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Microbial electrosynthesis (MES) enables the bioproduction of multicarbon compounds from CO» using
electricity as the driver. Although high salinity can improve the energetic performance of bio-
electrochemical systems, acetogenic processes under elevated salinity are poorly known. Here MES
under 35—60 g L' salinity was evaluated. Acetate production in two-chamber MES systems at 35 g L~
salinity (seawater composition) gradually decreased within 60 days, both under —1.2 V cathode potential
(vs. Ag/AgCl) and —1.56 A m~2 reductive current. Carbonate precipitation on cathodes (mostly CaCOs)

Keywords: R likely declined the production through inhibiting CO, supply, the direct electrode contact for acetogens
Carbon capture and utilization . . 24 24 -

High salinity and H; production. Upon decreasing Ca“" and Mg“" levels in three-chamber reactors, acetate was stably
Carbonate precipitates produced over 137 days along with a low cathode apparent resistance at 1.9 + 0.6 mQ m? and an average
Acetogenesis production rate at 3.80 + 0.21 g m 2 d~ . Increasing the salinity step-wise from 35 to 60 g L~ gave the

Marine bacteria most efficient acetate production at 40 g L~ salinity with average rates of acetate production and CO;
consumption at 4.56 + 3.09 and 7.02 + 4.75 g m~2 d ™, respectively. The instantaneous coulombic effi-
ciency for VFA averaged 55.1 + 31.4%. Acetate production dropped at higher salinity likely due to the
inhibited CO, dissolution and acetogenic metabolism. Acetobacterium up to 78% was enriched on cath-
odes as the main acetogen at 35 g L. Under high-salinity selection, 96.5% Acetobacterium dominated on
the cathode along with 34.0% Sphaerochaeta in catholyte. This research provides a first proof of concept
that MES starting from CO, reduction can be achieved at elevated salinity.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction organic chemicals also shows the advantages of lower over-
potential, longer operational stability, and milder operational
conditions [9,10], compared with systems employing abiotic CO,

reduction catalysts [5,7,8]. Acetate is the most common bioproduct

CO; can be converted into commodity chemicals and fuels by
carbon capture and utilization (CCU) while also contributing to the

reduction in atmospheric CO, level and providing an alternative to
petroleum products [1]. Microbial electrosynthesis (MES) is a CCU
route whereby microorganisms directly or indirectly use electrical
current to produce organics such as acetate from CO, [2—5]. This
process could potentially contribute to achieving a sustainable so-
ciety by storing renewable energy as covalent chemical bonds
based on reducing CO, [5,6]. MES using whole microorganisms as
biocatalysts capable of self-generation and producing long-chain
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generated by MES, and although low in value and difficult to
separate from water, this compound can serve as a precursor for the
synthesis of many multi-carbon volatile fatty acid (VFA) com-
pounds of higher economic value, such as caproate, via chain
elongation [9]. Even so, the acetate production rate and the energy
conversion efficiency obtainable from MES remain too low for
economically viable application [4,10].

Acetogens remain the key microorganisms for MES using
different pathways for CO, reduction, such as the Wood-Ljungdahl
pathway [11,12]. These species have been reported to use cathodes
either directly (via electron uptake) [3] or indirectly (via H evo-
lution) to reduce CO; into organics [10,13]. But the latter method is
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increasingly applied due to higher potential rates at present [4,14].
The low acetate production rate from MES is thus associated with
the low current density reached in the bioelectrochemical system
(BES) for Hy production. This density can be up to approximately
20 mA cm 2 but generally far below. A main reason for the low
current is the high ohmic resistance resulting from the low ionic
conductivity of microbial-compatible electrolytes and suboptimal
spacing of electrodes or the non-ideal geometry between the
membrane and microorganisms [4,15]. It appears therefore
impossible yet to combine relevantly high current densities (i.e.,
high production rates) and relevantly low cell voltage (i.e.,
acceptable energy conversion efficiencies) [4]. Reducing the high
ohmic resistance in BESs is therefore crucial to improve MES per-
formance, especially for systems with high current densities or
scaled-up structures due to the development trend for MES [4,6,8].
A possible solution is to use high-salinity electrolytes, as these
reduce the ohmic resistance and thereby the applied voltage
needed to drive a certain current density or can increase the current
produced under a certain voltage [16], which would help to
improve energy conversion efficiency or production rates in MES.
Although some acetogens with high salinity tolerance have been
reported [17,18], the knowledge in the context of MES under saline
conditions is very limited.

