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ABSTRACT

Fermentation effluents from organic wastes contain simple organic acids and ethanol, which are
good electron sources for exoelectrogenic bacteria, and hence are considered a promising sub-
strate for hydrogen production in microbial electrolysis cells (MECs). These fermentation products
have different mechanisms and thermodynamics for their anaerobic oxidation, and therefore the
composition of fermentation effluent significantly influences MEC performance. This study exam-
ined the microbial electrolysis of a synthetic fermentation effluent (containing acetate, propio-
nate, butyrate, lactate, and ethanol) in two-chamber MECs fitted with either a proton exchange
membrane (PEM) or an anion exchange membrane (AEM), with a focus on the utilization
preference between the electron sources present in the effluent. Throughout the eight cycles of
repeated batch operation with an applied voltage of 0.8V, the AEM-MECs consistently outper-
formed the PEM-MECs in terms of organic removal, current generation, and hydrogen production.
The highest hydrogen yield achieved for AEM-MECs was 1.26 L/g chemical oxygen demand (COD)
fed (approximately 90% of the theoretical maximum), which was nearly double the yield for PEM-
MECs (0.68 L/g COD fed). The superior performance of AEM-MECs was attributed to the greater pH
imbalance and more acidic anodic pH in PEM-MECs (5.5-6.0), disrupting anodic respiration.
Although butyrate is more thermodynamically favorable than propionate for anaerobic oxidation,
butyrate was the least favored electron source, followed by propionate, in both AEM- and PEM-
MECs, while ethanol and lactate were completely consumed. Further research is needed to better
comprehend the preferences for different electron sources in fermentation effluents and enhance
their microbial electrolysis.
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1. Introduction membrane physically separating the anode and
cathode sides in a two-chamber MEC or by simple
diffusion in the electrolyte in a single-chamber
MEC. The single-chamber design is attractive

since it does not need expensive ion exchange

Microbial electrolysis cells (MECs) provide an
attractive bioelectrochemical platform for convert-
ing organic matter to green hydrogen. In an MEC,
organic matter is oxidized to CO, by exoelectro-

genic bacteria on the anode, and released protons
and electrons to form hydrogen gas at the cathode
with a small external energy input (typical applied
voltage <1V) [1-4]. If this input energy is pro-
vided from carbon-neutral energy source such as
wind, solar, and tidal powers, the MEC technology
can establish a feasible hydrogen economy. The
transfer of protons (or hydroxide ions) between
electrodes occurs through the ion exchange

membranes. However, single-chamber MECs are
not suitable to achieve high hydrogen purity and
productivity mainly due to the consumption of
hydrogen by hydrogenotrophic methanogens. In
contrast, the two-chamber design allows the pro-
duction high-purity hydrogen by separating the
bioanode (exoelectrogenic oxidation of organic
matter) from the abiotic cathode (hydrogen evolu-
tion) [5,6].
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An important element to ensure the practical
applicability of MECs is to find low-cost sustain-
able substrates suitable for exoelectrogenic respira-
tion. Waste streams rich in organic matter, such as
sugar-processing wastewater, food waste fermenta-
tion effluent, landfill leachate, and distillery waste-
water, are good candidates for alternative MEC
substrates [7-11]. However, real wastewaters gen-
erally contain relatively complex organic materials
and considerable amounts of suspended particles,
which causes performance and stability degrada-
tion related to membrane fouling and pH imbal-
ance, especially in two-chamber MECs [12, 13],
and wastewater-fed MECs are still far away from
practical application.

