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Abstract

Background/Aims: Microbial desalination cells (MDCs) are bioelectrochemical systems using
electroactive bacteria to generate energy simultaneously cleaning wastewater and desalinating
water. This sustainable technology addresses pollution issues and water shortage using an
environmentally friendly solution that aids in desalination as well as wastewater treatment. This
research focuses on the effectiveness of microbial desalination cells (MDCs) in concurrently
treating wastewater and removing salt from water. The study seeks to determine whether
MDCs offer a viable, environmentally friendly method for purifying water while generating
energy. Methods: The MDC setup incorporated three distinct chambers: anode, desalination,
and cathode. Wastewater samples were placed in the anode and cathode compartments,
while the desalination chamber contained saline water. A digital multimeter was employed to
regularly monitor and log the generated voltages. The microbial community was examined
through 16S rRNA gene sequencing techniques. Organic matter elimination was quantified
by measuring total organic carbon (TOC) levels. The MDC operated for 30 days continuously.
Results: The microbial desalination cell (MDC) produced bioelectricity, effectively desalinated
water, and broke down organic molecules during its 30-day running. This suggests that since
the voltage generation peaked at 638 mV and then stabilized at 460 mV, the electrochemical
activity has been constant. From 46.2 mS/cm to 10.1 mS/cm, the desalination chamber’s
electrical conductivity (EC) fell drastically, clearly removing the ions. A decline in sodium chloride
(NaCl) concentration—from 29 mg/L to 7 mg/L—also proved a sign of effective desalination.
Better organic degradation was shown by the cathode chamber reaching 99.9% while the
anode chamber attained a total organic carbon (TOC) removal rate of 97.2%. Desalination
mostly depends on selective ion exchange across cation and anion membranes; microbial
biofilm adaptation helped in the slow development of voltage. These findings suggest that
since they efficiently mix the processes of wastewater treatment, desalination, and power
generation, MDCs are a reasonably sustainable technology. The Microbial Desalination Cell
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(MDC) effectively desalinated water and treated wastewater having a peak voltage of 638 mV
and a drop in NaCl concentration from 29 mg/L to 7 mg/L. With TOC removal in the anode
at 97.2% and the cathode at 99.9%, the system proved excellent in both desalination and
organic matter degradation. Furthermore, found to be unique from NCBI-recognized species
was the microbiome found in Iragi municipal effluent. Conclusion: Microbial Desalination
Cells (MDCs) have many advantages over conventional desalination techniques like reverse
osmosis, including being able to cleanse wastewater and simultaneously generate renewable
electricity with far reduced energy usage. Constant challenges are improving ion exchange
efficiency, honing interactions between microbial communities, and increasing technological
scale. Improving MDC performance and incorporating it into whole energy and water
management systems is the main emphasis of research nowadays. This could be a perfect
choice for encouraging more environmentally friendly energy sources and lessening the

consequences of world water shortage. © 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Water is essential to the life of all living entities (Gangaraju et al.,, 2021). It is used
extensively in human hydration, agriculture, sanitation, food preparation, and a myriad
of industrial purposes. Still, freshwater supplies are limited and declining annually, hence
there is a global issue with obtaining clean water (Bejjanki et al, 2021). To address the
rising water shortage, desalination of brackish and seawater has experienced a rapid rise
recently (Elawwad & Ragab, 2019). Desalination is the method used to clean saltwater so
that human consumption may be had (Hamza et al., 2023). The very concentrated saline
byproduct this process generates—desalination brine—should be treated carefully if
we are to minimize environmental consequences (Abushawish et al., 2024). The optimal
desalination method should be selected considering several factors. These comprise the
contaminants to be eliminated, the intended use of the water, the economic viability of the
project, the energy needed, and the disposal of the waste (Al-Daraghi et al.,, 2019; Afolalu
et al,, 2022). Combining biological and electrochemical processes, a bioelectrochemical
device called a Microbial Desalination Cell (MDC) desalinates water. Two areas that might
profit from this innovative system'’s capacity to permit new chemical reactions (Aber et al.,
2023) are sustainable water desalination and environmental remediation. MDCs offer a
practical means of desalination by using microbial activity to encourage ion removal. MDCs
are structurally made of three separate compartments: anodic, desalination, and cathodic
(Salman & Ismail, 2020) separated from one another by anion exchange membranes (AEM)
and cation exchange membranes (CEM), which control the passage of ions. Wastewater-
based organic compounds are oxidized by microorganisms in the anode chamber, which
sends electrons over an external connection to the cathode (Husein et al,, 2012.). When
these electrons interact with the terminal electron acceptors at the cathode, Sadeq and
Ismail (2024) say the process is deemed complete. Majumder et al. (2023) claim that an
external wire and load move electrons from an anode to a cathode generating bioelectricity.
Selective ion removal from the desalination chamber is made possible by anion exchange
membranes (AEM) and cation exchange membranes (CEM); their strategic location mostly
depends on the effectiveness of Microbial Desalination Cells (MDCs). The voltage differential
between the anode and cathode drives the desalination process in MDCs, the same as in
microbial fuel cells (MFCs). By oxidizing organic compounds, generating electrical energy,
and simultaneously lowering salt concentrations in brine streams, Moruno et al. (2018)
found that MDCs offer a sustainable and multifarious method of water treatment. This
work highlights the potential of MDCs to provide effective water desalination, renewable
electricity generation, and organic carbon bioremediation using the metabolic activity of
local wastewater microbial populations as a biological driving force.
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Materials and Methods