A previous study assessed the use of brine pool sediment as
inoculum and a seawater-brine interface solution as the electrolyte
in MES systems to enrich halophilic homoacetogens at a biocathode
operating at —1.0 V vs. Ag/AgCl. However, this system showed a
limited capacity for VFA production at salinity levels of 25% and 10%
along with a gradual decrease in reduction current [19]. Metal
precipitates on the cathode were observed, but the impact of this
precipitation on VFA production in the saline MES has not been
revealed [19]. Slightly higher titer was subsequently observed at a
salinity level of 3.5% using the former cathode as the inoculum.
Genus Marinobacter and phylum Firmicutes were found to be
dominant at all salinity levels examined, but no obvious acetogen
was observed. Marinobacter was assumed to consume fixed carbon
in this system, thus relating to the low VFA production [19].
Another study further examined MES performance at the salinity of
3.5% using salt marshes and mangrove sediments as inocula
together with synthetic red seawater as catholyte at the same
cathode potential [20]. This prior work used a porous ceramic
hollow tube wrapped with carbon cloth as the cathode with a large
projected area of 110 cm? for direct CO; delivery and minimizing
CO, mass transfer limitation. A higher titer was subsequently ob-
tained, but the production rates remained low at 1.69 g m—2d~! for
acetic acid and 0.55 g m~2 d~! for methane after a 10-day batch
operation, while the reduction current also decreased over time
[20]. During these trials, Acetobacterium belonging to the phylum
Firmicutes exhibited unstable enrichment, which was likely related
to the low acetate production rate [20]. Cathodes in the afore-
mentioned studies were both poised at —1.0 V vs. Ag/AgCl. Notably,
due to cathodic hydrogen production, the pH in the vicinity of the
cathode will increase and this could lead to scale formation by the
Ca®t and Mg?* ubiquitous in seawater and other saline streams.
How this will impact the electrochemical activity and hydrogen
production performance under that potential is as yet not studied,
and it makes unclear whether high salinity will actually improve
MES. Although the microbial community regarding CO, reduction
in cathodic chambers under high salinity has been analyzed in
previous studies [19,20], the community effectively contributing to
acetate production under high salinity is also as yet not defined.

The present work investigated acetate production under saline
conditions while assessing the impact and mechanism of scaling on
MES. Reactors were operated stably for 137 days at the salinity of
35 g L~! (seawater salinity), after which the salinity was increased
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to 60 g L~ to study the MES performance under the elevated
salinity. The microbial community composition and its contribution
to acetate production in the saline MES system were analyzed
based on the 16S rRNA gene and quantitative polymerase chain
reaction (qPCR) analyses.

2. Materials and methods
2.1. MES setup and synthetic saline seawater

Two-chambered MES reactors were used to study the impact of
Ca®* and Mg?* ions on VFA production at 35 g L~ (seawater
salinity), comprising the small (S-MES), and big MES systems (B-
MES) with different sizes. An overview and a concise description of
the system were shown in Fig. S1. The anode and cathode chambers
were separated by a cation exchange membrane (CEM). The cath-
odes were carbon felt with projected surface areas of 25 and 64 cm?
in those two systems. The total volumes of the catholyte and ano-
lyte in both systems were 250 and 700 mL, respectively. The elec-
trolyte was circulated using a pump at a rate of 10.5 mL min~'. A
second set of three-chambered big MES reactors was used to study
the impact of salinity on VFA production while avoiding anodic
chlorine evolution and the influence of scaling ions. This apparatus
was the same as B-MES reactor except for adding an extra middle
chamber of 128 mL between the anodic and cathodic chambers and
an additional CEM used to separate the three chambers. The salinity
was constant at 35 g L~ in one of the three-chambered MES sys-
tems (3C-B.-MES), but was step-wise increased from 35 to 60 g L~}
in the other (3C—B;-MES). The volumes of catholyte and middle-
chamber electrolyte were all 400 mL (Fig. S1). The operating con-
ditions applied in different MES systems were summarized in
Table 1.

A saline homoacetogen medium was used as catholyte based on
the ionic composition of Atlantic seawater [21] and the media used
in previous MES research [22]. The saline catholyte with 35 g L™!
salinity contained the following components (L™!): 25.00 g NaCl,
2.50 g NaHCO3, 11.00 g MgCl,-6H,0, 1.55 g CaCl,-2H,0, 0.50 g KCl,
0.25 g NH4Cl, 0.20 g KH,PO4, 0.89 g NaBr, 2.5 mL mineral mixture
[22], 2.5 mL vitamin mixture [22], and 1.0 mL tungstate-selenium
solution [3]. The catholyte pH was 7.6 + 0.2. This catholyte was
used in the first three cycles of S- and B-MES systems for studying
the impact of Ca®>* and Mg?* on VFA production. In the case of 3C-
B~ and 3C—B;-MES systems, as well as the fourth cycle of B-MES
system, the catholyte had a lower hardness with concentrations of
MgCl,-6H,0 and CaCly-2H,0 decreasing to 1.28 and 0.20 g L™,
respectively. The attendant decrease in total salinity was compen-
sated by adding NaCl. The catholyte used in 3C—B;-MES system had
salinity levels of 35, 40, 45, 50, or 60 g L1 based on NaCl concen-
trations of 30.57, 35.57, 40.57, 45.57, or 55.57 g L™, respectively. The
anolyte used in S- and B-MES systems was originally made of a
0.26 M phosphate buffer with pH 7.0, but was changed toa35gL™!
NayS04 solution with pH 2.5 in 3C-B.-MES system. In case of 3C—B;-
MES system, the Na;SO4 solution was also used as anolyte but with
the concentrations of 35, 40, 45, 50, or 60 g L~! to make the salinity
level equal to its catholyte. The catholyte pH was maintained at
approximately 8.5 by using a pH controller.

