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ABSTRACT: Carboxylic acids obtained via the microbial electrochemical conversion of waste gases containing carbon dioxide (i.e.,
microbial electrosynthesis) can be used in lieu of nonrenewable building-block chemicals in the manufacture of a variety of products.
When targeting valuable medium-chain carboxylic acids such as caproic acid, electricity-driven fermentations can be limited by the
accumulation of fermentation products in the culturing media, often resulting in low volumetric productivities and titers due to
direct toxicity or inhibition of the biocatalyst. In this study, we tested the effectiveness of a simple electrodialysis system in
upconcentrating carboxylic acids from a model solution mimicking the effluent of a microbial electrochemical system producing
short- and medium-chain carboxylic acids. Under batch extraction conditions, the electrodialysis scheme enabled the recovery of
60% (mol mol−1) of the total carboxylic acids present in the model fermentation broth. The particular arrangement of conventional
monopolar ion exchange membranes and hydraulic recirculation loops allowed the progressive acidification of the extraction
solution, enabling phase separation of caproic acid as an immiscible oil with 76% purity.

1. INTRODUCTION

The use of waste streams (e.g., from industry and agriculture)
as a feedstock for the production of valuable chemical products
is increasingly being recognized as a promising approach in the
emerging circular economy.1 Among the technologies that are
able to transform waste into chemicals, of particular interest is
the conversion of gaseous wastes containing carbon dioxide
(CO2) using microbial electrosynthesis, that is, electricity-
driven gas fermentation using acetogens.2 Typical products of
electrosynthesis include short-chain carboxylic acids (SCCAs,
i.e., linear saturated acids with two to four carbon atoms) and
their corresponding alcohols.3,4 SCCAs are important platform
chemicals that can serve as precursors in the production of
plastics, fuels, and other chemicals that would otherwise be
manufactured from nonrenewable sources.5 For example,
acetic acid (C2) is used in the production of vinyl acetate
and acetic anhydride, both important in the fabrication of
polymers (e.g., polyvinyl acetate used in adhesives),6 whereas
butyric acid (C4) is used in the production of polymers,

flavour enhancers, perfumes, and prodrugs in pharmaceuticals,7

or it can be further converted into butanol and used as a drop-
in fuel.8,9

Despite the broad applications of SCCAs, their production
through microbial electrosynthesis is constrained by their
relatively low market price10 and by the fact that bio-based
productions typically generate dilute aqueous mixtures of
products, requiring expensive downstream processing for
separation and purification.11,12 A possible approach to
improve the product value, while at the same time reducing
downstream processing requirements, is to combine microbial
electrosynthesis with carbon chain-elongation to upgrade
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SCCAs to medium-chain carboxylic acids (MCCAs), which
comprise of six to 12 carbon atoms.11,13,14 Compared to
SCCAs, MCCAs have a higher market price10,15 and a broad
range of applications, for example, in the manufacture of
pharmaceuticals, fragrances, rubbers, food additives, antimicro-
bial agents, lubricants, dyes, and renewable fuels.16,17 Further,
compared to SCCAs, the higher hydrophobic character of
MCCAs enables more easy separation from aqueous
solutions.11

Production of MCCAs in electrochemical systems has been
reported by many research groups.18−23 While this is
promising, reported volumetric productivities and titers have
thus far been well below those required for commercial
viability.24 One of the reasons for constrained productivities is
associated to the accumulation of fermentation products in the
fermentation broth, which could lead to losses of activity due
to thermodynamically constrained conversions or direct
inhibition.25 This is particularly critical for MCCAs such as
caproic (C6) and caprylic (C8) acids, for which inhibitory
levels as low as 7.5 and 0.6 mM have been observed.11,12 An
effective strategy to overcome inhibition and thereby increase
production rates and selectivity toward target products is the
continuous removal of fermentation products through in situ
product recovery.25

Several methods can be applied to separate carboxylic acids
from fermentation broths, including ion-exchange resins,26,27

liquid−liquid extraction,28 membrane-based extraction,29,30

and membrane electrodialysis (ED).31−33 ED uses an electrical
gradient between two electrodes (a cathode and an anode) to
promote the migration of cations and anions in opposite

directions from a feed solution (diluate) through a stack of ion-
exchange membranes, into an extraction solution (concen-
trate) where products are upconcentrated. Compared to other
recovery methods, ED is attractive because (i) it can be
powered with renewable electricity, (ii) it does not use
hazardous chemicals for the recovery of the extracting material,
(iii) it has high technological compatibility, and (iv) it is
effective under pH conditions suitable to fermentation
systems.34 In conventional ED (CED), the repeating unit
consists of three compartments: diluate, concentrate, and
electrode compartments (anode and cathode), separated by
monopolar anion and cation exchange membranes arranged
between the electrodes.35−37 Such arrangements have been
used to extract acetic,38 butyric,39 lactic acids,40 as well as
mixtures of volatile fatty acids (VFA).31 To improve the
separation performance and to overcome some of the
disadvantages of CED when applied to carboxylic acids
extraction, including the requirement for extra supply of
acids or bases to control the fermentation pH, the use of
bipolar membranes has been proposed.36 Compared to CED,
ED with a bipolar membrane (i.e., EDBM) enables water
dissociation into H+ and OH− ions under the application of a
reverse potential bias, thereby reducing or even eliminating the
need for external supply of chemicals for pH regulation.36

EDBM has been applied successfully to the recovery of acetic
acid,41 lactic acid,42 and mixtures of VFAs.43 However
effective, bipolar membranes have a number of disadvantages
including high manufacturing costs, low stability, and short
lifetime due to delamination of the layers.44 A variation of the
EDBM that still allows water splitting is electro-ED (EED).