Dark fermentation of organic wastes, such as
food waste, produces mainly simple organic acids
and alcohols, which are readily utilized by exoelec-
trogenic bacteria for anodic respiration in MECs
[14], and therefore the fermentation effluent can
be a promising substrate for MECs. Fermentation
effluents typically contain acetate, propionate,
butyrate, and lactate as the major organic acids
along with ethanol, and their composition varies
greatly depending on the feedstocks and operating
conditions such as hydraulic retention time,
organic loading rate, pH, and temperature [11,
15, 16]. The compositional variation can affect
the utilizability of fermentation effluents and
hence the performance of MECs since the fermen-
tation products are used and converted to hydro-
gen with different efficiencies in MECs [17].
Accordingly, many previous studies have exam-
ined major organic acids, especially acetate, pro-
pionate, and butyrate, as MEC substrates and
reported different results on their utilization and
conversion efficiencies. For example, Escapa et al.
[18] and Yang et al. [19] reported that butyrate is
more readily consumed than propionate, while
Torres et al. [20] reported a higher reaction rate
with propionate than with butyrate. Lactate and
ethanol have been relatively less studied as sub-
strates for hydrogen production in MECs [17, 21],
although they are also major fermentation pro-
ducts and often occur in high concentrations in
industrial effluents, for example, from food and
beverage processing [22, 23].

Different fermentation products coexist in fer-
mentation effluents, and thus understanding the
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differences in their utilization rates and hydrogen-
producing efficiencies can help to improve the
performance and application of fermentation
effluent-fed MECs. However, not much has been
reported on the utilization preference of MECs for
different fermentation products in a single mix-
ture. Rivera et al. [24] examined two synthetic
fermentation effluents (SFE) in two-chamber
MECs; however, the effluents did not contain lac-
tate and/or ethanol, and the focus was given to
optimizing the operating conditions rather than
assessing the preference for electron sources. Paz-
Mireles et al. [25] examined the effects of adding
lactate-ethanol mixtures on the performance of
two-chamber MECs fed with an acetate-
propionate-butyrate mixture as the base substrate;
however, they focused on the effects on the reac-
tion rate, with little attention to the utilization
preference between electron sources.

This study focuses on comparing the utilization
and conversion properties of the major fermenta-
tion products in MECs fed with their mixture. For
a more comprehensive comparison, two-chamber
MECs equipped with two different types of ion
exchange membranes, i.e. anion exchange mem-
brane (AEM) or proton exchange membrane
(PEM), were operated in parallel with an equal
chemical oxygen demand (COD) concentration
mixture of acetate, propionate, butyrate, lactate,
and ethanol. The MECs were closely monitored
during the operation for the consumption of
organic acids and ethanol as well as bioelectro-
chemical performance.

2. Materials and methods
2.1. Microbial electrolysis cell construction

Two-chamber cube cells with an ion exchange mem-
brane sandwiched between anode and cathode were
used to construct the experimental MECs (Figure 1).
The anode was made up of a rectangular piece of
carbon felt (50 mm length x 45 mm width x 3.18
mm thickness, Alfa Aesar, USA), which was affixed
to a 304 stainless steel plate current collector using
silver paste. The carbon felt was cleaned with acetone
by ultrasonication for an hour before use to remove
any organic impurities on the surface [26, 27].
Subsequently, it was soaked in 10% (v/v) nitric acid
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Figure 1. Configuration of two-chamber MEC used in this study.

for 12 h to improve hydrophilicity, rinsed with deio-
nized water, and then dried overnight at 110°C [28].
A perforated titanium plate (50 mm length x 45 mm
width x 1.5 mm thickness) coated with 2 g/cm® of
platinum served as the cathode and current collector.
The cathode chamber was equipped with an Ag/AgCl
reference electrode (+0.199 V vs. standard hydrogen
electrode, RE-1B, ALS, Japan) to measure the cathode
potential every 10 min using a multimeter (DAQ
6510, Keithley, USA) [29]. The two-chamber MECs
were installed with either a PEM (70 mm x 70 mm,
Nafion 117, Chemours, USA) and an AEM (70 mm X

70 mm, AMI-7001, Membrane International Inc.,
USA). The PEM was pretreated by soaking it succes-
sively in 5% H,0,, ultrapure water, 0.5 M of H,SO,,
and ultrapure water at 80°C for one hour each [30],
while the AEM was immersed in a 5% NaCl solution
for 12h [31].