2.2. Inoculum and operation

An enrichment of saline homoacetogens from Atlantic North Sea
sediments was used as the inoculum for S-MES with an optical
density (ODggg) of 0.215 and an inoculation volume at 10% v/v of the
catholyte. The inoculum was acclimated before being added to the
MES using the method described in Section S-1 of the Supple-
mentary Materials. The same volume ratio of cathodic effluent from
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Table 1
The operating conditions employed for different MES systems.
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MES systems Cycles involved Hardness in catholyte

Ca®* and Mg?* in catholyte (g L)

Catholyte salinity (g L) Cathode conditions

S-MES 1st—3rd High Ca%*: 0.42,
B-MES 1st—3rd High Ca®*: 042,
B-MES 4th Low Ca®*: 0.05,
3C-B~MES 1st? High Ca’*: 0.42,
3C-B.~MES 1st—3rd Low Ca®*: 0.05,
3C—B;-MES 1st Low Ca®*: 0.05,
3C—B;-MES 2nd Low Ca®*: 0.05,

Mg?*: 1.30 35.0 -12V

Mg?*: 1.30 35.0 —10 mA
Mg?*: 0.15 35.0 ~10 mA
Mg?*: 1.30 35.0 —10 mA
Mg?*: 0.15 35.0 —10 mA
Mg?*: 0.15 35.0, 40.0, 45.0 —~10 mA
Mg?*: 0.15 45.0, 50.0, 60.0 ~10 mA

¢ Without inoculation.

the MES system producing acetate was also used as the inoculum
for the subsequent reactor (e.g., using catholyte of S-MES as the
inoculum for B-MES). The reactors were built in the order of S-MES,
B-MES, 3C-B.~MES, and 3C—B;-MES.

S-MES system was operated with the cathode poised at —1.2 V
vs. Ag/AgCl, while B-MES, 3C-B.-MES, and 3C—B;-MES systems
were operated under galvanostatic control with a constant reduc-
tive current of —10 mA (equal to a current density of —1.56 A m~2;
see Section S-1). To maintain anaerobic conditions in these reactors,
the cathode chambers were also continuously purged by the mixed
gas of N»:CO, (90:10) with a flow rate of 29.7 + 7.8 L d~! using gas
flow meters (OMA-1, Dwyer, UK) [21]. This gas also served as a
buffering agent and a constant source of CO, besides sodium bi-
carbonate in catholyte. The effluent gas from the cathodic chamber
flowed through the anodic chamber to strip O, produced at the
anode. These experiments were conducted in the batch mode at
ambient temperature, and the cycle's start and end time were
depended on the change of acetate production during the cycle (see
Section S-1). At the end of each cycle, all catholyte in S-MES system
was refreshed, but only 90% of the catholyte in B-MES, 3C-B.-MES,
and 3C—B;-MES systems was replaced. The remaining 10% was kept
in the reactor acting an inoculum for subsequent operations. The
salinity in 3C—B;-MES system was increased by adding NaCl to the
catholyte supernatant. This supernatant was obtained by centri-
fuging the catholyte at 6000 rpm for 20 min to separate the
biomass. Following this, the separated biomass and the dissolved
NaCl were added back into the cathodic chamber to reduce any
effects on the existing microbial community.

2.3. Calculations and analyses

During the experiments, liquid samples were taken and filtered
(0.22 um cut-off) for monitoring VFAs, Cl~, Ca**, and Mg?* con-
centrations by ion chromatography (IC). Unfiltered samples were
used for determining pH. The effluent gases from each reactor were
analyzed using a compact gas chromatograph (GC). Surface ele-
ments of the used and clean cathodes were analyzed by scanning
electron microscopy (SEM) coupled with an energy dispersive X-
ray spectroscopy (EDX) detector. Precipitate compositions were
analyzed using X-ray diffractometer (XRD). The details of these
analyses were provided in Section S-1.

Cyclic voltammograms (CVs) of the cathodes were conducted
with a scan rate of 1 mV s~ under constant N,:CO, purging con-
ditions. The initial scan range was from 0.2 to —1.0 V (all values vs.
Ag/AgCl) but was adjusted to —0.4 to —1.4 V based on the change of
cathode potentials in different reactors. The current density was
calculated as the amount of electric current flowing per projected
cathode surface area [6]. The coulombic efficiency (CE, %) of the
cathodes for cumulative VFA and H, production and the CO, con-
sumption rate, Rco,, were calculated based on prior work
[20,22—24], shown as follows.

Nyt Xfeiv X F><

CEvpa = ; 100 (1)
Idt
t=0
CEy, = 2 2F 100 )
Idt
t=0
Rco, =1.05 x acetate production rate (in gm? dfl) 3)

x2+60 x 44

Here, n,; and ny, are the moles of the VFAs and H; produced at time
t, fe, is the molar conversion factor of produced VFA (it is 2 for
formate, 8 for acetate, 14 for propionate, and 20 for butyrate and
isobutyrate), I is the current (A), and F is Faraday's constant
(96,485 C mol~!). The acetate production rate and the instanta-
neous CE were calculated based on the different VFA concentrations
between two consecutive measurement points within one cycle
(see Section S-1).