MDC manufacturing and system setup

Conceived and constructed in the Engineering Process Laboratory of the Institute of Genetic
Engineering and Biotechnology for Postgraduate Studies, the Microbial Desalination Cell (MDC) was
developed largely using locally obtained acrylic sheets. The three linked cubic chambers—the anode, the
intermediate desalination unit, and the cathode—that comprised the MDC design are shown in Fig. 1. To
split these compartments, Membranes International Inc. of Ringwood, NJ, USA provided cation and ion
exchange membranes (CMI-7000), each measuring 10 x 10 cm. The anion-exchange membrane (AEM)
linked the anode and desalination chambers; the cation-exchange membrane (CEM) split the desalination
and cathode compartments. The desalination unit added 350 mL to the whole volume whereas the anode
and cathode chambers of the MDC combined consumed 550 mL. To block any leaking, gaskets were placed
between the sections; the entire thing was connected with strong screws. Seven mm thick and six x eight
cm graphite plates designed for use as electrodes were fitted in the anode and cathode chambers. A digital
multimeter might monitor the electrical output of the system and track voltage by wiring these electrodes
to an electrical wire.

Influent wastewater and saline water

Using wastewater as their feedstock—which supplied bacteria and nutrients for the anode and
cathode chambers—the Microbial Desalination Cells (MDCs) were kept in an active state. Water samples
were supplied by Baghdad, Iraq’s Al-Rustumia Wastewater Treatment Plant. Two different kinds of
wastewater were used in the experiment: one from the aerobic digesters (dissolved oxygen (DO: 4 mg/L)
and the other from the raw wastewater tank (0.2 mg/L), which were anaerobic and aerobic respectively.
Additionally, collected from both sites and fed to the wastewater influent tank, five grammes of anaerobic
and aerobic sludge were meant to enrich the microbiome. As Table 1 shows, the obtained samples were
further characterized using general physicochemical criteria.

Figure 1. Microbial desalination cell configuration.
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Table 1. Wastewater parameters. -EC (mS/cm) - Electrical Conductivity. -pH - Potential of Hydrogen. - NaCl
(mg/L) - Sodium Chloride Concentration. - TOC (mg/L) - Total Organic Carbon, -Data were expressed as
Mean +SD

NO Characteristics Anaerobic wastewater Aerobic wastewater Saline water

1 EC (ms/cm) 3.201 2.69+1 46.2
2 pH 4.421.0 4.6 6.04
3 NaCl (mg/1) 1625 1300 28.9
4 TOCs 36 113 0

Using prepared saline water instead of seawater was meant to help regulate the experimental conditions
and lessen the impact of several factors. Jaspal et al. (2023) claim that the place of sampling, geographical
location, and seasonal fluctuations all considerably affect the makeup of saltwater. The inclusion of trace
metals, organic compounds, nutrients, chloride and sodium ions in the study makes several possible causes
of bias in it. Dissolving 20 g/L of NaCl in distilled water removed biological contaminants, heavy metals,
dissolved organic molecules, and caused brackish water conditions. This approach guaranteed that the
operation of the microbial desalination cell (MDC) rather than changes in the water composition was largely
responsible for the observed effects, therefore enabling a more controlled assessment of the MDC'’s efficiency
in eliminating organic matter and salt. Typical issues in seawater desalination are membrane fouling and
scaling; these could have damaged the experimental results; yet, using artificial saltwater helped eliminate
these problems (Ahmed, 2013).