2.2. Microbial electrolysis cell operation

Two sets of duplicate MECs, each consisting of two
MECs with either an AEM (AEM-MECs) or a PEM
(PEM-MECs), were operated for eight consecutive
batch cycles at room temperature over a period of 51
d. An external voltage of 0.8 V was applied between
the anode and cathode using a power supply (LW-
K3010D, China) [32, 33]. The anode chamber was
inoculated at 50% (v/v) with the effluent from lab-
scale upflow anaerobic sludge blanket reactors fed
with expired rice wine. The inoculum had

a suspended solids concentration of 185+ 77 mg/L,
with 130 42 mg/L of it being volatile suspended
solids (i.e. organic particles). The remaining half of
the anode chamber was filled with 100 mM phos-
phate buffer solution (PBS, pH 7.5), which was sup-
plemented with nutrients and minerals as described
previously [34]. The cathode chamber was fully filled
with the same PBS without nutrients and minerals.
The high-concentration stock of SFE used as
the substrate for the experimental MECs was
prepared by mixing equal COD loads of acetate,
propionate, butyrate, lactate, and ethanol to
a total concentration of 100 g COD/L. At time
0, a 2.6-mL aliquot of the SFE stock was injected
into the anode chamber to a create an initial
substrate concentration of 1.5g COD/L. To
ensure successful inoculation and acclimation
of exoelectrogenic bacteria, at the end of the
first and second cycles, the anodic biomass was
allowed to settle by gravity for approximately 10
min before replacing 50% (v/v) of the anolyte
with fresh anolyte containing the substrate the
next cycle of operation. From the third cycle
onwards, the anolyte (including the suspended
anodic biomass) was fully replaced at the end of
each cycle before starting the next cycle. A batch
cycle was lasted until the cumulative hydrogen
production reached a plateau (approximately
seven days per cycle). Before beginning each
cycle, both anodic and cathodic chambers filled
with electrolyte were purged with ultra-pure



nitrogen gas for 5min to ensure an anaerobic
environment and remove any residual gas from
the previous cycle. The MECs were operated
without pH adjustments.

2.3. Analytical methods

Gas production from the cathode chamber was
measured in real time using a respirometer (EET
BRS-100, Eco-Environment Technology, Korea)
that was connected to the headspace of the
chamber. The respirometer was calibrated at
least three times before each cycle to ensure
accuracy and minimize measurement errors. At
the end of each cycle, a 1-mL gas sample was
taken from the headspace using a 1.5-mL gas-
tight syringe (Hamilton Sample Lock Syringe
#1002, USA) and analyzed for gas composition
(H,, CH,, and CO,) using a gas chromatograph
(7820A, Agilent, USA) coupled with a thermal
conductivity detector and a ShinCarbon ST col-
umn (Restek, USA). Volatile fatty acids (C,-Cy;)
and ethanol were measured using another 7820A
gas chromatograph equipped with a flame ioni-
zation detector and an Innowax column
(Agilent, USA). COD was colorimetrically deter-
mined using the HS-COD-MR kit (HUMAS Co.,
Korea). Lactate was measured using the D-/
L-Lactate assay kit (Megazyme, Ireland) with
a spectrophotometer (UV-1800, Shimadzu,
Japan). The samples for measuring organic
acids, ethanol, and soluble COD were filtered
using a 0.45-um pore size filter prior to analysis.
All chemical analyses above were replicated at
least twice.