2.4. Microbial community composition

After the trials using the B-MES, 3C-B.-MES, and 3C—B;j-MES
systems were complete, the cathodes were removed for microbial
community analysis (named as B—C, 3C-B.-C, and 3C—B;—C).
Catholyte samples of 35 g L~ ! salinity that acquired at the end of B-
MES system trials (B—P) and at the end of the first, second and third
cycles of 3C-B-MES system (the 3C-B-P-1, 3C-B.-P-2, and 3C-B-P-
3 samples) were also subjected to microbial community analysis. In
addition, catholyte from 3C—B;-MES system with salinity levels of
45,50, and 60 g L~! (3C—B;—P-45g, 3C—B;—P-50g, and 3C—B;—P-60g
samples) were also assessed. The microbial community was
determined using V3—V4 region of the 16S rRNA gene, while the
absolute abundances of bacteria from the cathode and catholyte of
3C—B;-MES system were estimated by qPCR. The details of the DNA
extraction, V3—V4 region amplification, [llumina 16S rRNA gene
amplicon construction and qPCR of 16S rDNA are provided in Sec-
tion S-1 of the Supplementary Materials. The raw sequencing data
of those samples has been deposited in NCBI Sequence Read
Archive (accession No. SRP395816).

3. Results and discussion
3.1. Unstable acetate production under a potentiostatic condition

Acetate was produced in S-MES system with a cathode potential
of —1.2 V using simulated seawater as catholyte but not unstably
(Fig. 1), which also occurred in previous studies [20,25]. Acetate
along with small amounts of formate and propionate was produced
in this system during three successive cycles. However, the peak
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Fig. 1. Acetate production performance of S-MES with cathode poised at —1.2 V vs Ag/AgCl using simulated seawater as catholyte. a, VFA production; b, The chronoamperogram of
the cathode; ¢, Coulombic efficiency for cumulative VFA production; d, Cathode CV scan results.

acetate concentration gradually decreased for each cycle, reaching
1,407, 969, and 400 mg L}, respectively (Fig. 1a). The maximum
production rate (Rpyax) also decreased from 20.15 to 9.27 then to
5.44 g m~2 d~ !, accompanied by a decline in the average acetate
production rate (Rav%) from 9.28 + 6.34 to 3.85 + 4.09 then to
0.99 + 2.78 g m 2 d~! (Fig. S2). A decrease in the reductive current
at —1.2 V was observed during these cycles (Fig. 1b). The CE for
cumulative VFAs in each cycle also decreased, from 49.1 + 0.1% to
22.6 + 0.1% (Fig. 1c and Fig. S2c¢), suggesting that the energy con-
version efficiency was lowered. In addition, although H, was
detected prior to inoculation, the gradual decrease in the reductive
current and the relatively high purge rate resulted in a minimal
amount of residual Hy at the end of each cycle after consumption by
microbes. But the electron involved in residual H, may also
contribute to the low CE. The decrease in the reductive current
density was also confirmed by CV characterization
(with —7.66, —7.0, and —1.43 Am~2 at —1.2 V in cycle 1, 2, and 3,
respectively, Fig. 1d). The CV results indicated an increasingly weak
electrochemical activity of the cathode for H, production.

A white coating was observed forming on the S-MES system
cathode during these experiments. The SEM-EDX analysis revealed
that those precipitates mostly contained Ca with minor amounts of
Mg and P (Fig. 2). The XRD analysis further indicated that the white
precipitates primarily comprised CaCOs (JCPDS No. 84—0049)
(Fig. 2c). These results agreed with the production of numerous
bubbles during the dissolution of these precipitates with 1.00 M
HCI (Fig. S3) and the higher mass-based ratio of Ca®* to Mg?™ in the
resulting solution (1.50) compared with the original simulated
seawater (0.32). NaCl was also found in this precipitate due to the
use of saline catholyte (JCPDS No. 78—0751). Those insulating car-
bonate precipitates likely hindered the direct contact between both
water (acting as a hydroxyl ions source) and microbes with the

cathode surface and thus inhibited H, production. The direct con-
tact between the cathode and acetogens may be also important for
acetate production, because microbes have been reported to add
catalysts at the cathode surface to facilitate CO; reduction by pro-
ducing intermediates [15].

3.2. Unstable acetate production at a —10 mA reductive current

To eliminate the impact of insufficient H, generation on acetate
production, the acetate production using simulated seawater as
catholyte was further studied at a reductive current density of —1.56
A m~2 in B-MES system with a constant H; yield. In this trial, acetate
was again the main product, along with minor amounts of propio-
nate and butyrate (Fig. 3a). Formate was also detected during the
first two cycles, likely because of the high catholyte pH (8.43—8.85)
during the second half of cycle 1 (Fig. 3a) [13]. It should be noted that
the acetate production was again unstable and the peak acetate
concentration decreased from 1287 mg L ™! in cycle 1 to 783 mg L™!
in cycle 3 (Fig. 3a). The Rpyax also decreased from 8.52 in cycle 1 to
306 g m2 d! in cycle 3 (Figs. S4a—c) and Ravg declined from
2.99 +2.73 to —0.30 + 3.92 g m~2 d~ L. The average CE for cumulative
VFA production stabilized at 19.2 + 1.5% in cycle 1 but sharply
decreased to 4.5% in cycle 3 (Fig. S4g) along with a gradual increase in
the system voltage from 2.58 to approximately 2.66 V (Fig. S4e). The
CEs for H, at the end of these cycles were within 16.0—22.0%. A
higher instantaneous CE for VFA production was observed in
conjunction with a high acetate production rate during cycle 1, such
as 61.5% on day 19 and 86.0% on day 23 (Fig. S4¢g). These data indi-
cated that the low amount of microbes at the beginning of cycle 1
may contribute to the low CE for VFA generation. But this CE
remained low during cycles 2 and 3 and even became negative
during the second half of cycle 3 (Fig. S4h), which suggested that the
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reduction of CO; to generate VFAs was inhibited, and a portion of
VFAs was likely converted to other compounds or consumed by
microbes [19]. The pH at the end of each cycle stabilized at
approximately 8.5, and white precipitates were again deposited on
the cathode surface (Fig. S3¢). Because the H; yield was constant due
to the constant reductive current, the carbonate precipitates could
possibly reduce both the CO, supply and H; utilization, leading to a
decrease in CE related to VFA production.

