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ABSTRACT

The development of microbial electrosynthesis (MES) for renewable electricity-driven bioutilization of
CO, has recently attracted considerable interest due to its ability to synthesize chemicals with the tran-
sition towards a circular carbon economy. However, the increase of acetate production and the decrease
of energy consumption of MES using an advanced reactor design have received less attention. In this
study, the total acetate production rate using novel flow-electrode MES reactors ((16 = 1) gm 2.d™!)
was double that using reactors without powder activated carbon (PAC) amendment ((8 = 3) gm2.d™).
The flow-electrode MES reactors had a Coulombic efficiency of 43.5% + 3.1%, an energy consumption of
(0.020 + 0.005) kW-h-g~', and an energy efficiency of 18.7% + 1.3% during acetate production. The
flow-electrode with PAC amendment could decrease the net water flux and charge transfer resistance,
while had little impact on the cell voltage, rheological behavior, and acetate adsorption. In the flow-
electrode MES reactors, the expression of genes involving in energy production and conversion were
increased, and the increase of acetate production was found correlated with the increased abundance
of Acetobacterium. The Wood-Ljungdahl pathway (WLP) and reductive citric acid cycle (rTCA) were found
to be the pathways responsible for carbon fixation. The concentrations of acetate in the stacked flow-
electrode MES reached 7.0 g-L~'. This study presents a new approach for the construction of scalable
MES reactors with high-performance chemical generation and CO, utilization.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microbial electrosynthesis (MES) is a technique that uses
microbes as biocatalysts to produce valuable chemicals driven by

Rapid urbanization and population growth have impacted the
environment in many ways, including the emission of greenhouse
gas (e.g., COz) [1-3]. The application of current technologically
viable methods for CO, capture and sequestration to reduce CO,
emissions is restricted by their high costs with low intrinsic value
of CO, [4]. The development of thermochemical, electrochemical,
and bioelectrochemical approaches for CO, utilization has recently
attracted increasing attention due to the transition towards a
circular carbon economy [5,6].
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electrical energy [7]. Owing to its advantages including low-cost
biocatalysts, low overpotential, and mild operating conditions,
MES has attracted increasing attention from researchers in differ-
ent disciplines during the past decade. Much effort has been made
to promote the acetate production using MES as it has high selec-
tivity [8], and the acetate produced can be extracted on-line [9],
which is beneficial in avoiding the problem of potential product
inhibition [10]. With the bioconversion of acetate as an intermedi-
ate compound, MES can be integrated with other existing biorefin-
ery technologies to produce high value-added chemicals such as
medium-chain fatty acids, proteins, and bioplastics [11-13].
From the engineering point of view, the inward extracellular
electron transfer from cathodes to microbes in MES is
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surface-dependent, whereas the efficiency of chemical accumula-
tion is volume-dependent [14]. Thus, the scale up of MES reactors
is difficult and can be significantly different from the classic bio-
chemical reactors. During the last decade, efforts have been made
to increase the inward extracellular electron transfer, which can
include the use of nanomaterials that have improved biological
compatibility and the selection of microbes that have accelerated
autotrophic metabolisms [11,12]. In addition, three-dimensional
(3D) material-based cathodes and packed-bed cathodes have also
been used in MES to increase the volume-dependent chemical pro-
duction [14]; however, these cathodes have some associated prob-
lems including hardness, conductivity, biofilm obstruction, and
redox potential heterogeneity [15,16]. Due to these limitations,
much less effort has been put on the scalable reactor design, and
almost 70% of MES studies in the past decade used conventional
H-type reactors [17].

Flow-electrode-based electrochemical reactors can be con-
structed using a liquid-type flow-electrode that is separated from
the electrochemical cells. These reactors are different from the
conventional reactors, which use solid-type electrodes fixed in
the electrochemical cells [18]. The flow-electrode can provide a
charge transfer from a current collector to the conductive parti-
cles by constantly making and breaking contacts with each other
of these particles, which thus allowing the electrode surface area
to increase independently with the volume of the electrochemical
reactors [19]. For example, flow-electrode capacitive deionization
(FCDI) has been used for desalination and nutrient recovery [20].
Increasing the electrode surface area independently of the vol-
ume of a MES reactor is a key issue that needs to be overcome,
as the electron consumption rate of biofilm with a low thickness
is generally insufficient to meet the high current density needed
for most practical applications [21]. It should be noted that the
term “flow-through double carbon felt cathode” has been applied
to the cathode made of carbon felt with catholyte flowing
through it [22], and the term is different from the term “flow-
electrode,” which refers to flowable particle electrodes, used in
the present study [20]. Despite the lack of experimental evidence,
it may be possible to introduce the flow-electrode into MES
bioreactors to increase the area of surface for attachment of bio-
film and bioutilization of CO,, as well as to direct electron and
carbon fluxes.