A 10 Q resistor was connected in series between
the cathode and the negative lead of the power
supply in the circuit of each experimental MEC,
and the voltage across the resistor was monitored
at 10-min intervals using a multimeter (DAQ
6510, Keithley, USA) to calculate the current
using Ohm’s Law (V =1R). The current density
(A/m®) was determined based on the projected
surface area of the cathode (20 cm?), and the max-
imum current density for each cycle was obtained
by averaging the 10 highest current densities
recorded [26].
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2.4. Calculations

The Coulombic efficiency (Cg) was calculated
using the following equation [11]:

~ F-c-ACOD

where Cp is the total Coulomb production calcu-
lated by integrating the current over time, F is
Faraday’s constant (96,485 C/mol e"), ¢ is the
moles of electrons produced per mole of oxygen
(4 mol e /mol O,), and ACOD is the moles of COD
removed. The cathodic hydrogen recovery (r.;) was
calculated according to the following equation [11]:

ng-h-F
Cp
where ny is the moles of hydrogen produced, and

h is the moles of electrons consumed per mole of
hydrogen produced (2 mol e"/mol H,). The overall

Cg

Teat =

hydrogen  recovery (ry) was  calculated
as rg = Cg * T'ear.

The observed hydrogen production profiles
were modeled using the following modified

Gompertz equation [35]:

H(t) =P-exp [—exp{%()& —t)+ 1}]

where H(t) is the cumulative hydrogen production
[36] at time t (d), P is the tial (mL H,/L anode
chamber), A is the lag time (d), R,, is the max-
imum hydrogen production rate (mL/L anode
chamber-d), and t is the operation time (d). The
modeling was carried out using the Origin Pro
2020 software (OriginLab, USA).

3. Results and discussion
3.1. Hydrogen and current productions

This study examined the MEC performance with
a synthetic fermentation effluent containing acet-
ate, propionate, butyrate, lactate, and ethanol with
a focus on the conversion preference between the
organic substrates using MECs equipped with
either AEM or PEM. The cumulative hydrogen
production per subculture cycle of 7 days (Hc)
increased steadily with the number of cycles and
reached a plateau of approximately 288 mL in the
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Figure 2. Hydrogen (a) and current (b) production profiles
during repeated batch operation of experimental MECs.
Asterisk denotes that the measurement of cathodic hydrogen
production in AEM-MECs during the sixth cycle was compro-
mised by mechanical issues with respirometer.

last two cycles (no significant difference between
the seventh and eighth cycles; t-test, p>0.05) in
AEM-MECs (Figure 2a). Meanwhile, the H¢ in
PEM-MECs did not increase significantly after
the third cycle and rather decreased in the last
two cycles, with its maximum of 122mL being
recorded in the sixth cycle. AEM-MECs showed
significantly higher Hc values than PEM-MECs
throughout the subcultures, and accordingly the
hydrogen yield and recovery also remained signif-
icantly higher in AEM-MECs (>2-fold in the last
two cycles; Figure 3). In AEM-MECs, the hydro-
gen yield reached up to 1.26 L/g COD, which is
approximately 90% of the theoretical maximum of
1.40 L/g COD [37], in the last cycle. In contrast,
the highest hydrogen yield in PEM-MECs was
only 0.68 L/g COD, which was recorded in the
sixth cycle. The maximum hydrogen production
rate estimated by the Gompertz model was also
much higher in AEM-MECs (>1.6-fold in the last
two cycles), and correspondingly the maximum
current density, which indicates the peak rate of

electrochemical reaction, was significantly greater
in AEM-MECs (>1.3-fold in the last two cycles).
The hydrogen content in the gas recovered from
the cathode remained consistently above 94%
throughout the experimental cycles in both
AEM- and PEM-MECs. These results clearly
demonstrate that using AEM is significantly better
than using PEM in two-chamber MECs for produ-
cing hydrogen from fermentation effluents, in
terms of hydrogen productivity.