To address the scaling issue, the hardness of the catholyte used
in cycle 4 was lowered as described in Section 2.1, following which
stable acetate production was achieved. The catholyte pH remained
at approximately 8.5, but the acetate concentration continually
increased over the remaining 60 days, reaching a value of
5193 mg L' (Fig. 3a) along with a Rayg 0f 3.51 + 1.69 gm 2 d . The
average CE for cumulative VFA production also increased to
25.1 + 4.4%, and the instantaneous CE at the end of the cycle was
significantly higher at 58.3%, along with a low CE for residual H; of
5.3% (Fig. S4g). These results were consistent with the observed
decrease in cell voltage to 2.55 V (Fig. S4e) and the recovery in the
cathode potential from —1.42 to —1.34 V (Fig. S4f). Successive CV
data showed obviously higher reductive current at —1.34 V indi-
cating a more rapid H, removal from the cathode surface by
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microbes (Fig. 3b) [22]. The alkaline pH in the vicinity of the
cathode resulting from cathodic hydrogen production likely
favored carbonate formation and thus generated primarily CaCOs.
Therefore, the carbonate precipitates further decreased CO, avail-
ability and also inhibited H; generation and its utilization by ace-
togens. The formation of calcium carbonate precipitates was likely
the main reason for the unstable acetate production in these MES
systems under saline conditions.

3.3. Stable long-term acetate production at —10 mA in a three-
chambered BES

The 3C-B.-MES system was constructed to further investigate
stable acetate production under saline conditions while avoiding
the common phenomenon of chloride oxidation at the anode [20].
In this system, the anolyte was a low-pH Na;SO4 solution to
enhance the proton supply to catholyte. But in the trail using
synthetic seawater as catholyte and the Na;SO4 solution as anolyte
in this system without inoculation, tight white precipitates were
again formed on the cathode surface and obviously inhibited the
cathode electrochemical activity (Fig. S5). Thus, the catholyte was
replaced with synthetic seawater with a lower hardness, as
described in Section 2.1.

Stable acetate production was obtained using this system during
three batch cycles throughout 137 days (Fig. 4). The cumulative
acetate concentration was as high as 3440 mg L~! within a single
cycle, and the Ry;x reached 8.99 + 1.30 g m=2d-! along with a Ryyg
of 3.80 + 0.21 g m~2 d~! during these three cycles. One mole of
acetate production is equivalent to 2 mol of CO, fixation, and the
biomass of chemolithoautotrophic microbes producing acetate
from CO; and H; was reported to accounted for 5% of the carbon
flux [23,24]. Therefore, the maximum CO, consumption rate was
13.84 + 2.01 g m~2 d ! and the average was 5.94 + 0.30 g m~2d~".
The average CE for cumulative VFA production during these three
cycles was 36.0 + 3.0% (Fig. 4c), essentially entirely as acetate
(34.4 + 3.2%). The instantaneous CE for VFA generation was also
higher during the second half of each cycle, with average values of
42.2 + 19.8%, 45.7 + 23.3%, and 40.1 + 16.9% for cycles 1, 2, and 3,
respectively (Fig. S6). These data also suggested limited usage of Hy
by low amounts of microbes at the beginning of the cycle, leading to
the relatively low CE for cumulative VFA. The instantaneous CE for
H, during these cycles fluctuated within the range of 11.3—34.0%,
likely due to the relatively high flow rate of the mixed gas. Methane
formation was not detected, but some electrons may also have
ended up in the biomass. The CV results shown in Fig. 4d confirmed
that this cathode exhibited more stable and higher electrochemical

Current density (A m2)

_3 -
—m— cycle 1
—a— cycle 4

-4 4
-1.4

T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4
Cathode potential (V vs. Ag/AgCI, 3M KClI )

-0.2

Fig. 3. Acetate production performance of B-MES with a reductive current density of —1.56 A m~2 using simulated seawater as catholyte during the first three cycles but lower Ca**

and Mg?* concentrations in cycle 4. a, VFA production; b, Cathode CV scan results.
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activity during long-term operation likely due to the absence of
precipitation on the cathode surface when compared with the B-
MES system. An oxidative peak at approximately —0.57 V (vs. Ag/
AgCl) was observed, but probably did not play an important role as
the actual cathode potential was much lower [22]. A stable, lower
voltage of approximately 2.45 V was obtained (Fig. 4b) along with a
higher cathode potential of approximately —1.23 V. These results
could be attributed to the low energy losses in this system without
the formation of precipitates on the cathode.

