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ABSTRACT

We are focusing on the enhancement of microbial electrodialysis cell (MEDC) performance
by alleviation of pH gradient between the anode and cathode chambers by setting up a
direct proton transfer pathway, which allows protons to migration unconstrainedly, with
three different membranes ultrafiltration membrane (UF), anion-exchange membrane (AEM),
cation-exchange membrane (CEM)) in the MEDC. Setting up a direct proton transfer path-
way between the anode and cathode chamber in the MEDC abated pH gradient by up to
about 54%. Also, hydrogen production and salt removal efficiency were enhanced. In a com-
parison of membranes for a direct proton transfer pathway, an AEM has the best perfor-
mance for reduction for pH gradient because of a higher proton transfer by phosphate
anions, but due to the high substrate permeability of an AEM, the hydrogen production with
AEM was lower than that with UF—which highest hydrogen production was observed with
UF (5.77+0.54mL, 0.55+0.14mL/h). In terms of salt removal efficiency, using CEM as a
direct proton transfer pathway showed the highest performance (77.63%)
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cell; pH gradient

1. Introduction

Fossil fuels are primary energy source of modern
civilization. However, the excessive dependence on
fossil fuels leads to serious environmental problems
and human health problems [1]. Thus, hydrogen is
spotlighted as the upcoming alternative energy source

*Corresponding author.

because of its environmental friendliness (free from
carbon dioxide). However, contemporarily, 95% of
world hydrogen gas is generated from fossil fuels,
principally, by the way of the stream reforming natu-
ral gas, causing the unrestrained emission of carbon
dioxide, which contribute to climate change [2]; thus,
environmental friendly hydrogen gas production
methods are strongly required [3].

Biological hydrogen production technologies, such
as direct bio-photolysis, indirect bio-photolysis, photo
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fermentation, dark fermentation, and bioelectrochemi-
cal system (BES), have gained great attentions,
because these biological technologies utilize waste bio-
mass, and these biological processes are generally run
at room temperature and atmospheric pressure [4-6].
In particular, BES, which produces hydrogen by the
combination of the anodic bacterial oxidation and the
cathodic reduction reaction with the assistance of
external power source, is regarded as a promising bio-
hydrogen production technology, because BES has
shown more effective and practicable hydrogen pro-
duction [5,7].

Recently, to BES, the function of seawater desalina-
tion has been added by inserting a middle chamber for
desalination between the anode and cathode chambers.
This modified BES is referred to as microbial electrodi-
alysis cell (MEDC). The MEDC can simultaneously
produce hydrogen and desalinate seawater by the fol-
lowing mechanisms: The electrons are generated
through organic matter oxidation by electrochemically
active bacteria (EAB) in the anode chamber, and then
move into the cathode chamber for hydrogen produc-
tion by the assistance of external power source. At the
same time, to maintain charge balance, in the middle
chamber chloride ions transfer to the anode chamber
through an anion-exchange membrane (AEM), and
sodium ions migrate into the cathode chamber through
a cation-exchange membrane (CEM) [8].

This MEDC has several crucial benefits compared
with other hydrogen production technologies and
desalination technologies. Firstly, MEDC can perform
the hydrogen evolution and seawater desalination
with much lower energy consumption (0.4-0.8 V) com-
pared with a water electrolysis (1.8V) for hydrogen
production, and reverse osmosis (RO, 3-8 kWh/ m>)
and thermal desalination technologies (10-25kWh/m?)
for seawater desalination [9,10]. Secondly, the pure
hydrogen gas (100%) was generated in the cathode
chamber in MEDC compared with other anaerobic
digestion processes [11].

However, MEDC is faced with several common
drawbacks. The most common is a pH gradient
between the anode and cathode chamber, since the
protons generated by the bacterial oxidation accumu-
late in the anode chamber due to the AEM prohibiting
proton transfer. In the consequence of inhibiting the
proton transfer, in the cathode, protons for the hydro-
gen production was provided from the catholyte buf-
fer solution so that the proton was consumed more
than the buffer capacity. Therefore, the pH value of
both chambers was significantly changed with the
anolyte pH decreases and the catholyte pH increases.
This pH gradient leads to a decrease in the viability of
EAB and increase in potential loss in MEDC.
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In order to alleviate the imbalance of pH between
the anode and cathode chambers, the direct pathway
of proton transfer between the anode and cathode
chamber was set up in a cubic-shaped MEDC reactor.
The direct proton transfer pathway enables protons to
migrate freely from the anode chamber to the cathode
chamber by directly connecting both two chambers.
To access the effect of the direct proton transfer path-
way, the performance of MEDC with the direct proton
transfer pathway constructed with different types of
membranes (AEM, CEM, and ultra-filtration mem-
brane (UF)) was evaluated and compared with that of
the conventional MEDC in terms of hydrogen produc-
tion rate, pH variation in each chamber, and the salt
removal rate in the desalination chamber.