In both AEM- and PEM-MEGC:s, significant cur-
rent generation and hydrogen evolution were
observed from the first cycle after a two-day lag
time, and relatively high and stable coulombic
efficiency and coulomb production were main-
tained after the third cycle (Figures 2 and 3). In
addition, the MECs produced hydrogen immedi-
ately without a lag time from the second cycle.
These results indicate that the inoculation and
acclimation of exoelectrogenic bacteria on the
anodes (i.e. the development of bioanodes) over
the first three cycles (see Subsection 2.2 for details)
were successful [38]. The average value of the
maximum current density for the fourth to eighth
cycles was approximately 1.3-fold higher in AEM-
MECs (5.1 £0.4 A/m®) than in PEM-MECs (3.9 +
0.3 A/m®). These values are comparable to those
reported in previous studies using two-chamber
MECs. Cario et al. [39] reported a maximum cur-
rent density of approximately 5 A/m? in acetate-
fed AEM-MECs equipped with carbon felt anodes
and Pt/C-treated stainless steel mesh cathodes at
an applied voltage of 0.8 V. Apostolopoulos et al.
[40] observed a peak current density of approxi-
mately 3.8 A/m” in PEM-MECs installed with car-
bon paper anodes and Pt-coated carbon cloth
cathodes, using a mixture of volatile fatty acids
(C,-Cs) as the substrate at an applied voltage of
0.9V.

It is worth noting that the hydrogen production
rate and yield were significantly greater in AEM-
MECs than in PEM-MECs although both main-
tained comparably high levels of coulombic effi-
ciency (296% in the last two cycles; Figs. 2 and 3).
The superior performance of AEM-MECs were
attributed to their significantly higher COD
removal efficiency (i.e. more electrons to be trans-
ferred to the anodes) and cathodic hydrogen
recovery (i.e. higher proportion of cathodic
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Figure 3. Performance comparison between experimental AEM- and PEM-MECs during repeated batch operation: (a) maximum
hydrogen production rate, (b) maximum current density, (c) coulombic efficiency, (d) cathodic hydrogen recovery, (e) COD removal
efficiency, and (F) hydrogen yield and recovery. Asterisks denote that the measurement of cathodic hydrogen production in AEM-
MECs during the sixth cycle was compromised by mechanical issues with respirometer. Data from the first two cycles run for
microbial inoculation and acclimation were excluded from comparison.

electrons toward hydrogen evolution) compared to
PEM-MEC:s. Correspondingly, AEM-MECs
showed markedly higher coulomb production
than PEM-MECs (>1.4-fold in the last two cycles).
The differences in cathodic hydrogen recovery
between AEM-MECs (approximately 85%) and
PEM-MECs (approximately 51%) were particu-
larly pronounced in the last two cycles (>1.7-fold
greater in AEM-MECs). These results can be
related to the pH imbalance between the anode
and cathode sides, which was greater in PEM-
MECs compared to AEM-MECs especially in the
later cycles (Figure 4). An imbalance in pH levels
across the membrane is a significant factor that
reduces the performance of two-chamber MECs
[41]. Furthermore, the more acidic anodic pH in
PEM-MECs (<6.0) likely contributed to their

poorer performance compared to AEM-MECs,
given that the optimal pH for most exoelectrogenic
bacteria is between 6 and 7 [42]. The effect of pH
imbalance on the MEC performance will be dis-
cussed in detail in subsection 3.2. Another factor
that could lower the cathodic hydrogen recovery is
the loss of hydrogen through membrane permea-
tion from the cathode to anode sides [43].

3.2. pH imbalance

The anodic pH measured at the end of each cycle
was consistently higher in AEM-MECs (6.2-6.7)
compared to PEM-MECs (5.5-6.0) throughout the
experiment (Figure 4). The cathodic pH also
remained higher in AEM-MECs (11.1-12.1) than
in PEM-MECs (10.8-11.6) during the first five
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Figure 4. Final anodic and cathodic pH values in each cycle (a)
and their difference (b).