Because these systems were purged solely with 10% CO, at a
relatively high rate and operated at a low current density, the VFA
production rate was likely slowed. Even so, this rate was still much
higher than those observed in prior studies using the same salinity
(0.95 and 0.46 g m~2 d~! for acetate and formate, respectively [19],
and 1.69 and 0.55 g m~2 d~! for acetic acid and methane, all based
on projected cathode area, respectively) [20]. The apparent resis-
tance of cathode, as determined by the current interrupt method
[26] showed a quite low level of 1.9 + 0.6 mQ m? for the present
system (Fig. S7) and thus agreed with the high catholyte conduc-
tivity of 50.1 + 0.8 mS cm™! at the end of the cycle (Fig. S8). This
resistance was much higher in B-MES and S-MES systems with 71.8
and 6.4 mQ m?, respectively, likely due to precipitation on their
cathode surfaces. BESs have been reported to show higher area-
specific ohmic resistance, typically higher than 10 mQ m?
because of the low ionic conductivity of microbial compatible
catholyte (generally around 10 mS cm™!) [4,26]. Considering that
the electrolysis of water typically proceeds at the anode, this low
apparent resistance of cathode would be expected to greatly affect
the energy efficiency of MES, especially at high current densities
[4,8]. The voltage used in this research was lower than values used
in prior studies but was combined with a higher current density
(Table S1), further confirming the decreased energy input required
by highly saline MES processes. In addition, because the CEM was
permeable to salt [27], chloride appeared in the anolyte of this
system. But significantly more chloride was accumulated in the
middle chamber and thus subsequently prevented severe chloride
oxidation on the anode (Fig. S9).

3.4. Acetate production with elevated salinity at —10 mA

Building on the stable performance of MES in 3C-B.-MES sys-
tem, another three-chamber MES system (designated 3C—B;-MES)
was constructed to investigate acetate production at increasingly
elevated salinity levels between 35 and 60 g L~'. The catholyte
conductivity at each salinity gradually increased from 48.7 to
781 mS cm~! (Fig. S8), which was consistent with the salinity
settings. Acetate was continually produced when the salinity was
gradually increased from 35 to 50 g L™, resulting in significant
accumulation of this product (Fig. 5a). However, Rpax gradually
decreased to 8.94, 8.70, 5.47, and 4.21 g m~2 d ! at salinity levels of
35, 40, 45, and 50 g L™, respectively, while Ravg stabilized at
3.93 +2.01,4.56 + 3.09,3.24 + 1.51,and 3.31 + 0.71 gm~2d ! under
each salinity (Fig. S10). The maximum CO, consumption rates at
these same salinity levels were 13.77, 13.40, 8.42, and
6.48 g m~2 d~!, respectively, while the average values were
6.05 + 3.10, 7.02 + 4.75, 450 + 2.32, and 5.10 + 110 g m~2 d~},
respectivley [23,24]. The average CEs for cumulative VFA produc-
tion were 32.2 + 3.0%, 38.6 + 3.3%, 35.6 + 5.4%, and 304 + 1.1%,
respectively, at each salinity (Fig. 5¢). The instantaneous CEs for VFA
production were again higher than the CE for cumulative VFA
production, especially at salinity levels of 35 and 40 g L~ with
average values of 43.4 + 22.5% and 55.1 + 31.4%, respectively
(Fig. S10d), which also suggested limited uptake of H, by the low
amounts of microbes at the beginning of the cycle. The instanta-
neous CE for VFA production at 45 and 50 g L~! were substantially
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reduced to 24.7 + 16.0% and 32.4 + 7.5%, respectively, along with
the decreases in the instantaneous CEs for Hy generation at the end
of the operating period from 5.3% at 35 g L! to 2.6% at 50 g L.
These results indicated the inhibition of CO, reduction to VFAs at
higher salinity. When the salinity was further increased to 60 g L™,
acetate production was inhibited in the first eight days and then
recovered in the following days, but the average production rate
and CE were very low (Fig. 5¢ and Fig. S10d) which could possibly
be attributed to adaption of the acetogens.

Notably, the system voltage also gradually declined from 2.45 to
229 V (Fig. 5b), while the cathode potential gradually rose
from —1.19 to —1.07 V (Fig. S10e) upon raising the salinity from 35 to
40 g L' and remained at this level as the salinity increased above
40 g L~ 1. The apparent resistance of cathode also gradually decreased
from 1.9 mQ m? at 35 g L ! to 1.2 mQ m? at 60 g L~ (Fig. S7). The
slight decrease in the system voltage could be attributed to the very
low apparent resistance at these salinity levels. The CV data
demonstrated that the cathode activity was significantly improved
as the salinity was increased (Fig. 5d). Specially, H, evolution po-
tential was —0.97 V at 35 g L™! after inoculation but increased
to —0.90 V at salinity levles within the range of 45—60 g L' (Fig. 5d).
The extent to which CO, dissolves has been reported to decrease at
high salinity, which would, in turn, be expected to lower the pro-
duction of VFAs [19,20,28]. Thus, the highest CE appeared at
40 g L 'likely due to the decreased cell voltage and a presumably
slight decrease in CO; solubility at this salinity. The inhibited VFA
production at higher salinity may also relate to the energy conser-
vation because microbes may produce organic compatible solutes
such as ectoine due to osmotic adaption [19,29].