2. Materials and methods
2.1. MEDC setup

As shown in Fig. 1, a three chambered MEDC
based on a cubic-shaped MFC was set up. The MEDC
consisted of an anode chamber (200mL volume), a
cathode chamber (200mL volume), and a middle
chamber (50mL volume). In order to install direct
pathway for proton transfer between the anode cham-
ber and cathode chamber in the MEDC, the desalina-
tion chamber was horizontally divided into two
compartments by using acrylic bar (Fig. 2). The upper
compartment of the middle chamber was operated at
desalination, and the bottom compartment was
employed as the direct proton transfer pathway from
the anode chamber to the cathode chamber. The AEM
(AMX, Neosepta, Japan) was used to separate the
anode chamber and the upper compartment, and the
CEM (Nafion 117, Dupont, USA) was used to separate
the upper compartment and the cathode chamber. In
the direct proton transfer pathway, different type of
separators (Ultrafiltration membrane (UF, MWCO
1kDa, Millipore, USA), AEM (AMX, Neosepta, Japan),
CEM (Nafion 117, Dupont, USA)) was set up. Carbon
felt (25cm?, 6 mm thickness, Morgan, UK) glued onto
a perforated stainless steel plate with conductive sil-
ver paste was used as a anodic electrode, and a perfo-
rated stainless steel plate (working area 25 cm?)-coated
platinum (0.5mg/cm?®) was used as a cathodic elec-
trode. The headspace of the cathode chamber was
maintained at 300 cm®.

2.2. Medium

Nutrient mineral buffer solution (NMB, pH 7),
used as the anolyte, contained 6.0g/L NaH,SO,,
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Fig. 1. (A) The schematic diagram of a cubic-shaped three chambered MEDC and (B) the mechamism of pH-gradient

between the anode and cathode chambers in an MEDC.

530mg/L NH,Cl, 200mg/L MgCl,,H,O, 150mg/L
CaCl,, 2.5mg/L CoCl,-6H,0, 0.05mg/L NaMoO-2H,0,
20mg/L FeCl,-4H,0, 0.25mg/L NiCl,-4H,0, 0.5mg/L
MnCl,-4H,0O, 0.25mg/L NaySeO,, 0.05mg/L NaVO;-
4H,0, 0.25mg/L ZnCl,, and 0.15 mg/L CuCl, [12]. The
catholyte used was phosphate buffer solution (PBS,
50mM, pH 7). The water to be desalinated was artificial
seawater, at NaCl concentration of 5, 20, 35 g/L.

2.3. Operating conditions

The anode was inoculated with anaerobic digester
sludge (20% v/v) from Gwangju sewage treatment
plant in South Korea. Before operating MEDC, the
anode was acclimated to acetate in the conventional
microbial fuel cell (MFC) at a 600Q of resistance for
6months. In order to conduct the experiment with
MEDC, the MFC reactor was shift to MEDC reactor.
The anode chamber, the cathode chamber, and the
desalination chamber were filled with 150mL of
NMB, 165mL of PBS, and 20mL of artificial seawater
each. Dissolved oxygen was removed from the anode
and cathode chambers using pure nitrogen gas over

15min. Acetate was utilized as a sole substrate. A
voltage of 500mV was applied to the MEDC reactor
by an power supply (N6700B, Agilent Technologies,
USA). A single batch cycle was regarded complete
when the anode potential attained —10mV. The exper-
iments were divided into two parts. The experiments
in the first part were carried out with the conventional
MEDC, which do not have the direct proton transfer
pathway. Then, the experiments in the second part
were performed with the modified MEDC having the
direct proton transfer pathway with different separa-
tors (MEDC-AEM, MEDC-CEM, MEDC-UF). Each
experiment was performed triplicate in a temperature
controlled room at 25°C.