cycles, but it was the same (11.9-12.1) in both in
the following cycles. Consequently, the pH imbal-
ance between anolyte and catholyte across the ion
exchange membrane was significantly greater in
PEM-MECs (5.9-6.6) compared to AEM-MECs
(5.4-5.6) during the last three cycles. A large pH
difference between acidified anolyte and alkalized
catholyte results in significant reductions in cur-
rent generation and hydrogen production by indu-
cing a high concentration overpotential, which
increases the energy needed for hydrogen evolu-
tion [44, 45]. Therefore, the higher pH imbalance
in PEM-MECs compared to AEM-MECs appears
to have contributed significantly to the poorer
cathodic hydrogen recovery in the former, which
was more pronounced in the last three cycles
(Figures 3 and 4). Although it is difficult to quan-
titatively determine all electron sinks other than
hydrogen evolution at the cathode, pH imbalance
must have had a significant impact on the flow of
cathodic electrons. Another point to consider is
that the anodic pH level in PEM-MECs was as
low as 5.5-6.0, which is not favorable for the
growth of exoelectrogenic bacteria. The acidic

anodic pH likely inhibited exoelectrogenic electron
transfer to the anode, thereby reducing MEC per-
formance [46].

The increase in cathodic pH and decrease in
anodic pH have been extensively reported in
two-chamber MECs [41, 47-49]. In PEM-
MECs, pH imbalance can occur due to slower
proton transport across the membrane than the
rates of proton generation (at the anode) or
consumption (at the cathode), and the unde-
sired transport of other cations commonly pre-
sent in electrolytes (e.g. Na*, K", and NH,")
exacerbates the problem by interfering with
proton transport [50]. Typically, the electrolyte
containing 10° times higher concentration of
other cations than that of protons could pro-
voke slower proton transport rate by transfer-
ring other cations more easily instead of
protons to balance the charge [51]. The less
acidic anodic pH in AEM-MECs compared to
PEM-MECs can be attributed to the more effi-
cient transport of hydroxide ions from the cath-
ode to anode sides to balance electroneutrality
in AEM-MECs, as compared to the transport of
protons from the anode to cathode sides in
PEM-MECs [52]. This difference appears to
have contributed to the larger pH imbalance
and poorer performance of PEM-MECs com-
pared to AEM-MECs (Figures 3 and 4).

Moreover, in AEM-MECs, the transmembrane
transport of protons can be facilitated with the
assistance of pH buffers such as phosphate or
carbonate [46]. For example, in PBS systems, as
used in this study, HPO,>~ can be converted to
H,PO, by combining with protons produced at
the anode, and then transported through AEM to
the cathode side. The transported H,PO, ions
can release protons at the cathode by reverting
back to HPO,?™ ions, which can then move back
to the anode side [46, 53]. This proton shuttling
across AEM also likely helped, in part, to reduce
the pH imbalance and thus minimize the perfor-
mance loss in AEM-MECs [54]. According to
a recent study on MECs, it was found that an
imbalance in pH levels between the anolyte and
catholyte in two-chamber MECs can be addressed
by utilizing a new cathode design. This innovative
design does not require a liquid catholyte and
instead incorporates closely spaced electrodes



and an AEM [51]. The study reported achieving
a record-high current density and hydrogen pro-
duction rate at a cell voltage of 0.79 V, suggesting
that this vapor-fed design should be tested in
MECs used for treating fermentation effluent to
enhance MEC efficiency.

3.3. Electron source utilization

After the first three cycles of inoculating and accli-
mating the anodic microbial community, the
AEM-MECs maintained significantly higher COD
removal (295%) compared to the PEM-MECs
(<68%) throughout the entire experimental cycles
(Figure 3e). This difference corresponds to
the superior performance of the AEM-MECs to
the PEM-MECs discussed above. Butyrate was
the organic compound that remained the most in
the anode chamber after the batch reaction, fol-
lowed by propionate and then acetate, throughout
the experimental cycles in both AEM- and PEM-
MECs (Figure 5). Meanwhile, lactate and ethanol
were entirely removed and not detected in any of
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Figure 5. Residual concentrations of organic electron sources in
each cycle in (a) AEM-MECs and (b) PEM-MECs.
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the cycles, indicating that they could be readily
utilized as electron sources in the MECs, either
directly or indirectly. Acetate is commonly
known to be the most rapidly consumed electron
source, followed by butyrate and then propionate,
in MECs [20, 55]. The detection of a small amount
of residual acetate is likely due to its production
during the degradation of other electron sources in
the SFE (Table 1).