In addition, when the salinity was no less than 45 g L™, a redox
couple appeared during CV scan with an oxidative peak at
approximately —0.71 V and reductive peak at —1.08 V. The half-
saturation potential (Ey;) of this redox couple was —0.90 V, which
was similar to the H; evolution potential at high salinity. However,
this redox couple was unstable as these peaks became increasingly
weak with continued CV scans (Fig. S11). But the peaks returned
following an extended period of polarization, which was in agree-
ment with the previous research in which an oxidative peak cor-
responding to H, oxidation was significantly enhanced after a
prolonged polarization period when using a microbes-covered
graphite electrode [30]. This phenomenon may be related to
enzyme activation processes induced by extended electrode po-
larization [30]. Therefore, this couple may be associated with the
shift in cathode potential and the significantly increased reductive
current at high salinity. As no similar reductive peak was observed
in the present MES systems at the salinity of 35 g L™, so this redox
couple might represent a unique feature of the microbial commu-
nities that developed at salinity levels higher than 35 g L™}, as
discussed below (Section 3. 5.2).

3.5. Microbial community analysis

The SEM images of cathodes used in these systems (Fig. 6) show
that biofilms were successfully formed on the cathode surfaces in
the three-chambered systems of 3C-B.- and 3C—B;-MES with low-
hardness catholyte. Microbes were also found on cathodes from
both S- and B-MES systems but primarily on the surfaces of thick
CaCOs precipitates that deposited on the cathode surfaces. Those
outcomes concurred with the inhibited cathode electrochemical
activity and acetate production in those two systems.

3.5.1. The effects of scaling ions on MES microbial activity
Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes

were the dominant phyla in B-MES system but with obviously

higher relative abundances of the first two phyla (together
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accounting for 85—91%). Firmicutes were highly enriched on the
cathode (75.8%), but more Proteobacteria were accumulated in
catholyte (58.7%) (Fig. S12). These two phyla were also accumulated
in 3C-B~MES system with the same trends. Firmicutes, Proteo-
bacteria, and Actinobacteria have been reported to contain many
CO3-assimilating microorganisms [11]. Additionally, minimal Epsi-
lonbacteraeota were enriched in all catholyte, while Spirochaetes
were only obviously enriched in the 3C-B¢-catholyte.

In genus level, the most abundant acetogen accumulating on the
cathode in both B-MES and 3C-B.-MES systems was the canonical
homoacetogen Acetobacterium [31], with relative abundances of
67.1% and 78%, respectively (Fig. 7). This genus was very likely the
primary carbon fixer reducing CO, to acetate via the Wood-
Ljungdahl pathway, and probably did a significant contribution to
VFA production in these systems [15]. This genus was also found in
catholyte but at much lower levels (19.8% in B—P and 3.8% in 3C-B.-
P). Such results concurred with previous studies, which suggested
that the cathode and biocatalyst should be in close proximity to one
another to facilitate the transfer of electron mediators such as H,
during CO; reduction [6,15]. Therefore, the direct contact with the
cathode was evidently important for acetate formation. The car-
bonate precipitates likely restricted this direct contact between the
acetogens and the cathode and also limited the CO, supply, leading
to weakened cathode electrochemical activity. The proportion of
Acetobacterium in 3C-B.-P catholyte samples also decreased from
19.0% to 3.8% during the batch cycles. This decrease could probably
be attributed to the lower Ca®* and Mg?* levels in catholyte that, in
turn, led to better contact with the electrode. As such, the meta-
bolism of this dominant genus on the cathode was promoted, and
the H, concentration in the catholyte was decreased. Some other
acetate-producing genera were also accumulated in these systems
but with much lower proportions, within the range of 4.4—8.8%,

including Clostridiaceae_2_unclassified,
iaceae_unclassified, and Sphaerochaeta.

Besides, Pseudomonas was the most abundant genus in catholyte
with 56.7% in B—P and 68.4—71.9% in 3C-B.-P, but with obviously
lower proportions on the cathode (11.6—13.6%) (Fig. 7). This genus
has been reported to be highly enriched both on the cathode and in
catholyte of MES systems for industrial CO, reduction (up to 26%
relative abundance) and was thought to promote extracellular
electron transfer and hydrocarbon removal [31—33]. The exoelec-
trogenic genus Arcobacter present in the catholyte of 3C-B.-P with
7.0% might associate with the enrichment of Pseudomonas producing
electron mediators. The significant proportion of Pseudomonas in the
catholyte may also affect both H; oxidation and acetate consumption
in the system, because of its hydrogenase activity and fermentation
capacity [33,34], but further study is required to definitively assess
the function of this genus in such systems. Finally, the fermentative
genus Bacteroidia_unclassified was gradually accumulated in 3C-B.-P
with relative abundance of 7.0%, 6.3%, and 11.2% at the end of cycles 1,
2, and 3, respectively. These microbes' presence and activity might
help explain the low acetate production rate at the beginning of the
cycle.

Propionibacter-

3.5.2. Microbes contributing to efficient VFA production at high
salinity

In the 3C—B;-MES system, only Firmicutes (96.6%) and Proteo-
bacteria (1.5%) were accumulated on the cathode at 60 g L~! salinity
likely due to the high salinity tolerance and unique ability of these
phyla to acquire energy on the cathode under highly saline condi-
tions (Fig. S12). The dominant phyla in catholyte at this salinity
mainly contained Proteobacteria (57.0%) and Spirochaetaceae
(34.0%).