In this study, a novel MES reactor configured with a flow-
electrode was assembled for the first time to enhance chemical
production and decrease energy consumption. The performance
of the flow-electrode MES reactors including chemical production,
Coulombic efficiency (CE), energy recovery, and electrochemical
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characteristics were evaluated and compared with those of the
reactors without powder activated carbon (PAC). Transcriptional
analysis was performed to examine the electron and carbon fluxes.
In addition, the performance of stacked flow-electrode MES reac-
tors was evaluated. The use of flow-electrode is a new approach
that can be employed in the construction of high performance
and scalable MES reactors.

2. Materials and methods
2.1. Reactor configuration and operation

Four MES devices with the same structure and size were assem-
bled and divided into two groups: flow-electrode MES reactors and
reactors without PAC. In the flow-electrode MES reactors (Fig. 1),
the catholyte was amended with 2.0 g-L~! of PAC (YEC-200D,
Yihuan Carbon Co., Ltd., China) with an average particle diameter
of 20 pm and a specific surface area of 2013 m?.g~ .. The total sur-
face area of the cathode, which is contributed mainly by the PAC
rather than the channels on graphite sheet, was calculated to be
402.6 m2. The concentration of PAC was selected based on our pre-
vious studies [9], in which higher concentrations of PAC were
found to inhibit the bioactivity. Titanium mesh coated with iridium
and ruthenium (6 cm x 6 cm x 0.1 cm; Mingxuan Metallic Mate-
rial Co., Ltd., China) was used as the anode for the oxygen evolution
reaction (OER). The extraction chamber consisted of two pieces of
silicone gaskets and a piece of 0.9 mm thick nylon grid that lied
between a pair of ion exchange membranes, a cation exchange
membrane (CEM) and an anion exchange membrane (AEM)
(3361BW; Shanghai Shanghua Water Treatment Materials Co.,
Ltd., China). Acetate produced from CO, in an anionic form was
allowed to cross the AEM during its migration from the cathodic
chamber to the extraction chamber [23]. Both the anodic and
cathodic chambers were constructed based on hollow serpentine
channels carved into a conductive graphite sheet (details of the
pattern are provided in Fig. S1 in Appendix A)). The channels were
2 mm in width and 2 mm in depth; thus, the projected surface area
of the channels was 11.92 cm? [24]. The current collectors attached
on the anodic and cathodic graphite sheets were made of titanium
sheets (1 cm x 5 cm x 0.003 cm). A photograph of the flow-
electrode MES reactor is provided (Fig. S2 in Appendix A). In addi-
tion, H-type MES reactors with the cathode made of carbon felt
(CF) and multi-working electrode (WE) reactors with the cathode
made of graphite sheet were constructed and used as the biotic
controls. The abiotic control was conducted without microbial
inoculation.
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Fig. 1. Schematic illustration of the flow-electrode MES reactor constructed and used in this study. AEM: anion exchange membrane; CEM: cation exchange membrane.
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The catholyte was prepared by mixing the following compo-
nents: K,HPO,, 2.6 g.L7!; KH,PO,, 4.4 gL™'; NH4CI, 031 gL ;
Na,S0,, 0.05 g-L~!; MgCl,-6H,0, 0.2 g-L!; yeast extract, 0.05 g-L';
NaHCOs;, 4.2 gL', and 2-bromoethanesulfonate, 1.0 g-L~'. The
anolyte and extraction solution were prepared from the following
components: K;HPOy, 2.6 gL' and KH,PO,4, 4.4 g-L~'. Each of the
catholyte, anolyte, and extraction solution at an equal volume
(100 mL) was placed in three separated bottles. The catholyte
and extraction solution were purged with N, gas for 15 min to cre-
ate an anaerobic condition. The bottle containing the catholyte was
connected to a gas bag with a volume of 1 L to allow the passive
supplement of CO,. The catholyte was inoculated with activated
sludge after being cleaned three times [25]. The flow rate of the
catholyte, anolyte, and extraction solution was fixed at (1.3 + 0.1)
mL-min~! and controlled using a multichannel peristaltic pump
(BT100-1L; Baoding Longer Precision Pump Co., Ltd., China). The
flow rate was selected to ensure that the flow electrode could be
smoothly pumped into and out of the reactors. The effect of flow
rate (the values for catholyte, anolyte, and extraction solution were
different) on the performance of the flow-electrode MES reactor
need to be further explored. The MES reactors were run under gal-
vanostatic mode, which is the mode that allows the use of low-cost
electronic periphery in a straightforward two-electrode arrange-
ment [26-28]. The cell voltage was recorded because the cathodic
potential could not be directly measured as the conventional refer-
ence electrode could not be inserted into reactors. The current was
fixed at 1, 3, and 6 mA, each was maintained for 12 d [29]. The pro-
duct accumulation and cell voltage were stable after 12 d at each of
the fixed current value. The use of low fixed current during the
startup time was to prevent a dramatically increase of pH due to
the fast generation of hydrogen. In addition, the performance of
stacked flow-electrode MES reactors was evaluated. The reactors
were operated at room temperature, and the reported data were
average values from duplicate experimental set-ups.