Note that the utilization of butyrate as an elec-
tron source was significantly less efficient than
other sources, even propionate, although the anae-
robic degradation of propionate is less thermody-
namically favorable than that of butyrate. The
preferred utilization of butyrate over propionate
in MECs has been reported in numerous studies
[18,19,61,62], but there are also many studies that
report the opposite result [20,35,55,63]. These con-
flicting observations suggest that there are other
factors beyond thermodynamics, such as energy
investment [35], that influence the utilization pre-
ference between different electron sources. The
preferred utilization of propionate over butyrate
observed in this study may also be attributed to
the potential existence of specialized exoelectro-
genic bacteria, such as Geobacter anodireducens,
capable of directly utilizing propionate for current
generation [56,64]. Lactate, which has a similar
molecular structure to propionate, can also be
directly converted to electrical current by some
Geobacter species [53]. Lactate can be consumed
directly by exoelectrogenic bacteria (e.g. Geobacter
sulfurreducens PCA) without electron shuttle
through intracellular conversion of lactate to acet-
ate and hydrogen, followed by their oxidation to
electrons, and this overall oxidation reaction is
known to be highly spontaneous process [65].
Although the anodic microbial community was
not analyzed in this study, it is possible that exoe-
lectrogenic bacteria, which can directly utilize pro-
pionate (and lactate), were active and helped to
facilitate the utilization of propionate (and lactate)
in the experimental MECs. The facilitated propio-
nate utilization would have benefited the syn-
trophic exoelectrogenic utilization of lactate via
propionate (Table 1). These results suggest that
MECs can have different preferences for various
electron sources, which warrants further research
on the microbial interactions and their effects on
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Table 1. Biochemical reactions involved in exoelectrogenic utilization of fermentation products under anaerobic

conditions.
Substrate Reaction AG® (k)/mol)? Reference
Hydrogen H, > 2H" + 2e” -34.9 [56]
Formate HCO,™ + H,0 — HCO;™ + 2H* + 2e” -49.6 [56]
HC027 + Hzo - HCO37 + H2 +1.3 [57]
4HCO,™ + H* - CH5CO0™ + 2HCO; -99.1 [56]
Acetate CH5CO0™ + 4H,0 — 2HCO;™ + 9H™ + 8e~ -355 [56]
CH;CO0™ + H* + 2H,0 — 2C0, + 4H, +104.6 [58]
Propionate CGHsCOO™ + 2HCO;™ - CH5CO0™ + 3HCO,™ + H* +72.2 [56]
C,HsCOO™ + 3H,0 — CH3CO0™ + H* + HCO5™ + 3H, +76.1 [56]
C,HsCOO™ + 5H,0 — 2C0, + HCO5™ + 14H* + 14e” -73.0 [56]
Butyrate C5H,C00™ + 2HCO;™ — 2CH;CO0™ + 2HCO,” + HY +45.5 [59]
C5H,C00™ + 2H,0 — 2CH;CO0™ + H* + 2H, +48.1 [59]
Lactate 3CH;CH(OH)COO™ — 2GHsCOO™ + CH;CO0™ + HCO5;™ + HY -164.8 [60]
CH5CH(OH)COO™ + H,0 — CH;C00™ + CO, + 2H, -88 [60]
Ethanol CH3CH,OH + H,0 — CH;CO0™ + 2H, + H* +9.6 [60]

?Gibbs free energy under standard conditions (pH 7 and 25°C).

the conversion of electron sources to current and
then hydrogen in MECs.