Running the microbial desalination cell (MDC) as a continuous-flow reactor helped this technology
to show constant performance. Continuous sparged nitrogen gas was employed to maintain the anode
chamber in anaerobic conditions using a 1-litre feeding tank, therefore excluding oxygen. Conversely, the
cathode chamber was kept aerobically using a continually aerated 1 L feeding tank. Salt water was run to
the intermediate membrane desalination plant to assist with ion transport and desalination. A peristaltic
pump maintained the daily flow rate constant at 200 mL by regulating the influent and effluent flows of all
chambers. The anode, cathode, and desalination chamber effluent were gathered in separate containers;
samples were obtained routinely for further inspection. The MDC was pre-run for five days at room
temperature before experimental measurements began to guarantee system integrity, prevent leakage, and
provide the microbial colony time to adjust.

The experiment parameters

The voltages generated by the microbial desalination cell (MDC) were monitored regularly with
a digital multimeter (DT-830D). Sodium chloride (NaCl) concentration was found using a sensionTM"*
conductivity meter (HACH, UK). Conductivity and pH were measured using a professional benchtop pH
meter to maintain strict control of the water chemistry. We measured the TOC concentration of the input
and output water using a DR3900 spectrophotometer in line with the industry-standard Direct Method 1
(Test ‘N Tube procedure’). Every measurement was taken twice to ensure correct and dependable findings.

Microbial community DNA extraction and bacterial identification

DNA was isolated from samples drawn from the anode, cathode, and desalination cell (ion exchange
membrane) in a triplicate study. Every one of the three parts of the experiment produced one gramme
of biofilm, which served as a DNA extraction starting point. Following direct DNA extraction and PCR
amplification using primers particular to 16S rRNA, amplicon sequencing was carried out. Enrichment agar-
cultured bacteria underwent a second phase of DNA isolation to enter even further into the microbiome.
Sequencing data were clipped (approximately 800 bp) to eliminate mistakes (Fig. 7) before being matched
with the NCBI database for taxonomic identification. We considered both the forward and backward
sequences for accuracy. Following the manufacturer of the QTAGEN DNA Mini Kit’s approach, the DNA was
extracted from biofilm samples at the end of the experiment. After one month of continuous MDC operation,
we investigated changes in bacterial population by using 16S rRNA polymerase chain reaction (PCR). Three
separate sites—the anode, the cathode, and the desalination cell—provided samples. DNA extraction was
done following the PrestoTM Mini gDNA Bacteria Kit's technique to guarantee reliable and consistent results.
Detailed bacterial composition and sequencing data are provided in the supplementary file (Supplementary
Table S1).
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By polymerase chain reaction (PCR), the 16S rRNA gene was amplified to investigate the microbiome
in the Microbial Desalination Cell (MDC). The reaction mixture comprised a 1 pL forward primer
(AGAGTTTGATCCTGGCTCAG) and a 1 pL reverse primer (TACCTTGTTACGACTT). A lyophilized premix
helped to maintain the reaction components. Five microliters (5 pL) of extracted DNA was the template
employed; thirteen microliters (uL) of deionized water completes the whole reaction volume. Put bacterial
cells—up to 1 x 10*—in a 1.5 ml microcentrifuge tube and spin them for one minute at 14, 000-16, 000 x
g to make Gram-positive bacteria ready. Discard the liquid on top. Arrange 200 pl of each sample into a 15
ml centrifuge tube to create the Gram+ Buffer. Combine the Gram+ Buffer with Lysozyme (0.8 mg/200 pl)
then carefully swirl until dissolved. Add 200 pl of the Gram+ Buffer to the bacterial pellet in the 1.5 ml tube
following confirmation of Lysozyme addition. Resuspender the mixture using either pipetting or vortexing.
Turn the tube over every ten minutes while the sample is half an hour incubated at 372C. Before adding 20
ul of Proteinase K following incubation, be cautious about adding H,0. Mix the concoction then vortexing.
Then, invert the tube every three minutes as it incubates at 602C for a minimum of 10 minutes. Proceed then
to Step 2: Lysis. Vortexing the sample with 200 pl of GB Buffer for 10 seconds will mix it once the first lysis is
finished. Invert the tube every three minutes and incubate the sample at 702C for a minimum of ten minutes
to achieve complete lysis. Bring the required elution buffer—200 pl for every sample—to a temperature of
709C while waiting for the DNA elution phase to start. For the optional RNA removal step, the clear lysate
can be supplemented with 5 pl of RNase A (50 mg/ml) after incubation at 702C; then, vigorous shaking.
Five minutes in a room temperature incubator will help the sample to come to. Quickly mix the sample
lysate with 200 pl of 100% ethanol during the DNA binding stage. Should a precipitate develop, distribute
it as much as possible with a pipette. Insert the whole mixture—including any insoluble precipitate—into
a 2 ml collection tube before passing it to the GD Column. Remove the liquid-through after two minutes
of centrifugation at 14, 000-16, 000 x g and slide the GD Column into a fresh two ml collection tube. Spin
the mixture at 14, 000-16, 000 x g for 30 seconds following adding 400 pl of W1 Buffer to the GD Column
for the wash phase, then remove the liquid that passes through. Add ethanol first then 600 pl of the Wash
Buffer. Return the GD Column then to the 2 ml Collection Tube and spin it for 30 seconds at 14, 000-16,
000 x g. Return the GD Column to the 2 ml Collection Tube after you’ve thrown away the flow-through. Spin
the column matrix in the centrifuge for an additional three minutes at 14, 000-16, 000 x g to guarantee
complete drying.