2.2. Analyses and calculations

The voltage and current of the MES reactors, operated under
galvanostatic mode, were recorded using a battery testing system
(CT-4008; Neware Technology Co., Ltd., China). The catholyte,
anolyte, and extraction solution samples were analyzed using a
gas chromatograph (GC) equipped with a flame ionization detector
(FID) (Nexis GC-2030; Shimadzu Corporation, Japan), in which
potential products including acetate, propionate, isobutyrate, buty-
rate, isovalerate, and butanol were detected. Gas components were
analyzed using a GC equipped with a thermal conductivity detector
(TCD) (SP 6890; Lunan Inc., China).

The production rate was normalized to the projected surface
area of the channels on the graphite sheet (11.92 cm?). The equilib-
rium sorption capacity of PAC dissolved in the catholyte was calcu-
lated using a method described in a previous study [30]. The
rheological properties of electrolyte with and without PAC amend-
ment were evaluated using a hybrid rheometer (Discovery HR-1;
TA Instruments, USA); the shear rate was increased logarithmically
from 0.01 to 500 s ! in the steady shear mode [31].

Electrochemical impedance spectroscopy (EIS) of the MES reac-
tors was conducted using an electrochemical workstation (660E;
CH Instruments, USA), in which the cathode served as the working
electrode, while the anode served as the counter electrode. The fre-
quency range was 100 000 to 0.010 Hz with a voltage amplitude of
10 mV and a cell voltage of 0 V. EIS and cyclic voltammetry (CV) of
the catholyte with and without PAC amendment were conducted
in a single-chamber cell containing hollow serpentine channels
to evaluate the effect of PAC on the electrochemical characteristics
[32]. The anion crossover comparison was conducted abiotically in
the H-type cells. The CE, which reflects the electron recovery, was
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calculated using different molar conversion factors for the identi-
fied products [33].
The energy consumption was calculated by Eq. (1):

ult

Energy consumption = C=CoxV

(M
where U is the cell voltage (V), I is the fixed current (A), t is the pro-
cess time (s), C is the concentration of identified products (g-L!),
and V is the volume of the electrolyte (L).

The energy efficiency was calculated from the higher heating
value (HHV) of products divided by electrical energy consumed
by the reactors according to Eq. (2) [34]:

