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INTRODUCTION 

Organic wastewater with high salinity con-
tent is mostly generated from the food and bev-
erage industries such as fish processing, roasted 
peanut, and ketchup (Yuliasni et al., 2018). Due 
to the feasibility factor, highly organic waste-
water is mostly treated using biological treat-
ment (Kadir et al., 2020; Tangahu et al., 2019), 
while high salinity is efficiently removed by 
desalination. The desalination process using 

reverse osmosis (RO) to produce drinking 
water requires 3.70 kWh/m3 (Mehanna et al., 
2010) while the wastewater treatment with high 
organic and high salinity content requires more 
intensive energy per meter cubic treated waste-
water. In order to reduce desalination energy 
needed, as well as simultaneously remove the 
organic pollutants in the wastewater, a combi-
nation of Microbial Fuel Cell (MFC) and elec-
trodialysis is introduced, namely Microbial Sa-
linity Cell (MSC) (Zhang et al., 2019).
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ABSTRACT
Microbial Salinity Cell (MSC) can simultaneously desalinate water and generate electricity from the biodegrada-
tion of organic compound in wastewater. Utilization of a three-chambers configuration system along with elec-
trolyte recirculation, creates a desalination process which occurs when the salt ions from the anode and cathode 
chambers are accumulated into the middle chamber, driven by the electrical energy generated from the organic 
compound biodegradation. The performance of three-chambers electrolyte recirculation MSC was investigated us-
ing three different NaCl concentrations of 2.0 g/L, 4.0 g/L, and 8.0 g/L, with the acetate concentration of 0.82 g/L. 
At 2.0 g/L NaCl, the maximum power density production was 42.76 mW/m2, increasing conductivity in the middle 
chamber from 15.09 µS/cm to 0.74 mS/cm. At 4.0 g/L, the maximum power density reached was 53.37 mW/m2, 
and conductivity in the middle chamber was raised from 60.08 µS/cm to 2.74 mS/cm. At 8.0 g/L, the power den-
sity was 29.29 mW/m2 and conductivity in the middle chamber increased from 10.0 µS/cm to1.65 mS/cm. The 
performance of MSC was correlated with the initial NaCl concentration, with optimum NaCl concentration which 
was at 4.0 g/L, able to generate the highest power of 53.37 mW/m2 and showed the highest increasing conductivity 
from 80.8 to 2.74 mS/cm. 

Keywords: electricity generation; electrolyte recirculation; Microbial Salinity Cell (MSC); three-chamber MSC; 
water desalination.
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The principle of MSC is different from Mi-
crobial Desalination Cell (MDC) (Cao et al., 
2009; Wang and Ren, 2013) in which desalination 
occurs not in the middle chamber but in the anode 
chamber, concurrent with the chemical oxygen 
demand (COD) reduction. In the MSC system, re-
circulation is applied to minimize the imbalance 
pH problem that becomes a major bottleneck in 
the MDC system (Luo et al., 2012). In the future 
development, for more practical use, the main 
aim of the MSC technology is to treat complex 
high salinity wastewater (Zhang et al., 2019), ei-
ther as pre-treatment technology or as advanced 
post-treatment technology (Fig. 1).

MSC consists of three chambers separated 
by cation exchange membrane (CEM) next to 
the anode and anion exchange membrane (AEM) 
next to the cathode. The anode chamber was 
filled with high saline organic wastewater. When 
current is generated by exoelectrogenic bacteria 
from the oxidation of organic pollutants in the 
anode chamber, the use of any external energy 
source for desalination is minimized (Qu et al., 
2012). Protons will drift from the anode cham-
ber to the salinity chamber, whilst the electrons 
will migrate from the cathode chamber, resulting 
in an increase of salinity in the salinity chamber 
(middle chamber). However, the flow of ions 
between chambers creates the pH imbalance, re-
sulting in a lower pH in the cathode chamber. In 

order to minimize the imbalanced pH, electrolyte 
recirculation from cathode to anode is needed 
to improve the extent of desalination and power 
density (Fornero et al., 2010). 