Data analysis
The heat map plots were generated using the ClustVis web program (Metsalu and Vilo, 2015; https://
biit.cs.ut.ee/clustvis/).

Results

Power production by Microbial Desalination Cell (MDC)

Regular tracking of the voltage generation of the microbial desalination cell (MDC)
helped one evaluate its performance. As Fig. 2 shows, the voltage grew gradually throughout
the first week until it peaked at 638 mV. Beyond this, though, the voltage began to drop and
finally levelled off at roughly 460 mV. Fig. 2 also demonstrates that the pH of the desalination
chamber changed across the experiment, ranging from 5 to 6.5. The peak voltage of this
experiment, 638 mV, is in line with other field data. The 2014 Sabina et al. study, which again
revealed a maximum voltage of 639 mV, is one instance of consistent MDC functioning. Cao et
al. (2009) likewise noted a high voltage of 600 mV during MDC operation with an initial salt
level of 20 g/L. In power-generating research by Faduos & Jwaid (2023), the output of 3.55V
and 9 mA was noted; this contrasts with this, illustrating how MDC performance could vary
based on system configurations and operational situations.

In this experiment, the recorded voltage trendline showed that in combination with
the desalination process, the microbial desalination cell (MDC) is a feasible method for
producing energy. The technology reduced salt concentrations at the same time as efficiently
using microbial activity to generate electrical energy. Furthermore, using wastewater as both
areservoir of electroactive bacteria and a nutritional source helps this method contribute to
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Figure 2. Presents the generated voltage comparison with pH by microbial desalination unit.

the creation of sustainable energy solutions. MDCs are a good solution for tackling renewable
energy concerns and water shortages by combining wastewater treatment with bioelectricity
generation. Fig. 3A shows that the adaptation of the microbial population and the progressive
development of biofilm on the anode and cathode surfaces most likely led to the produced
voltage progressively rising during the experiment. When a stable and mature biofilm
develops, MDC performance is enhanced, hence raising electron transport’s efficiency. In an
MDC, microorganisms oxidize organic molecules in the anode chamber to produce electrons
that travel toward the cathode via an external circuit and generate power. As electrons pass
a wire and load connected outside, electrical energy is created (Majumder et al., 2023). Over
the initial part of the experiment, the voltage output of the microbial desalination cell (MDC)
was less than 100 mV. This phenomenon can be explained by microorganisms gradually
adjusting to the parameters of the system. Establishing a stable and efficient biofilm on the
surface of the electrodes is necessary for an active electrochemical environment facilitating
bacterial electron transfer. The results of Kokabian and Gude (2013), who discovered that
extracellular electron transfer activities depend on the lag phase of microbial development,
match the noted delay in voltage generation. Microbial experience during this period helps
biofilm growth on electrode surfaces using metabolic and physiological changes. The biofilm
enhances electron transport and microbial interactions, therefore enabling a progressive
increase in voltage generation.

Research indicates that the power output of microbial desalination cells (MDCs), a major
performance measure, directly influences the efficiency of microbial desalination systems
(MDS). MDCs must grow biofilms on the anode if they are to progressively increase their
power output. Since there aren’t many electroactive bacteria, electron transfer’s efficiency
is first weak when microbial colonies grow on the surface of the electrode. The proportion
of electroactive bacteria including Geobacter species increases as the biofilm ages,
therefore enhancing the anode’s capacity to receive extracellular electron transfer (EET).
Fig. 3 demonstrates how this slowly raises the power output. Apart from reducing internal
resistance and raising energy generation, continuous biofilm development improves ion
flow across chambers. Using a link between MDC voltage generation and the development
of microbial communities, Dongre et al. (2024) and Jaroo et al. (2021) offer data supporting
this. On the other hand, long-term stabilization or reduction of power generation can result
from clogging and mass transfer limitations resulting from large biofilm development.
Maintaining high energy output in MDCs hence calls for optimizing biofilm development.