2.4. Analyses and calculations

The potential of the anode and cathode electrodes
were continuously monitored using a multimeter
(2,700 Data acquisition series, Keithley, USA) versus
Ag/AgCl reference electrode (Microelectrode Inc,
USA), inserted in each chamber. The current was
determined by measuring voltage across a 5Q of
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Fig. 2. The cubic-shaped three chambered MEDC with direct proton transfer pathway (A) schematic and (B) photograph.

external resistance. At the beginning and end of each
batch cycle, total dissolved solids (TDS) and pH were
measured using a TDS meter (EC-40N, iSTEK, Korea)
and a pH meter (Orion 3 star, Thermo Scientific, USA)

The gas production was analyzed by using a gas
chromatography (GC 2010, Shimadzu, Japan) with a
thermal conductivity detector (TCD), capillary column
(CP-Pora PLOT Q 27.5m x 0.53m, 20 um) and ultra-
high purity nitrogen gas (99.999%) as a carrier gas.

To evaluate the performance of the MEDCs, salt
removal rate, the hydrogen production rate, anodic
conversion efficiency, cathodic conversion efficiency,
and overall hydrogen conversion efficiency were
calculated.

The desalination rate and efficiency was deter-
mined based on the measurement of TDS at the start
and end of a single-batch cycle.

The hydrogen production rate (Q) was determined
by Eq. (1),

_ Vmatz
Q=-mmit 1)

where Viaxe, (ML) is the maximum volumetric hydro-
gen production for each batch cycle, T is time period

of maximum volumetric hydrogen production for
each batch cycle.

The anodic conversion efficiency (ACE) is calcu-
lated by Eq. (2),

ACE = <2 5 100 (%) )
Cr

where C, is the Coulombs calculated by integrating
the measured current over time, Cr is the theoretical
number of Coulombs produced from substrate. Ct can
be calculated by Eq. (3),

FbSv
L @)

where F is Faraday’s constant (96,485 C/mol elec-
trons), b is the number of moles of electrons produced
per mole of substrate (eight electrons from acetate), S
is the concentration of the substrate, v is the volume
of liquid, and M is the molecular weight of the
substrate (82 g/mol).

The cathodic conversion efficiency (CCE) is
calculated as

_mmn
CCE= (4)
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where nyp, is the number of moles of hydrogen gener-
ated during a batch cycle. The overall hydrogen con-
version efficiency (OE) is determined by the ratio of
the actual total number of Coulombs converted to
hydrogen in the cathode to the theoretical number of
coulombs.

3. Results and discussion
3.1. pH changes in the anode and cathode chambers

During the operation of a conventional MEDC,
severe pH gradients between the anode and cathode
chambers, which worsen the performance of MEDC,
occurs due to the limitation of proton transfer
between the anode and cathode chambers by an AEM
[13]; thus, a direct proton transfer pathway was
installed in MEDCs to prevent pH in the anode and
cathode chambers from changing. In order to evaluate
the effect of the installation of a direct proton transfer
pathway between the anode and cathode chambers in
a MEDC, the conventional MEDC and the MEDCs
with a direct proton transfer pathway constructed
with different types of membranes, such as UF, AEM,
and CEM, were operated in a batch mode.

Fig. 3 provides results for the pH changes in the
anode and cathode chambers of each MEDC. The ini-
tial pH of the anode and cathode chambers in all the
experiments was 7.0. As expected, the highest pH vari-
ations in the anode and cathode chambers were
observed during the operation of the conventional
MEDC (0.45 pH drop in the anode chamber, and 0.29
pH increase in the cathode chamber), followed by the
MEDC-CEM (0.33 pH drop in the anode chamber, 0.16
pH increase in the cathode chamber), the MEDC-UF

0.70 -
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0.50 4 m Cathode

0.30 -

0.10 1

pH changes

“Conventional MEDC-AEM MEDC-UF
MEDC

MEDC-CEM

Fig. 3. pH variations in the anode and cathode chambers
in the MEDCs. The initial pH of the anode and cathode
chambers was pH 7.
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(0.31 pH drop in the anode chamber, 0.14 pH increase
in the cathode chamber), and the MEDC-AEM (0.27
pH drop in the anode chamber, 0.06 pH increase in the
cathode chamber). These results clearly show that a
direct proton transfer pathway can reduce the pH gra-
dients between the anode and cathode chambers in
MEDCs by allowing protons, released by the EAB,
to move from the anode chamber to the cathode
chamber.