Another point to consider regarding the exoe-
lectrogenic propionate utilization is the effect of
pH. Syntrophic degradation of propionate can
occur through two pathways: the acetate/H, path-
way, which is more favorable at a pH below 6.37,
or the acetate/formate pathway, which is more
favorable at a pH above that [64]. Given that the
latter pathway is more energetically favorable than
the former (Table 1), the less acidic anodic pH of
AEM-MECs (6.2-6.7) compared to PEM-MECs
(5.5-6.0) likely contributed to the more efficient
degradation of propionate in the AEM-MECs
(Figure 5). The difference in the utilizability of
propionate, which is a relatively challenging elec-
tron source, can be linked to the performance
difference in current and hydrogen production
observed between the AEM- and PEM-MECs.

Unlike propionate and lactate, there is currently
no evidence that exoelectrogenic bacteria can
directly utilize butyrate and ethanol to generate elec-
trical current. It is believed that these compounds
can only be converted to current indirectly via acet-
ate in MECs [66, 67]. Since the anaerobic oxidation
of butyrate or ethanol to acetate is thermodynami-
cally unfavorable (Table 1), their exoelectrogenic
utilization requires syntrophic relationship with
hydrogen scavengers [66]. However, the significantly
lower Gibbs free energy of ethanol oxidation com-
pared to butyrate oxidation makes ethanol a more
favorable electron source than butyrate. This

thermodynamic advantage of ethanol is well
reflected in the absence of residual ethanol in every
cycle in both AEM- and PEM-MECs (Figure 5).
While this study presents intriguing findings
regarding the choice of organic compounds in
SFE depending on the type of membrane
employed, there are a few limitations associated
with the current experiments. First, a fermentation
effluent which was artificially synthesized was used
here. There were some previous studies which
utilized the actual fermentation effluent in MECs
or MFCs generated from food wastewater, landfill
leachate, and corn stalk as substrate for fermenta-
tion processes [11, 55, 68]. Incorporating the
actual fermentation effluent in future studies
would be beneficial in reducing the operating
costs and improving the practicality and commer-
cial feasibility of MECs. Additionally, it is impor-
tant to note that the current experiments were
conducted using small lab-scale reactors with
a working volume of 200 mL. This limited scale
makes it challenging to accurately predict and
scale up the process to larger industrial-scale bior-
eactors. Once process optimization and
a comprehensive understanding of the dynamics
of MECs with mixed fermentation effluent have
been achieved through lab-scale research, the tech-
nology can be scaled up to pilot-scale reactors for
the treatment of actual fermentation effluent, as
demonstrated in previous works involving other
actual organic wastewater [69-71]. It is worth not-
ing that for scaling up the two-chamber MEC



technology, the choice of ion exchange membrane
(e.g. PEM and AEM) becomes a critical factor that
influences the cost. Although the ion exchange
membrane accounts for up to 40% of the overall
cost of MEC:s, it is inevitable to use a membrane to
get a high-purity hydrogen from MECs [36]. The
AEM (e.g. AMI-7001, ~80 USD/m?) is approxi-
mately 18-folds cheaper than PEM (e.g. Nafion
117, ~1,400 USD/m?) [72]. Given that nearly dou-
ble higher hydrogen yield in AEM than PEM in
our study, using AEM can enhance the cost-
effectivity of MECs.

4. Conclusions

Exoelectrogenic degradation of SFE and its conver-
sion to hydrogen was significantly more efficient in
AEM-MECs than PEM-MECs. This performance
difference was attributed to the larger pH imbalance
and more acidic anodic pH in PEM-MECs, which
inhibit electron transfer and growth of exoelectro-
genic bacteria. Butyrate was the least favored elec-
tron source in both MECs, followed by propionate.
The preference for utilizing propionate over butyrate
implies that factors beyond thermodynamics, such as
energy investment and microbial community are
involved in determining the utilization preference
for different electron sources. Therefore, a deeper
understanding of the varying preferences for differ-
ent electron sources is required.
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