C:—Co) xHHV x V

The microbes that were enriched on PAC in the flow-electrode
MES reactor amended with powder active carbon (AC1), in the
catholyte of reactors without PAC, or on the carbon felt in the H-
type MES reactors (CF1) were sampled using E.Z.N.A.® Soil RNA
Midi Kit (Omega Bio-tek, USA). Because the amount of biomass
was limited, the samples from the duplicate experimental set-
ups were mixed before being subjected to RNA extraction for tran-
scriptional analysis [35]. However, the reactors without PAC failed
to provide a sufficient amount of RNA. Ribosomal RNAs (rRNAs)
were eliminated using Ribo-Zero Magnetic kit (Epicentre, USA).
RNA-Seq libraries were constructed using TruSeq™ RNA Sample
Prep Kit (Illumina, USA) and were sequenced using a commercial
[llumina HiSeq X Ten instrument (Majorbio Bio-pharm Technology
Co., Ltd., China). The RNA-Seq reads were analyzed using CLC Geno-
mics Workbench 6.5.1 software (Qiagen, Germany). After trimming
low quality reads, rRNA was removed using SortMeRNA algo-
rithms. The selected assembled contigs (> 500 base pairs (bp))
were used to predict the open reading frames (ORFs) on Prodigal
(v2.6.3) [36], and ORFs < 100 bp were filtered out. All the predicted
ORFs were merged and clustered using CD-HIT (v4.7); after that,
they were used to construct a non-redundant gene library, which
yielded a total of 62 862 ORFs [37]. Protein sequences of the
non-redundant genes were blasted against the National Center
for Biotechnology Information (NCBI)-Non-Redundant (NR) Protein
Sequence Database using DIAMOND (v0.8.12) to obtain species
annotation. Functional annotation was obtained using eggNOG
[38]. BBmap (v0.43.1) was used to map the clean reads into the
non-redundant gene library to obtain gene abundance data. The
results were manually curated with the fold change > 5.

Energy efficiency = x 100%

3. Results and discussion
3.1. Influence of PAC amendment on chemical production

The chemicals accumulated over time in the catholyte, extrac-
tion solution, and anolyte in both types of reactors were monitored
(Fig. 2). Acetate was detected in the catholyte on day 6, indicating
that the microbes underwent an adaptation stage to adapt to the
electrochemical reactors, which is in agreement with the finding
reported in previous studies [39,40]. The acetate production rate
in the catholyte increased with the increase of fixed current
(Figs. 2(a) and (b)). As the current was increased to 6 mA, the
acetate production rate in the catholyte increased to (5.5 = 0.5)
g-m 2.d"! in the flow-electrode MES reactors and to (4.7 * 1.5)
g-m 2.d! in the reactors without PAC. The acetate accumulation
rate in the extraction solution also increased with the increase of
electric current. As the current was increased to 6 mA, the acetate
accumulation rate in the extraction solution increased to (8.6 £ 0.1)
g-m 2.d"! in the flow-electrode MES reactors and to (2.7 * 1.3)
g-m 2.d! in the reactors without PAC. Acetate was detected in
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Fig. 2. Time course of acetate production in (a) the flow-electrode MES reactors and (b) the reactors without PAC. (¢) Maximum concentrations of soluble by-products.
(d) Change of cell voltage over time. The current was first fixed at 1 mA, followed by 3 and 6 mA, each for a period of 12 days. E: extraction. C: catholyte. Symbols in (a) and (b)
and bars in (c) represent the average values from duplicate experimental set-ups, and error bars represent their ranges.

the anolyte with a maximum concentration of (0.31 +0.01) g-.L ™! in
the flow-electrode MES reactors and of (0.12 + 0.02) g-L~! in the
reactors without PAC. The diffusion of the uncharged acetic acid
from the CEM towards the anolyte has also been observed in pre-
vious studies [41]. Collectively, the total acetate production rate
was (16 = 1) g¢gm~2d~! in the flow-electrode MES reactors and
(8 £3) gm 2.d ! in the reactors without PAC.

Acetate was not detected in the abiotic control (Fig. S3 in
Appendix A). The acetate production performance of the H-type
MES reactors (Fig. S4 in Appendix A) and the multi-WE reactors
(Fig. S5 in Appendix A) developed in the present study was compa-
rable to that reported in previous studies [42,43]. The acetate pro-
duction rate of the flow-electrode MES reactors was much higher
than that of the multi-WE reactors while was similar to that of
the H-type MES reactors (Fig. S6 in Appendix A). The energy con-
sumption required during acetate production was (0.020 + 0.005)
kW-h.g! for the flow-electrode MES reactors and was (0.04 *
0.01) kW-h-g~! for the reactors without PAC. It should be noted
that the energy consumption of the flow-electrode MES reactors
during acetate production was only half that of the H-type MES
reactors and was a quarter of that of the multi-WE reactors
(Fig. S6 in Appendix A).