The increase of the ionic conductivity is an 
important parameter for the development of 
bioelectrochemistry-based system. The study 
showed that the addition of low concentrations 
of salts in an MFC improves its performance by 
reducing the internal resistance (Liu et al., 2005). 
However, many microorganisms, especially Geo-
bacter sulfurreducens, do not accept high salt 
concentrations due to the sensitivity to osmotic 
pressure (Rousseau et al., 2014). When the salt 
concentration is above 10 g/L NaCl (Gebauer, 
2004; Ma et al., 2012), the internal resistance 
of the reactor is reduced due to inhibition of the 
microbial catalysis (Jannelli et al., 2017). There-
fore, in this study, three different NaCl concentra-
tions, with a maximum of <10 g/L NaCl, were 
used to study the effect of salt in MSC and the 
development of bioanode. Furthermore, the study 
on the MSC system was still limited compared 
to the MDC due to its complexity of parameters 
and operating conditions. This paper studied the 
performance of a three-chambers MSC in terms 
of power output and conductivity (which in cor-
relation to salinity) as affected by different initial 
NaCl concentrations and the application of elec-
trolyte recirculation.

Figure 1. Schematic illustration of the future application of the MSC in industry
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MATERIALS AND METHODS

Reactor construction

The MSC reactor was constructed based on 
three-chambers MFC, consisting of the anode, 
salinity (the middle chamber), and cathode cham-
bers. The total volume of each reactor was 250 ml, 
filled with 200 ml solution and 50 ml headspace. 
The anode and salinity chambers were separated 
with Cation Exchange Membrane (CEM) (Na-
fion 117, The Fuel Cell Store, USA), while the 
salinity chamber and the cathode chamber were 
separated with Anion Exchange Membrane 
(AEM) (Fumasep FAS-30, The Fuel Cell Store, 
USA). A carbon rod wrapped with 0.03 mg/cm2 
20% platinum on Vulcan carbon cloth with a total 
working area of 63 cm2 was used as electrodes, 
for both anode and cathode. A platinum wire was 
attached to the electrodes as a current collector 
(counter electrode). The temperature in the anode 
chamber was maintained at 37 ± 1°C using a hot 
plate (Thermo Scientific, USA). A small hose was 

installed from the cathode chamber to the anode 
chamber, circulated over, and was connected to 
the recirculation pump (Model 77120–52, Mas-
terflex, Germany). The cathode compartment was 
left open and continuously aerated during the ex-
periment. The schematic design and image of the 
reactor can be seen in Fig. 2.

Microorganism and medium

The seed microorganism was collected from 
frozen aerobic granule, warmed up at 37°C and 
was kept under anaerobic condition by spray-
ing with nitrogen gas for five minutes, placed 
it in the sealed bottle and then inoculated for a 
week. The microorganism medium was referred 
to as DSMZ medium No. 826 for Geobacter 
sulfurreducens (“Geobacter Sulfurreducens Me-
dium,” 2016) with 0.82 g/L Na-acetate was added 
as carbon source. Trace elements and vitamins 
were referred to as DSMZ medium 141 (“Sulfu-
rovum lithotrophicum methanogenium medium 
(h 2 /co 2 ) DSMZ 141,” 2014). The anolyte 

Figure 2. A) Schematic design of MSC with three-chambers configuration. B) Image of the MSC reactor
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composition is 40.0 ml seed mix microorganisms, 
140.0 ml Geobacter medium, 10.0 ml trace ele-
ment and 10.0 ml vitamin. The salinity (middle) 
chamber was filled with 200.0 mL of demin-
eralized water. Meanwhile, the catholyte com-
position included 200.0 mL of 50.0 mM phos-
phate buffer solution (0.39 g/L NH4Cl, 2.69 g/L 
NaH2PO4.H2O, 0.13 g/L KCl, 4.339 g/L Na2HPO4; 
Merck-USA) with initial conductivity of 
3.56 mS/cm and pH 6.5–7.0. In order to prepare 
three different NaCl concentration solutions in 
analytes, G. sulfurreducens medium was added 
with NaCl salt so that the final concentrations 
of NaCl in the medium are 2.0, 4.0, and 8.0 g/L 
(initial conductivity of 13.61–18.70 mS/cm and 
pH 7.2–7.4).

Operating condition of the MSC

The inoculation of microorganism seed in 
the anode chamber was conducted initially. A 
40.0 ml of mixed seed microorganisms consisted 
of 140 ml Geobacter medium, 10 ml trace ele-
ment, and 10 ml vitamin were inoculated into the 
anode chamber. The Optical Density (OD600) were 
measured on day 1 (24 h) and day 2 (48 h),. Dur-
ing the inoculation phase, the voltage was moni-
tored. On day 4, 140 ml anolyte was replaced with 
a medium with 2.0 g/L NaCl running for 4 days. 
Subsequently, anolyte was replaced with other 
NaCl concentrations (4.0 g/L and 8.0 g/L NaCl, 
respectively for 5 days) and the same method was 
performed as before. During the running phase, 
current, voltage, pH, conductivity and COD were 
measured. A capacitor with a capacity of 2.50 V 
of 820 µf was installed in the system during the 
experiment.