Because the pH influences the metabolic activity of the microorganisms that use
electrolysis for energy generation, microbial desalination cells (MDCs) and other
bioelectrochemical systems are rather sensitive to pH (Mohammed & Ali, 2013). A main
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Figure 3. A and B highlighted the biofilm on the graphite electrode before and after treatment, while C and
D are the membranes before and after treatment.

cause of the system-wide pH variation is the anode chamber proton accumulation resulting
from microbial oxidation of organic substrates. The fundamental reason for this proton
accumulation is the anion exchange membrane (AEM), which inhibits the migration of
protons to the cathode chamber and generates a localized pH drop. On the other hand, the
consumption of protons during the oxygen reduction process controls the pH dynamics of
the cathode chamber, hence producing fluctuations in pH levels (Yang et al., 2014). The pH
values of the anode and cathode chambers directly influence the voltage output of the MDC as,
as Imoro et al. (2021) note, pH influences the metabolic efficiency of bacteria and, therefore,
the general electrochemical performance of the system. Studies have indicated that voltage
generation rose when the pH of the anode chamber dropped from 7 to 6.13. This implies that
in microorganisms, somewhat acidic environments could enhance electron transport (Jaroo
et al., 2021). Conversely, there have been cases when the pH in the anode chamber jumps.
This could be the result of the materials used for the anode—activated carbon or layers of
biofilm, for example. These components can be considered proton reservoirs, according to
Ahmed (2013), which help to regulate or elevate the pH within the anode compartment and
stop too much proton accumulation. Furthermore, underlined by Majumder et al. (2023) is
the need for the buffering capability of anode materials for preserving bioelectrochemical
activity and raising MDC performance by keeping an optimal electrochemical environment.

Electrical conductivity (EC) and salinity removal in MDCs

137



Cellular Physiology Cell Physiol Biochem 2025;59:131-147

. . DOI: 10.33594/000000767 © 2025 The Author(s). Published by
and Biochemistry pubished oniine: 24 March 2025 |cell physiol Biochem press Gmbriaco. ks

Mudbher et al.: Microbial Desalination Cells For Sustainable Water Treatment

Fig. 4. The concentration of NaCl in the desalination unit, anode and cathode.

Fig. 5. The trend line of electrical conductivity and NaCl in MDC.

Electrical conductivity (EC) was continuously tracked during the experiment to gauge
the overall efficiency of the microbial desalination system. Fig. 4 illustrates a modest but
consistent decline in the desalination chamber’s electrical conductivity (EC) from 46.2
mS/cm to 10.1 mS/cm following thirty days of continuous operation. This decrease in
EC indicates the desalination performance of the system and the progressive elimination
of ionic species. Moreover, EC values in the anode and cathode chambers changed inside
specific ranges. Whereas cathode chamber values were 4 to 8.5 mS/cm, anode chamber EC
values ranged from 3 to 4.5 mS/cm. These oscillations can be understood in the system using
dynamic electrochemical reactions occurring there and ion movement across the chambers.
Throughout the experiment, sodium chloride (NaCl) concentration was tracked constantly
to evaluate membrane performance and spot probable leakage (Fig. 5). As seen in Fig. 6,
from 29 mg/L to 7 mg/L, the consistent drop of the NaCl content in the desalination chamber
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proved effective ion removal. Simultaneously, the cathode chamber had values between 1.5
and 4.8 mg/L whereas the anode chamber had NaCl concentrations between 2.5 and 1.5
mg/L. These developments reveal that ion exchange activities are efficient in controlling
the electrochemical balance of the system and that ions are transferred across membranes
selectively.