Acetobacterium was essentially the only genus on the cathode,
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with a proportion of 96.5%. However, the proportion of this genus
in catholyte was much lower, which increased from an initial value
of 2.3% to 11.0% as the salinity was gradually increased to 45 g L™}
but then decreased to 1.1% at 50 g L' and 0.4% at 60 g L~ . These
results could be related to low CO; solubility [35], a reduced Hj
concentration in the catholyte, and a possibly inhibited metabolism
of this microbe at high salinity. The proportions of the other
acetate-producing genera, including Arcobacter, Propionibacter-
iaceae_unclassified, and Clostridiaceae spp., were also significantly
decreased to very low levels (below 2%), likely also due to the
limited tolerance of these microbes to the high salinity. These lower
amounts of these genera probably also related to the decrease in
acetate production under hypersaline conditions. Nevertheless,
certain genera tolerable to high salinity were gradually enriched in
catholyte as the salinity was increased, such as Sphaerochaeta
which went from an initial proportion of 1.7% to 17.3% at 45 g L1
and then to 33.5% and 34.0% at 50 and 60 g L™, respectively. This
accumulation could be attributed to the halophilic nature of this
genus and its capacity for oxidative acetogenesis under highly sa-
line conditions [32,36]. The generation of H, and CO, by this genus
may benefit the metabolisms of other acetogens in catholyte at high
salinity. Halomonas and Shewanella tolerant of high salinity were
both also gradually accumulated in catholyte at salinity levels of 50
and 60 g L~! within 2.5-1.5%. Meanwhile, Pseudomonas remained
the most abundant genus in catholyte, decreasing from an initial
abundance of 77% to 58.6% at 45 g L™, and 48.5% and 51.3% at 50
and 60 g L™, respectively. But the proportion of this genus on the
cathode was only 1.4%, suggesting low electrochemical activity at
high salinity. In addition, Bacteroides was also accumulated only in
catholyte to proportions of 1.7—4.9% with salinity increases, likely
due to the low acetate production rate.

According to the qPCR analysis shown in Fig. S13, the absolute

Fig. 6. SEM images of biofilms on cathodes from different systems and of the blank
cathode. a, S-MES; b, B-MES; ¢, 3C-B.-MES; d, 3C—B;-MES systems; e, The blank
cathode.
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abundance of Acetobacterium was 3.46 x 10'' copies on the cath-
ode, which was 238 times higher than that in catholyte (with an
initial value of 9.22 x 108 followed by an increase to 1.00 x 10'° at
45 g L~ ! but decreases to 3.38 x 10° and 1.46 x 10° at salinity levels
of 50 and 60 g L™, respectively). Furthermore, even taking all the
copies of acetogens in catholyte into account, including Arcobacter,
Propionibacteriaceae_unclassified,  Clostridiaceae_2_unclassified,
and Sphaerochaeta, the total amount was still much lower (with
copies of 1.25 x 10", 1.18 x 10" and 1.47 x 10'! at 45, 50, and
60 g L™1). Thus, the Acetobacterium on the cathode likely played a
significant role in VFA production within this highly saline system.
But the change in the absolute abundance in catholyte provided
further evidence that this genus exhibits a suitable metabolism at
salinity below 45 g L~! but a highly inhibited metabolism at 50 and
60 g L. In combination with the special redox couple observed
during the cathode CV scans at salinity above 40 g L™, the pro-
nounced accumulation of this genus on the cathode might indicate
a specific extracellular electron transfer pathway in Acetobacterium
that supports its metabolism along with inhibited VFA production,
but a further study is required. In addition, the special enrichment
of Sphaerochaeta in the catholyte (with an increase from the initial
copies of 6.7 x 108 to 1.58 x 10'%at 45 gL' and to 1.01 x 10" and
1.27 x 10™ at 50 and 60 g L™, respectively) might also relate to the
redox couple appearing during the CV scans at salinity levels no less
than 45 g L.

Overall, Acetobacterium was evidently the key acetogen for VFA
production in the present MES system under hypersaline condi-
tions and primarily accumulated on the cathode. The special
accumulation of Sphaerochaeta in the catholyte may also contribute
to acetate production. The lower acetate production rates observed
at salinity levels higher than 40 g L~ ! presumably resulted from the
limited CO, solubility and the partial inhibition of acetogenic
metabolism at high salinity.

4. Conclusions

Carbonate precipitating on cathodes (primarily as CaCO3) was
the critical reason for the unstable acetate production in MES sys-
tems fed with simulated seawater, likely through inhibiting the CO,
supply, the direct electrode contact with acetogens and H, pro-
duction. Stable acetate production by MES at seawater salinity was
achieved along with a decreased system voltage and a very low
apparent resistance of cathode, and further confirmed the potential
in decreasing the energy input at high current densities by using
the highly saline MES. The most efficient acetate production was
obtained at the salinity of 40 g L~!, because limited CO, dissolution
and restrained acetogen metabolism at higher salinity probably
inhibited acetate production. Acetobacterium,

Clostridiaceae_2_unclassified, Arcobacter, and Spirochaetaceae were
likely the main acetogens at seawater salinity. But under high-
salinity selection, 96.5% Acetobacterium dominating on the cath-
ode along with 34.0% Sphaerochaeta in catholyte, were presumably
to be the key acetogens.
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