Analysis and calculation

Current and voltage were observed as open-
circuit voltage (OCV) using potentiostat (Model 
DY 2023, Digi-Ivy Inc, USA) recorded for every 
100 seconds and voltmeter (365A PC USB Digi-
tal Data Logger, Hantek, China). The COD was 
measured according to standard methods, pH was 
measured using pH meter (model KW06–744, 
Krisbow, Indonesia), and conductivity was mea-
sured using conductivity meter (TES-1381K, TES 
Electrical Electronic Corp, Taiwan). The OD600 
was measured using a UV-VIS spectrophotom-
eter (UV VIS 1800, Shimadzu, Japan) at wave-
length of 600 nm. Coulombic Efficiency (% CE) 

is the fraction of electrons transferred to the an-
ode among the total electron, released by sub-
strate oxidation, calculated according to Kim & 
Logan (Kim and Logan, 2013). The performance 
of MSC was evaluated in terms of % COD re-
moval, power density, coulombic efficiency and 
the rise of conductivity (as it has a correlation 
with salinity).

RESULTS AND DISCUSSION

Inoculation phase

The inoculation experiment was aimed at 
growing the exoelectrogenic bacteria, specifi-
cally G. Sulfurreducens that can produce higher 
power density (Logan, 2009) which inoculated 
for 3 days. Voltage was observed for 3 days and 
the current was observed only for a day (Fig. 3).

On day 1, OD 600 was 0.52 and on day 2 OD600 
was 0.29, then went constant on day 3. As shown 
in Fig. 3, the voltage could reach as high as 
1.20 V with a maximum current density achieved 
was 0.02 A/m2. The current was considered to be 
still very low. The low current was subjected to 
the low concentration of substrate (0.80 g/L ac-
etate) and wide distance between anode and cath-
ode, as well as membrane resistivity, which could 
improve the ohmic loss in the systems (Verstraete 
and Rabaey, 2006). Moreover, the polarization 
was not performed during the experiment, so it 
also might affect the current and power produc-
tion in the system (Logan, 2009).

Running phase

The running phase was started after the inoc-
ulation phase. In the running phase, anolyte with 
the addition of 2.0 g/L NaCl was run for 4 days, 
then continued with NaCl 4.0 g/L running for 
5 days, then NaCl 8.0 g/L also running for 5 days. 
At the running phase, voltage and current were 
continuously observed, while pH, conductivity, 
and COD were periodically measured.

Compared with the inoculation phase, as 
anolyte replaced with 2.0 g/L NaCl medium, the 
voltage dropped significantly at first then slightly 
increased from 0.29 to 0.52 V. When anolyte was 
replaced with 4.0 g/L NaCl medium, the voltage 
was improved to a maximum of 0.8 V. This result 
suggested that the anodophillic bacteria were af-
fected by the increase of the salinity in the system. 
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Since a mix culture was used, the anodophillic 
bacteria could easily be recovered and could re-
gain their performance as conductivity increase 
at 4.0 g/L NaCl medium (Lefebvre et al., 2012). 
However, the voltage started to drop again when 
anolyte replaced with 8.0 g/L NaCl medium to a 
maximum of 0.33 V. The gradual decrease of out-
put voltage was occurred because of the increase 
of internal resistance, which also similar finding 
as reported by Tremoulli et al. (Tremouli et al., 
2017) in the MFC system and Luo et al. (Luo et 
al., 2012) in the MDC system and also might have 
occurred due to the effect of oxygen diffusion as 
commonly occurred in a three chamber MFC 
model with aeration system (Wang et al., 2020). 

Figure 4 (A) and Table 1 show that the high-
est performance (in terms of voltage, conductiv-
ity value, and power density) occurred when the 
NaCl concentration was 4.0 g/L. Higher voltage 
means higher energy generation and current pro-
duction, while higher conductivity means a high-
er number of concentrated ions that go through 
the membranes. In the salinity chamber, at NaCl 
2.0 g/L, conductivity increased from 50.54 µS/cm 
to 0.74 mS and produced current density 0.03 A/m2 
and power density of 42.76 mW/m2. At 4.0 g/L, 
conductivity in the salinity chamber raised from 
80.8 to 2.74 mS/cm, corresponding to the in-
crease of current density to 0.05 A/m2 and power 
density increase to 53.37 mW/m2. At 8.0 g/L, 
conductivity in the salinity chamber increased 
from 10.01 to 1.65 mS/cm, corresponding to cur-
rent density upsurge to 0.02 A/m2 and power den-
sity of 29.29 mW/m2. This result was relatively 
lower than reported by Kim and Logan (Kim and 
Logan, 2013) using MFCs, as they used a voltage 
of 1.0 V to produce higher current and power, as 
well as the stimulation of higher ions transfer to 