Several connected elements can help to understand why the sodium chloride (NaCl)
concentrations and the electrical conductivity (EC) of the anode and cathode chambers differ.
These elements cover operational parameters, membrane characteristics, microbial activity,
and components ofthe influentsolution. Organiccompounds broken down by microorganisms
in the anode chamber release protons (H*) and electrons. Anions such as sulfate (S0427)
and chloride (CI7) approach the anode to maintain the electrochemical equilibrium, hence
reducing the concentration of NaCl and the electrochemical potential (EC). The approach
sends the electrons to the cathode via an external circuit, where they participate in processes
lowering oxygen (O, + 4e* + 4H* — 2H,0). To preserve electroneutrality, sodium ions (Na*)
move from the desalination chamber to the cathode, hence this chamber may observe a rise
in EC and NaCl concentration. Between the anode and cathode, the desalination chamber is
situated, and ions travel through ion exchange membranes. The concentration of NaCl and
EC in this chamber is much lowered. We particularly detail the cation exchange membrane
(CEM) migration of Na+ ions toward the cathode and the anion exchange membrane
(AEM) migration of ClI” ions toward the anode. Using this continuous ion transfer, the salt
concentration in the desalination chamber is effectively lowered, therefore enhancing the
general efficiency of the system.

Within the middle compartment, which functioned as the desalination unit, the electrical
conductivity (EC) dropped progressively in this experiment. Selective ion movement across
the chamberswas made possible by the Cation exchange membrane (CEM) and anion exchange
membrane (AEM), hence lowering the EC. Previous studies have also revealed a similar trend,
with the conductivity of the desalination chamber declining drastically throughout the first
day. The considerable improvement in ion transport efficiency brought about by the strong
initial ion gradient across the membranes causes the fast drop. Desalination causes the ion
gradient to drop, therefore slowing down the process (Santoro et al., 2017). The reduced
availability of free ions in the desalination chamber stabilizes the conductivity of the system
at lower levels by preventing additional ion migration. Concentration polarization accounts
for this behaviour.

Apart from electricity generation and wastewater treatment, microbial desalination
cells (MDCs) also help to remove salt from the centre area of the desalination chamber
(Ebrahimi etal.,, 2017). The efficiency of salt removal in MDCs (Fatlawy et al., 2024; Kokabian
& Gude, 2013) is determined by the hydraulic retention time (HRT), the surface area of the
membrane, rates of microbial oxidation and oxygen reduction reactions, the volume of salt
solution and wastewater, and other interrelated factors. These factors define the whole
desalination performance and thereby influence the ion transport across the membranes.
Although necessary for MDC operation, studies have indicated that microbial activity could
notalways directly affect desalination efficiency (Imoro etal,, 2021). Conversely, ion exchange
membranes allow ion migration dynamics, the main forces for salt removal. Operating under
optimum conditions, MDCs offer considerable potential as a technology for ecologically
friendly desalination (Carmalin Sophia et al., 2016). Their efficiency is 90%.

High salinity levels (AL-Amier & AL-Fatlawy, 2014) could significantly affect anaerobic
bacteria in the anode chamber, which are vital for microbial oxidation and electron transfer.
Excessive salt concentrations provide osmotic stress that can interfere with cellular function
and stop microbiological activity. Consequently, there is a possibility that the entire electron
transfer mechanism is compromised, thus lowering the cell potential and compromising
the MDC'’s efficiency (Liaquat et al., 2021). Luo et al. (2012) demonstrated how well MDCs
remove salt by finding that, during 110 hours of operation, they could extract 90% of the salt
from the desalination chamber. Conversely, dissolved salts and ionic species in the influent
wastewater could influence system performance, which would in turn influence variations
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in electrical conductivity (EC)
(Ishag et al, 2024). MDCs
have shown good desalination
capacity in various conductivity
environments independent of the
challenges resulting from high
EC levels. Dongre et al. (2024)
reported that MDCs kept efficient
desalination even at rising EC
levels, hence highlighting their
adaptability. Results of the Faduos

and Jwaid (2023) study confirm

this conclusion; the authors used
MDCs to lower the sodium chloride
concentration by 90%, therefore
proving the potential of the technology for ecologically friendly desalination methods.

Fig. 6. The concentration of TOC in both the cathode and anode.