However, the ability of a direct proton transfer
pathway to soften pH gradients varies according to
the types of membrane, used for a direct proton trans-
fer pathway. The higher pH variations were demon-
strated during the operation of the MEDC-CEM than
that of the MEDC-AEM and the MEDC-UF; In BESs,
a CEM shows the poor proton transfer ability because
the CEM is preoccupied by other mono- and di-
valence cations, such as Na* and Ca®*, for bacterial
growth: generally, other cations exist at 10° times
higher than protons do in the electrolyte for the oper-
ation of BESs [14]. In contrast, the MEDC-AEM
showed lower pH variations than the MEDC-CEM.
When using an AEM with phosphate buffer in BES,
the imbalance of pH can be reduced compared with
when using a CEM in BES because an AEM allows
phosphate anions to play a rule as proton carrier as
well as a buffer [15]. Also, the MEDC-UF showed the
lower pH variation in the MEDC-CEM because pro-
tons can efficiently migrate from anode to cathode
though the pores of the UF [16].

3.2. Hydrogen production

Fig. 4 describes the maximum hydrogen produc-
tions and hydrogen production rates during the

1.00 r 7.00
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Conventional MEDC-AEM MEDC-UF MEDC-CEM
MEDC

Hydrogen production rate (mL/hr)
Maximum hydrogen production (mg/L)

Fig. 4. The hydrogen production rate and the amount of
hydrogen production during operating the conventional
MEDC and MEDCs with a direct proton transfer pathway
constructed with three different types of membranes.
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Table 1
Coulombic efficiency, cathodic conversion efficiency, and
overall hydrogen conversion efficiency

Direct proton transfer ACE CCE OE
pathway (%) (%) (%)
Conventional MEDC 78.15 38.36 30.37
MEDC-AEM 84.67 35.82 27.37
MEDC-UF 87.74 32.17 3221
MEDC-CEM 88.65 22.53 19.97

operation of the conventional MEDC and MEDCs
with a direct proton pathway constructed with three
different membranes. Note that the MEDCs having a
direct proton pathway showed relatively higher maxi-
mum hydrogen production and hydrogen production
rate than the conventional MEDC did. These results
indicate that the installation of a direct proton transfer
pathway could positively affect hydrogen production
in the MEDC system.

Also, a clear difference in hydrogen production
was observed as a type of membrane used for a direct
proton transfer pathway. The greatest maximum
hydrogen production (5.77+0.54mL) and hydrogen
production rate (0.55+0.14mL/h) were obtained the
MEDC-UF because of a high proton transfer ability of
UF. Even though MEDC-AEM showed the most out-
standing ability to reduce pH variations, the maxi-
mum hydrogen production (4.06+0.54mL) and
hydrogen production rate (0.32+0.26mL/h) was
much lower than MEDC-UF. It may be due to sub-
strate losses from the anode chamber caused by the
substrate permeating the AEM [17]. In addition, an
AEM is prone to bend away from the cathode. As a
result of this deformation, a void space of water is
created; therefore the internal resistance of the MEDC
system would be increased [18].

3.3. Conversion efficiencies

Table 1 illustrates conversion efficiencies in each
chamber (ACE, CCE) and OE for the conventional
MEDC and MEDCs with a direct electron transfer
pathway constructed with different types of mem-
branes. The conventional MEDC showed much lower
ACE compared with the MEDCs with a direct transfer
pathway (78.15%); because pH decrease in the anode
chamber would inhibit the viability of EAB.

In contrast to ACE, the higher CCE was observed
in a conventional MEDC (38.36%) than that in MEDCs
with a direct proton transfer pathway. In this study, it
could not be found the exact correlation between an
installation of direct proton transfer pathway and
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CCE in MEDC systems, but the possible reasons for
the lowest CCE observed in the MEDC-CEM are
hydrogen losses by hydrogenotrophic methanogenesis
and hydrogen diffusion from the cathode chamber to
the anode chamber [19,20].