the salinity chamber. In turn, in this experiment, 
the system only relied on the oxidation of the 
substrate (COD) derived from 0.8 g/L Na-acetate. 
However, the results of this study were similar to 
the those by Monzon et al., 2015 (Monzon et al., 
2015) and Grattieri and Minteer, 2018 (Grattieri 
and Minteer, 2018) who concluded that power 
density increased and reached at certain peak due 
to raise of conductivity/salinity but then hypersa-
line condition would hinder the performance of 
electroactive anodophillic microorganisms that 
made power density dropped. Figure 4 (B) shows 
that COD removal has a positive correlation with 
the increase of conductivity in the salinity cham-
ber, while %CE has a reverse correlation with 
both COD removal and conductivity rise in the 
saline chamber. It shows that the electrons gener-
ated from organic oxidation in anode were more 
likely to be predominantly used to drive salt ions 
to the salinity chamber rather than to produce 
electricity, which also happened in the MDC sys-
tem (Zhang and He, 2012).

Table 1 also shows the pH value during the 
experiment. At the beginning, the anolyte pH was 
7.3 – 7.4, while the catholyte pH was 6.35 – 6.5. 
At the end of each cycle, pH of both anolyte and 
catholyte were slightly dropped to 5.5–6.3. The 
pH in catholyte did not significantly drop due 
to the effect of recirculation, similar to Qu et al. 
2012 (Qu et al., 2012) who stated that recircula-
tion process creates a pH balance between ano-
lyte and catholyte. However, low pH (pH 5–6) 
in the system resulted in low electricity genera-
tion in the MFC system, as also reported by He 
et al., 2008 (He et al., 2008) and Ren et al., 2017 
(Ren et al., 2007). Apparently, the same condition 
was also applied in MSC system. Therefore, low 
electricity generation due to the low pH occurred 

Figure 3. Voltage and current density of the MSC at inoculation phase
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and hence created low % CE. A 2.0 g/L NaCl was 
found to be the highest value of coulombic effi-
ciency (0.59%), while 8.0 g/L NaCl is the lowest 
% CE (0.02%). Low level of %CE also might be 
due to the absence of external power to boost the 
current production and the reactor design (using 
triple chambers) that made the distance between 
electrodes too wide to be able to allow the elec-
tron flowing in the system (Mohan and Chan-
drasekhar, 2011).

CONCLUSIONS 

Three chamber Microbial Salinity Cell (MSC) 
was successfully able to simultaneously generate 
electricity and remove salinity from highly sa-
line organic wastewater. Installing a recirculation 
system in the MSC reactor proved to reduce the 
pH imbalance in the system. The performance of 
MSC is highly correlated with the initial NaCl 
concentration. An optimum NaCl concentration 

Figure 4. A) Voltage profile at different NaCl concentrations. B) Conductivity profile in the salinity chamber at 
the initial and the final of each cycle

Table 1. Summary performance of the MSC
NaCl 

concentration 
(g/L)

COD 
removal 

(%)

Pmax 
(mW/m2)

Imax (A/
m2) CE (%) pH initial 

anolyte
pH final 
anolyte

pH initial 
catholyte

pH final 
catholyte

2.0 11.68 42.76 0.03 0.59 7.41 6.00 6.50 6.00
4.0 40.32 53.37 0.05 0.03 7.34 5.69 6.35 5.49
8.0 20.12 29.29 0.03 0.02 7.20 6.30 6.35 5.50
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was found to be 4.0 g/L which able to generate 
power up to 53.37 mW/m2, resulting the high-
est conductivity of 2.74 mS/cm. Comparing the 
coulombic efficiency, power, conductivity and 
%COD removal, the obtained results suggested 
that the electrons generated from organic oxida-
tion in anode were predominantly used to drive 
salt from the anode to salinity chamber, rather 
than to produce electricity. Using the presented 
methodology, the MSC performance was still 
considerably low compared to the conventional 
MFC system. However, it will be interesting to 
foresee the industrial application of this technolo-
gy by focusing on the improvement of power gen-
eration, salinity removal and the development of 
a robust bioanode in highly salinity wastewater.
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