Total organic carbon (TOC) Removal

Fig. 6 illustrates the efficiency of the system’s organic degradation by showing the
elimination of total organic carbon (TOC) in the anode and cathode effluent throughout
a 30-day continuous operation period. The TOC concentration in the anode chamber fell
sharply over the first four days, from 36 mg/L to 18 mg/L. This rapid decline suggests the
simultaneous occurrence of microbial adaptability and active organic matter breakdown.
TOC levels had reduced to a minimum of 1 mg/L at the end of the study, then continued
a modest but consistent decrease beyond this point. Anode chamber TOC reduction over
time reflects continuous microbial oxidation of organic substrates, a necessary process in
bioelectrochemical energy generation. On the other hand, a different pattern was seen for the
removal of TOC in the cathode chamber. Within just four days, total organic carbon contents
dropped significantly from 119 mg/L to 96 mg/L. From day 4 to day 8, the total organic
carbon levels showed a moderate but consistent decrease; thereafter, they fell abruptly until
day 14, when they at last reached their lowest value at the end of the experiment. In an
aerobic cathode environment, the elimination of TOC is more successful because oxygen
is a good electron acceptor, which in turn accelerates microbial respiration and raises
rates of organic matter breakdown. Moreover, aerobic surroundings promote microbial
development, which in turn fosters a more varied population more suited for biodegrade.
Furthermore, in an oxygen-rich environment, the synthesis of enzymes is improved, which
facilitates a wider range of co-metabolic processes degrading intricate chemical compounds.
The anode chamber runs under anaerobic conditions hence these advantages are absent.
Oxygen deprivation lowers metabolic diversity among microorganisms, which slows down
the decomposition of overall organic carbon (Zhou et al,, 2024). Nevertheless, at the anode
electron generation and biofilm formation—essential for microbial desalination—continue
to occur.

Oxidizing carbon-containing compounds generates total organic carbon (TOC), which
is then detected by CO, gas production. Microbial activity, electrochemical processes, and
system operational conditions are among the several factors influencing the rate of TOC
removal in microbial desalination cells (MDCs) (Atiya et al., 2020). Protons (Al Balushi et
al, 2022), electrons, and carbon dioxide are among the anode chamber’s byproducts of
organic matter oxidation. These electrons are driven to the cathode via an external circuit,
where oxygen serves as the terminal electron acceptor to allow reduction reactions to occur.
Using more complete oxidation of organic molecules, which in turn enhances the general
performance of the system, using oxygen as an electron acceptor increases the efficiency of
total organic carbon removal (Abd-Almohi et al,, 2022).

Apart from quantifying organic molecules at every desalination stage, this approach
offers valuable insights into the general system efficiency (Harvey et al.,, 2020). Remarkably
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good at removing total organic carbon (TOC) from the influent water was the microbial
desalination cell (MDC). The cathode chamber attained an even better removal effectiveness
0f 99.9%; the anode chamber dropped 97.2% TOC. The TOC removing efficiency is computed
using the following equation:

TOC%=(C,-C,)/C,x100%
C Initial total organic carbon concentration (mg/L)
C,. total organic carbon concentration at time t (mg/L)

Su et al. (2023) observed that the catabolic metabolism of the bacteria in untreated
wastewater helped break down organic materials, hence improving TOC elimination
in this work. Ma et al. (2024) claimed that aerobic oxidation processes greatly raised
microbial activity and accelerated the breakdown of organic compounds, thereby resulting
in great removal efficiency. Rezk et al. (2023) underlined the need to control important
parameters like pH, salt content, and applied voltage to maximize the performance of total
organic carbon removal in microbial desalination systems. The cathode chamber in this
experiment eliminated 99.9 per cent of TOC using an optimal pH range of 4.6 to 5.5 and a
NaCl concentration of 20 g/L. Furthermore, proven by Naguib et al. (2023) is how strongly
the beginning TOC concentration influences the treatment efficacy. Their results indicated
that higher starting TOC levels enhanced TOC removal efficiency due to a decline in the
rate of TOC reduction and an increase in the efficacy of the elimination of soluble TOC. This
correlation could explain the distinct removal patterns observed in the cathode chamber
and the anode chamber since the total organic carbon (TOC) level dropped considerably in
the cathode chamber while it dropped more slowly in both chambers. Chi et al. (2023) also
investigated how running settings affected TOC removal rates. Their results revealed that
applied voltage in combination with the first pH and electrode spacing in combination with
the starting pH greatly influenced the efficacy of TOC removal. The interaction of applied
voltage and electrode spacing did not affect toxic off-gassing rates. These findings show
that it is imperative to maximize specific parameter combinations if one is to increase the
effectiveness of TOC removal in microbial desalination cells.