By observing OE, all the MEDC systems in these
tests were achieved much lower OE values (less than
35%) compared with previous studies [5,21]. This is
because the MEDC systems suffer from severe catho-
dic overpotential.

3.4. Salt removal

To evaluate the desalination performance of each
MEDC, the all MEDC reactors were operated over
two batch cycles with no replacement of NaCl solu-
tions in the desalination chamber. Fig. 5 describes the
desalination rates and salt removal efficiencies, calcu-
lated based on the measurement of TDS, in the con-
ventional MEDC and MEDCs with a direct proton
transfer pathway. The desalination rate for a conven-
tion MEDC (9.17 mg/Lrps/Ly -h) was higher than that
of MEDCs with a direct proton transfer pathway,
while the salt removal efficiency for the conventional
MEDC (49.70%) was lower than that for the MEDCs
with a direct proton pathway. In MEDC system, the
salt removal, which is the transfer of ionic species
from the desalination chamber to both the anode
chamber (in the case of anions) and the cathode cham-
ber (in the case of cations), is mainly controlled by
transfer of electrons, generated by bio-catalytic oxida-
tion of substrate, from the anode to the cathode
[11,22]. A previous study showed that there was a
good correspondence between electrons harvested and
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Fig. 5. The desalination rates and efficiencies of the
conventional MEDC and MEDCs with a direct proton
transfer pathway constructed with three different types of
membranes over complete two batch cycles.
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salt removal [23]. As the previous study shown, the
transfer of electrons would fully contribute to the salt
removal in the conventional MEDC. However, in
the MEDCs with a direct proton transfer pathway,
transfer of ionic species from the desalination chamber
to both the anode and cathode chambers as well as a
direct exchange of ionic species between the anode
and cathode chambers competitively occur during the
transport of electrons from the anode chamber to the
cathode chamber through the external circuit; thus,
the desalination rates of the MEDCs with a direct
proton transfer pathway are lower than that of the
conventional MEDC. However, the reason why the
lowest salt removal efficiency in the conventional
MEDC is due to the larger volume of the middle
chamber—which means that 40mL of NaCl solution
was used in the a conventional MEDC, whereas 20 mL
of NaCl solution was used in MEDCs with a direct
proton transfer pathway.

In the MEDC tests with different membranes for a
direct proton transfer pathway, the MEDC-CEM
showed the highest desalination rate and salt removal
efficiency (6.28 mg/Ltps/Ly h, 77.63%), followed by
MEDC-UF (7.12mg/Ltps/Ly h, 69.47%), and MEDC-
AEM (7.79mg/Lrps/Ly h, 56.40%). The tendency of
desalination performance with different membranes
for a direct proton transfer pathway is similar with
the result of pH variation in MEDCs with a direct
proton transfer pathway constructed with different
membranes. It can be said that higher desalination
performance was observed in a MEDC, which
recorded higher pH variations, with a direct proton
transfer pathway. However, the ion transport in the
MEDC systems with a direct proton transfer pathway
is more complicated than the conventional MEDC.
Thus, further study is needed to understand the salt
removal from the desalination chamber in the MEDC
system with the direct proton transfer pathway.

4. Conclusions

To improve the performance of MEDCs by
reducing the imbalance of pH between the anode and
cathode chambers, a direct proton transfer pathway
was installed using three different types of mem-
branes. Then, the effect of a direct proton transfer
pathway constructed with different types of mem-
brane on pH variations, hydrogen production, and
desalination performance was investigated. The set-up
of a direct proton transfer pathway can reduce the
imbalance of pH between the anode and cathode
chamber by up to 54%. Also, the MEDCs with a direct
proton transfer pathway resulted relatively higher
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hydrogen production and salt removal efficiency com-
pared with the conventional MEDC.

In the comparison of the MEDCs with a direct pro-
ton transfer pathway constructed with different mem-
branes, even though the MEDC-AEM showed the best
ability to alleviate pH gradients, but the lower hydro-
gen production was observed in the MEDC-UF; this
may be due to the high substrate permeability of
AEM. In addition, the MEDC having higher pH varia-
tions showed higher desalination performance. The
desalination performance can be related to the mass
transport in MEDC system; however, the mass trans-
port in the MEDC system with a direct proton transfer
pathway was not observed in this study. Thus, it
remains further research step.
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