The acetate production rates of the flow-electrode MES reactors
developed in the present study ((16 = 1) gm~2.d~') were much
higher than those reported in previous studies (0.06-2.00
g-m 2.d!), in which nonporous bulk electrodes (e.g., graphite
plate, carbon plate, or graphite stick) were used. The production
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rates obtained in this study were comparable to those obtained
by previous studies, in which fiber-based electrodes (e.g., carbon
felt and graphite felt) were used [44-47], but were slightly lower
than those obtained by surface modification [48]. It should be
noted that the acetate production rates presented in the present
study are still an order of magnitude lower than those obtained
using MES equipped with 3D nanometer-material decorated cath-
odes, after the rates were normalized to the projected surface area
of cathode. For example, the highest acetate production rate ever
obtained in MES is 685 g-m~2.d™!, and this is the result of using
grown multiwalled carbon nanotubes (MWCNT) on reticulated vit-
reous carbon (RVC) [49]. In addition, an acetate production rate
calculated from the linear-sweep voltammetry (LSV) test is
1330 g-m2.d~!, which may be the overvaluation of its perfor-
mance under unsteady state due to the capacitive property of the
RVC with MWCNT deposit [50].

By-products including butanol, propionate, isobutyrate, buty-
rate, and isovalerate were also detected with the maximum con-
centrations below 0.3 gL ! in the catholyte and extraction
solution (Fig. 2(c)). The time course of by-products production is
presented (Fig. S7 in Appendix A). The production of soluble by-
products from CO, in MES has been previously reported
[11,27,51], and this occurrence may probably be due to the
generation of acetyl-coenzyme A (the key intermediate for
bioconversion) by microbes [44]. The use of the flow-electrode
with PAC amendment had little impact on the cell voltage of the
MES reactors (Fig. 2(d)). As the current was increased to 6 maA,
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the cell voltage increased to (2.8 £ 0.1) V in the flow-electrode MES
reactors and to (2.7 £ 0.1) V in the reactors without PAC.

3.2. CO; utilization and pH fluctuation

The production and consumption of gas are shown in Figs. 3(a)
and (b). The CO, utilization rate increased over time with the
maximum value of (137 = 1) mL-d~! in the flow-electrode MES
reactors and (126 + 5) mL-d~! in the reactors without PAC. Trace
amounts of methane were generated at rates of less than 1 mL-d~!
upon the addition of 2-bromoethanesulfonate, a methanogenic
inhibitor [52]. Thus, the formation of hydrocarbonate and/or
carbonate could, to a certain extent, contribute to the utilization
of CO,. When the current was increased to 6 mA, H, was detected
in the reactors without PAC at a rate of (18 + 12) mL-d~', which
was much higher than that in the flow-electrode MES reactors
(below 0.6 mL-d!). The in-situ generation and consumption of
H, has been suggested to play important roles in the inward
extracellular electron transfer in MES [40,44]. Hydrogen generated
in the cathode chamber of MES can come from electrochemical or
microbial sources. Graphite-based cathodic flow channels and
PAC-based flow electrodes are not good catalysts for hydrogen
generation [53]. However, the enriched biofilm on biocathodes
and the particles synthesized by bacteria can contribute to
hydrogen production and is believed to be the dominant source
of hydrogen in MES reactors. The significant accumulation of H,
in the reactors without PAC indicated that the bioactivity in the
flow-electrode MES reactors was much higher than that in the
reactors without PAC. The time course of gas composition is
provided (Fig. S8 in Appendix A).

During the operation of both types of reactors, the pH of the
catholyte initially increased slightly to 7.7 + 0.1 and then stabilized
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at 7.3 £ 0.2 (Figs. 3(c) and (d)). The pH of the anolyte in both types
of reactors initially decreased sharply from 6.5 + 0.1 to 3.2 £ 0.2
during the first three days and then decreased steeply with
increasing current before finally stabilized at 2.2 + 0.2. The pH of
the extraction solution was stable at about 6.4 + 0.3 at a current
of 1 mA during the initial 12 days for both types of reactors. When
the current was increased to 6 mA, the pH of the extraction solu-
tion deceased rapidly to 3.0 = 0.5 in the flow-electrode MES reac-
tors and to 4.1 + 0.6 in the reactors without PAC. It has
previously been reported that MES reactors can be operated with
the catholyte pH between 4.4 and 10 [12]. The hydrogen evolution
reaction (HER) can increase the pH through the consumption of
protons [54], while the generation of carboxylates helps to
decrease the pH [11]. Here, both the low pH of the extraction solu-
tion in the AEM separated chamber and the accumulation of acetic
acid may contribute to the decrease of the catholyte pH. These
results suggest that a dynamic equilibrium of pH was achieved in
the flow-electrode MES reactors.

