L KR189943.1:1-1362 Enterobacter sp. UIWRF0001
MN508473.1:464-1377 Enterobacter sp. strain TS3
MK824191.1:460-1373 Bacterium strain B51003
24 )| MK823736.1:485-1398 Bacterium strain B50548
MK823771.1:38-1408 Bacterium strain BS0583
MK823570.1:24-1394 Bacterium strain B50382
13 MK459493,1:21-1391 Enterobacter sp. strain TC125
L{ MGA436904.1:1-1366 Enterobacter ludwigii strain EL/ETB/211
po | MGA436901.1:1-1366 Enterobacter ludwigii strain UC/EL/11
KR189552.1:222-1134 Enterobacter sp. UIWRF0304

JF431257.1:424-1336 Enterobacter sp. BXCC-14

— MK459478,1:442-1353 Enterobacter sp. strain TC110
t MN538300.1:480-1391 Pantoea sp. strain HSTU-ASh65

MH715226.1:426-1338 Enterobacter tabaci strain RW17

-
&

KR189996.1:402-1314 Enterobacter sp. UIWRFO760
EF489448.1:478-1389 Enterobacter sp. GIST-NKst6
. MZ057811 Bacillus sp.IrkAM3
MN173940.1:3-1383 Acinetobacter baumannii strain

MN173927.1:3-1383 Acinetobacter baumannii strain ry30
MKB25098.1:24-1404 Bacterium strain B51910
MT940471.1:3-1383 Acinetobacter baumannii strain ry7
MN175926.1:53-1432 Acinetabacter baumannii strain DSM 1917

MN175921.1:58-1437 Acinetobacter baumannii strain DSM 1676

AM269458.1 Uncultured Cyanobacteria bacterium

0.050

Fig. 6. Phylogenetic tree of the identified isolates.

According to NCBI data (https://www.ncbi.nlm.nih.gov/
nuccore/JTLO01000001.1), Enterobacter ludwigii with acces-
sion number EN-119(T) and Enterobacter sichuanensis with
accession number WCHCAI1597(T) possess Na* translocator
protein complex. This is further evidence of the ability of the
obtained bacteria to desalinate water by transferring ions
into the cell.

4. Conclusion

Simultaneous electricity generation and seawater desali-
nation in a simple MFC was achieved. Electrogenic bacterial
isolates capable of desalination by intracellular ion trans-
fer were obtained through extensive sampling from var-
ious regions of the Persian Gulf. The closed-circuit voltage
reached a maximum of 243 mV and the CDR was 13.8 g/(L-d)
during the system operation using only seawater as sub-
strate in the anode chamber. The ion chromatography and
AAS results confirmed the desalination performance, where
the amount of eleven major ions decreased between 5.9%
(Ca*) and 41.9% (HCO;"). The reduction rate for Na*and
CI ions were 3.9% and 17.4%, respectively. As evidenced by
stacked test and practical seed planting, seawater was desali-
nated to less than 7 g/L, so it can be used in agriculture.

MN173933.1:5-1384 Acinetobacter baurnannii strain 0731
MN173929.1:5-1384 Acinetobacter baurnannii strain ry34
MN173926.1:5-1384 Acinetobacter baumannii strain ry3

MG755241.1:38-1417 Acinetobacter baumannii strain VITVB

. MW485252 Bacillus sp.IrKAM2

Biochemical tests as well as phenotypic characteris-
tics and 16STRNA gene sequence showed that the isolates
Bacillus sp. IrKAM1, Bacillus sp. IrKAM2, and Bacillus sp.
IrKAM3 were identified as Enterobacter ludwigii EN-119(T),
Acinetobacter baumannii ATCC 19606(T), and Enterobacter
sichuanensis WCHCAI1597(T), respectively.

For further studies, it is proposed to investigate the effi-
cacy of the system by using all microorganisms in seawater
to produce the biofilm instead of employing only isolated
strains. In this case, the required bed can be placed in the
sea and the biofilm can be formed there as well. A scale-up
MEFC system [42] can also be built to determine the maximum
possible desalination capacity.
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