Bioinformatics Analysis

Fig. 7 shows how the sequencing data obtained from this study confirmed the
unculturable species classification of the bacterial DNA. Still, a comparison of data from past
studies on typically detected bacterial species in wastewater (Stewart et al., 2024) allowed
one to delve deeper into the study and characterization of these microbial communities. We
considered Salmonella, Shigella, Escherichia coli, Streptococcus, Pseudomonas, and Giardia
among approximately a thousand distinct subspecies of bacteria from several genera and
species. This work compared the bacterial sequences discovered here with those of the
subspecies described in previous studies. The phylogenetic tree, which arranges recently
identified bacterial species into groupings defined by genus and species, is shown in Fig. 8.
Given their differences from all other species mentioned, the samples under examination
could be new or hitherto unidentified species of bacteria. Further weight for this discovery
came from the NCBI BLAST test’s results, which confirmed the discovered bacteria were
uncultivated species. We grew the biomaterials taken from the biofilms developed in each
of the three compartments using enrichment media to support these results. It is important
to understand that this approach may be biased since the produced bacteria might not
be a perfect replica of the natural microbial diversity in the biofilm. Notwithstanding this
restriction, most of the identified bacterial species were once more classified as uncultured,
asshownin Fig. 9, thereby confirming the sequencing results. The bioelectrochemical process
occurs in the microbial desalination cell (MDC), and these results reveal the complexity and
maybe novel nature of the microbial populations engaged in this process.
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Fig. 7. NCBI blast data for the targeted samples where A is for the cathode, B anode and C is the desalination
unit.
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Discussion

The results reveal
that the bacterial species
identified in the anode,
cathode, and desalination
chambers of the microbial
desalination cell (MDC)
experiment were vital in
generating outstanding
quantities of power and
enablingefficientwastewater
treatment. Notable to this
research is the identification
of novel types of bacteria;
this suggests that these
microorganisms flourished
there and fit the particular
operating parameters of
the MDC. Their survival and
spread most likely resulted
from certain environmental
elements inside the system.
Both the continual aeration
in the influent tank and the
constant nitrogen gas supply
in the anaerobic tank helped
to maintain the conditions
quite anaerobic.

Specialized settings
are often home to unique
microbial communities; one
feature of modern study is
the discovery of unculturable
bacterial species. A similar
thing occurred in the Bhatt
et al. (2023) investigation,
in which enhanced next-
generation sequencing (NGS)
techniques were particularly
important in  revealing
uncultured bacterial species
from wastewater sludge
as a substrate. Taxonomic
categorization based on 16S
rRNA sequencing allowed
most of the bacterial species
found in a wastewater

bioreactor study to be classified as uncultured bacteria (Niu et al., 2006). These findings
underline the need to correctly identify and characterise non-culturable microorganisms
using modern molecular techniques. Di Cesare et al. (2020) suggested that extra molecular
and genomic studies be conducted to better grasp the ecological and functional roles of these
unclassified bacteria, thereby improving bioelectrochemical and wastewater treatment

applications.

© 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Fig. 8. Phylogenetic tree of the target sample (direct DNA sequencing)
compared with common wastewater bacterial species of the 16SrRNA

deposited in the NCBI database.

Fig. 9. Phylogenetic tree of the target sample (indirect DNA
sequencing) compared with common bacterial wastewater species of
the 16SrRNA deposited in the NCBI database.
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Conclusion

Combining desalination, wastewater treatment, and renewable energy generation
into one environmentally friendly system, modern green technology known as Microbial
Desalination Cells (MDCs) is These systems operate at the anode by oxidizing organic
molecules utilizing the metabolic activity of electroactive microorganisms, therefore
generating electrons and protons. Produced electrical potential helps desalinate salt water
by enabling salts to be transferred via ion-exchange membranes. Concurrent with this
reduction process at the cathode, oxygen or another terminal electron acceptor enables the
effective generation of energy. Reduced energy use and the possibility of resource recovery
via simultaneous treatment of wastewater and generation of electricity define MDCs as
advantages over conventional desalination methods. The primary topics of recent research
are ways to scale up the technology for practical usage, enhance microbial consortiums
for more electrochemical efficiency, and improve ion exchange membrane performance.
Still causing disruptions to general acceptance are biofouling, membrane degradation, and
expensive startup expenses. Notwithstanding these challenges, MDCs remain an interesting
discovery, particularly for sustainable water management in areas with limited resources,
where effective desalination technologies and access to clean water are top objectives.

Mostly feeding its microbial colony wastewater, the microbial desalination cell (MDC)
used in this study was able to extract salt and create power. Long-term replacement of
more conventional desalination and wastewater treatment methods by MDCs proved this
new approach is feasible. Comparatively to the NCBI database, experimentally obtained
results reveal unique bacterial species in the local wastewater microbial population in Iraq.
These bacteria were quite good in eliminating salts and organic compounds as well as in
turning wastewater and brackish water into energy. Moreover, the findings show that this
system offers a greener and more energy-efficient means of desalinating and treating water,
therefore substituting for conventional MDCs.
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