3.3. Coulombs and energy recovery

The Coulombs/energy input and recovery are shown in Fig. 4.
The Coulombs input into the reactors operated under galvanostatic
mode was increased as the fixed current was increased. The
Coulombs and energy recovery in the catholyte, extraction
solution, and anolyte took place mostly as acetate, and a very small
proportion of the recovery was the results of other soluble
by-products. For example, the Coulombic efficiency of acetate
and total soluble chemicals in the flow-electrode MES reactors
were 43.5% * 3.1% and 50.8% + 8.4%, respectively, whereas those
for the reactors without PAC were 21.8% + 6.1% and 23.4% + 6.7%,
respectively. The energy efficiency for acetate production was
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Fig. 3. Net production and consumption of gas in (a) the flow-electrode MES reactors and (b) the reactors without PAC. The pH fluctuation in (c) the flow-electrode MES
reactors and (d) the reactors without PAC. Symbols represent the average values from duplicate experimental set-ups, and error bars represent their ranges.
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18.7% + 1.3% in the flow-electrode MES reactors and 9.6% * 2.7% in
the reactors without PAC.

Varying values of Coulombic efficiency from nearly O to almost
100% have been reported in previous studies using mixed-culture
based MES reactors [8,44]. In these studies, the decrease of the
Coulombic efficiency was found associated with the low electro-
chemical activity or low bioconversion of hydrogen in situ, as well
as the consumption by heterotrophic bacterium. A recent review
paper has described that almost 70% of MES studies in the past
decade used the conventional H-type reactors [17]. High cell
voltage is generally required in the H-type reactors due to large
internal resistance caused by long electrode distances and small
ion exchange membrane areas. For example, the energy recovery
for acetate production of a previous study using H-type reactors
was as low as 4.7%, and the cell voltage was as high as 3.8 V
[39]. The energy recovery achieved in the present study (18.7% +
1.3%) is higher than that achieved by a benchmark study, in which
modular MES reactors and RVC foam-based cathodes were used
and the achieved energy recovery was 12.1% [34].

3.4. Effects of PAC on the electrochemical characteristics

The effects of PAC on the electrochemical characteristics of the
MES reactors were analyzed. The amendment with PAC remark-
ably decreased the net water flux rate (Fig. 5). For instance, the
net water flux was not observed in the flow-electrode MES reactors
when the current was fixed at 1 or 3 mA. When the current was
increased to 6 mA, the net water flux between the extraction solu-
tion and the catholyte was at a rate of (2.7 + 0.6) mL-d~'. By con-
trast, in the reactors without PAC, the net water flux decreased
with increasing current. For example, the net water flux in the
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reactors without PAC was (14.4 + 6.5) mL-d~! at 1 mA and was
decreased to (7.3 = 5.6) mL-d~! at 6 mA. The net water flux, which
is the combined results of electroosmosis and back-diffusion
through membrane, can be affected by the types of separators,
the properties of electrolyte solutions, and the operational param-
eters [9,55]. The amendment with PAC slightly decreased the
crossover between inorganic anions (e.g., nitrate) and organic
anions (e.g., acetate) (Fig. S9 in Appendix A). In addition, it
increased the capacitance (see the CV plots) while decreased the
resistance (see the EIS plots). Together, it may conclude that the
decrease of the net water flux in the flow-electrode MES reactors
was due to the decrease of anion crossover, increase of capaci-
tance, and the decrease of resistance of the catholyte.

The amendment with PAC had little impact on the rheological
behavior of the abiotic electrolyte, while the enrichment of
microbes slightly increased the viscosity. The non-Newtonian
characteristics and shear-thinning behavior of the catholyte were
also observed. The PAC amendment with the enriched cathodic
microbes remarkably decreased the internal resistance of the
flow-electrode MES reactors, particularly for the charge transfer
resistance, as indicated by the EIS (Fig. 5(d)). Previous studies
have indicated that filling abiotic electrochemical reactors with
conductive materials can promote ion transport [56]. However,
the cell voltage of the flow-electrode MES reactors was not
decreased due to the PAC amendment, which is probably because
the ionic resistance could not contribute significantly to the inter-
nal resistance [57], as the ion strengths in both types of reactors
were high. The contribution of acetate adsorption by PAC to the
loss of Coulombs and energy recovery was limited, as the equilib-
rium solid-phase acetate concentration was below 0.02 mg-g~!
(Fig. S10 in Appendix A). It should be noted that the acetate
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spectra of the MES reactors.

adsorption was limited because the concentration of PAC in the
flow-electrode MES reactors was at least one order of magnitude
lower than that in the flow-electrode capacitive deionization [20].

Collectively, these results indicate that the use of PAC amend-
ment as the flow-electrode can promote the performance of MES
reactors by decreasing the net water flux rate and the charge trans-
fer resistance, and the use has little impact on the rheological
behavior or the adsorption of products. As a proof-of-concept, in
the present study, acetate was produced from the bioconversion
of CO,. The product spectrum of the flow-electrode MES reactors
can potentially be expanded using strategies that can lead to meta-
bolic shifts, for example, by using novel microbes as the biocatalyst
[58], integrated process design [59], co-valorization with organic
waste [39], and parameter optimization [60].

3.5. Transcriptional analysis

Acetobacterium (41.7% in AC1 and 24.94% in CF1) and Wolinella
(27.96% in AC1 and 13.06% in CF1) were the dominant active
microbes at the genus level (Fig. 6 and Fig. S11 in Appendix A).
The enriched Acetobacterium wieringae, Acetobacterium sp._MEST1,
and Acetobacterium dehalogenans can produce acetate from CO,.
Wolinella has rarely been reported in MES, based on 16S
rRNA-based microbial diversity analysis [61]. However, it has been
proven to be active according to the transcriptome analysis con-
ducted in the present study. Wolinella succinogenes is a non-
fermentative commensal rumen bacterium that can use formate
or hydrogen as the electron donor in the reduction of various elec-
tron acceptors, including nitrate, nitrite, nitrous oxide, fumarate,
dimethyl sulfoxide, and polysulfide [62]. Both formate and hydro-
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gen could be easily produced in MES as the electron carriers, but
the roles of Wolinella in carbon metabolism need to be further
explored.

The expression of genes involving in the signal transduction as
well as energy production and conversion were increased in the
flow-electrode MES reactors. Thus, the genes involving in the
energy production and conversion with fold changes > 5 were
compared (Figs. 6(a) and (b)). Among all these genes, the levels
of genes related to ferric iron binding and oxidoreductase activity
were largely changed. For example, in the AC1 sample, the highly
expressed genes including COG1290, COG1969, COG2857,
C0G2993, COG3278, and ENOG4111TV1 served as cytochrome or
cytochrome C oxidase, the highly expressed COG4659 functioned
as an electron transport complex, and ENOG410Y8PW and
ENOG4111UAK were involved in iron-sulfur binding. In addition,
COG4656 (responsible for nitrogen fixation), COG2033 (superoxide
reductase), and COG1151 (involved in reduction of hydroxylamine)
were also highly expressed in AC1. Meanwhile, COG3259 (nickel-
dependent hydrogenase), COG1941 (NADH ubiquinone oxidore-
ductase), and COG1229 (formylmethanofuran dehydrogenase)
were highly expressed in CF1. A recent study has suggested that
the expansion of metal ion-based cofactor pools can increase the
CO, fixation rate of acetogen [63]. These results suggest that the
flow-electrode in MES reactors can increase the relative abundance
of Acetobacterium and the expressive abundance of genes related to
energy production and conversion by promoting the expression of
the genes involving in electron transfer.

Based on the KEGG functional annotation, the Wood-Ljungdahl
pathway (WLP) and reductive citric acid cycle (rTCA) were found to
be the pathways for carbon fixation for both the AC1 (Fig. S12 in
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Fig. 6. Microbial community and expressive abundance of clusters of orthologous groups (COG) involving in energy production and conversion. (a) Comparison of genes with
fold changes > 5 in the H-type MES reactors with cathode made of carbon felt (CF1) with those in the flow-electrode MES reactor amended with powder active carbon (AC1).
(b) Comparison of genes with fold change > 5 in AC1 with that in CF1. The inset of (b) shows the microbial community at the genus level; sequences with the abundance of

less than 5% in all samples are grouped as “others.”

Appendix A) and CF1 (Fig. S13 in Appendix A). WLP is a
well-known CO, fixation pathway of acetogens and is thought to
be the main route for CO, bioconversion in MES reactors [64].
The rTCA takes place in Proteobacteria, Aquificae bacteria, and
green sulfur bacteria [65]. In the present study, adenosine triphos-
phate (ATP) citrate synthase (2.3.3.8), which is responsible for
electricity-driven carbon fixation, was identified in both AC1 and
CF1 (Fig. S14 in Appendix A). In MES, CO, levels are generally high,
and H, can be produced in situ through the consumption of
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electrons donated by cathodes; however, the roles of rTCA in
carbon fixation in MES needs to be further studied [66].

3.6. Using stacked flow-electrode MES reactors to increase acetate
concentration

The total electrolyte volume was 60 times greater than the
electrolyte volume in the chambers. Thus, a higher volumetric
productivity could be calculated by normalizing to the electrolyte
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volume in the chambers rather than to the total electrolyte vol-
ume, as described in previous studies [67]. To increase the accumu-
lative acetate concentration, four flow-electrode MES reactors
were stacked and connected together in a series using water flow
(Fig. 7(a)). Here, the concentration of acetate reached 7.0 g-L™! in
the extraction solution, 4.5 g-L~! in the anolyte, and 2.1 gL' in
the catholyte. The stacked reactors could be steadily operated at
a current of 6 mA for each reactor, but could not tolerate a current
of 12 mA due to the sharp increase of pH (Fig. 7(b)). The net pro-
duction and consumption of gas indicated that the bioactivity
was sensitive to pH; however, it could be fully recovered when
the current was decreased from 12 to 6 mA (Fig. 7(c)). In the pre-
sent study, the reactors were operated at room temperature
(17.3 £ 3.0) °C, and the temperatures fluctuated significantly
(Fig. 7(d)).

The scale-up of the flow-electrode-based electrochemical reac-
tors has attracted dramatically increasing interest, recently. For
example, a stacked FCDI consisting of five-unit cells was con-
structed with hollow serpentine channels carved on both sides of
the current collectors [68]. A membrane-current collector (MCC)-
based FCDI could decrease the pumping energy and increase the
utilization of the membrane area [69]. In addition, 3D FCDI with
honeycomb-shaped lattice structures has been described to have
a great potential for scale-up [70].

Temperature is important for bioconversion, and almost all
studies on MES that have been reported thus far were performed
under mesophilic temperatures, which range from 25 to 35 °C
[58]. However, a recent report has investigated the use of ther-
mophilic MES reactors for the production of acetate and polyhy-
droxybutyrate (PHB) at 50 and 60 °C, respectively [58,71].
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According to the report, as the temperature decrease, the activity
in MES should decrease and should be dependent on the abun-
dance of the enriched microbial community [72].

In the present study, a gas bag was connected to the MES
reactors to allow the passive supplement of CO,. Hence, the com-
petitiveness of MES was partially restricted by the limited CO,
mass transfer, which occurred at much larger current densities
[51,73]. To address this CO, mass transfer limitation, the cathode
chamber is continuously purged with CO, along with bicarbonate
in media [74]. In addition, reactors with novel configurations
such as porous Ni-hollow fiber membrane cathodes and gas dif-
fusion cathodes with optimized CO, concentration and bubble
sizes, have been shown to also be beneficial to enhancing CO,
mass transfer in MES [22,51,75]. Concentrations of CO, and bicar-
bonate in the catholyte are highly dependent on temperature, pH,
and salinity [73,76,77]. These results suggest that the perfor-
mance of the flow-electrode MES reactors can be further
improved by optimizing the setup configurations and/or environ-
mental parameters.

4. Conclusions

In summary, a novel flow-electrode MES reactor was con-
structed for the first time to increase acetate production and
decrease energy consumption. For the acetate production in the
flow-electrode MES reactors, an acetate production rate of
(16 £ 1) g¢gm~2.d~! was obtained with an energy consumption of
(0.020 + 0.005) kW-h-g~! and an energy efficiency of 18.7% + 1.3%.
In addition, the Coulombic efficiency of acetate and total soluble
chemicals were 43.5% + 3.1% and 50.8% * 8.4%, respectively. The
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use of the flow-electrode decreased the net water flux rate and
charge transfer resistance, while had little impact on the cell volt-
age, rheological behavior, and acetate adsorption. Acetobacterium
and Wolinella were the dominant microbes, while WLP and rTCA
were the pathways that the microbes utilized for carbon fixation.
The utilization of the flow-electrode MES enhanced the expressive
abundance of genes responsible for energy production and conver-
sion. Concentration of acetate in the stacked flow-electrode MES
reactors reached 7.0 g-L~!. Further studies should be carried out
in order to expand the product spectrum in the flow-electrode
MES reactors.
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