Figure 1. Schematic representation of the ED cell system and relevant fluxes. Cell’s compartments were obtained by sandwitching together two
CEMs and one AEM to yield a feed chamber (containing the diluate solution), an extraction chamber (containing the concentrate solution), and
the two electrode chambers, cathode and anode, hosting the respective electrodes. The diluate solution was recycled through its reservoir, whereas
the concentrate solution was pumped through an oil trap to allow phase separation and accumulation of caproic acid at the top of the trap, while
the aqueous concentrate solution was recycled to the concentrate chamber in the ED unit. Anode and cathode solutions were recycled through the
same reservoir.
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EED uses the anode and cathode reactions to provide H+ and
OH− through water electrolysis. As such, it can be
implemented using conventional monopolar ion exchange
membranes. This method and variations thereof have been
proposed to recover formic,45 malic,46 lactic,47 and acetic
acids,48 as well as diluted mixtures of C1−C6 carboxylic
acids.34

Achieving proper pH stability during microbial electrosyn-
thesis is crucial, especially when targeting longer-chain
products. In fact, while carbon chain elongation is favored at
around neutral pH, mildly acidic conditions favor solvento-
genesis, though at the expenses of chain elongation.49,50 Under
such conditions, the majority of the organic acids occur in the
charged, unprotonated form, which makes ED particularly
appropriate for product extraction. Accordingly, in this study,
we tested a simple ED system based on the EED scheme,
comprising of two lateral cation exchange membranes (CEMs)
and a central anion exchange membrane (AEM) to yield a
diluate and a concentrate compartments, while an acidic
electrolyte solution was recycled through both anode and
cathode compartments. This ED scheme was applied to treat a
model solution containing an heterogeneous mixture of acetic,
butyric, and caproic acids, mimicking an electrosynthesis
fermentation effluent.18−20 This particular arrangement
allowed the recycling of H+ derived from the dissociation of
carboxylic acids in the diluate solution and those produced
through electrolytic water splitting, thereby enabling the
progressive acidification of the concentrate solution and the
spontaneous phase separation of caproic acid as an immiscible
oil.

2. RESULTS AND DISCUSSION

2.1. Carboxylic Acid Extraction from the Model
Microbial Electrosynthesis Effluent. A schematic repre-
sentation of the laboratory scale ED system used in this study
is provided in Figure 1, while detailed information is provided
in Section 4.1 of Methods. Electromigration of carboxylic acids
from the diluate to the concentrate solutions was tested during
the course of batch extraction tests under a fixed applied
current of 0.8 A. This current was selected on the basis of the
highest caproic acid recovery obtained through a series of
preliminary experiments (data not shown).
Figure 2 reports the concentration versus time profiles of

carboxylates (i.e., including both dissociated and undissociated
forms of carboxylic acids) in the diluate and in the concentrate
solutions during the 5 h batch extraction experiments. In the

diluate solution, the concentration of acetic, butyric, and
caproic acids decreased from 40 ± 1, 71 ± 1, and 75 ± 1 mM,
respectively, to 1 ± 1, 4 ± 3, and 5 ± 4 mM (Figure 2A).
Conversely, their concentration in the concentrate solution
increased respectively to values up to 238 ± 3, 309 ± 9, and
114 ± 32 mM, indicating the upconcentration of carboxylic
acids (Figure 2B).
The average total flux of carboxylic acids toward the

concentrate chamber was equal to 1.30 ± 0.08 mol m−2 h−1

(equivalent to 113 ± 7 g m−2 h−1), with individual fluxes
measured for acetic, butyric, and caproic acids equal to,
respectively, 0.40 ± 0.03 mol m−2 h−1 (23 ± 2 g m−2 h−1), 0.56
± 0.03 mol m−2 h−1 (49 ± 3 g m−2 h−1), and 0.34 ± 0.02 mol
m−2 h−1 (39 ± 2 g m−2 h−1) (Table 1). A significant flux of
water (0.5 ± 0.2 L m−2 h−1) to the concentrate chamber was
also observed, resulting in an additional 21 ± 7 mL of water at
the end of the batch extraction test.
Measurements of variation of liquid volumes in the three

solutions suggest that the majority of water flux originated
from the diluate compartment while only a small fraction
derived from the anode and cathode electrolyte (data not
shown). Due to the relatively small current densities applied in
this study (<1 A dm−2), most of the water transport observed
should be linked to hydraulic osmosis resulting from the
concentration gradient between diluate and concentrate
solutions, rather than to electro-osmosis,51,52 while additional
leakages due to differential pressures between compartments
should also be considered negligible due to the low recycle
rates applied.

2.2. Production of Acidity in the Concentrate
Chamber and Phase Separation of Caproic Acid. Figure
3 shows measurements of conductivity and pH in the ED
system’ solutions during the batch extraction test. In the
diluate compartment, the conductivity decreased at a rate of
2.5 mS cm−1 per hour from an initial value of 13.20 ± 0.02 mS
cm−1 to a final value of 0.85 ± 0.05 mS cm−1 (Figure 3A).
Concurrently, smaller pH variations were observed in the
diluate, where it remained stable at a value of around 6 for
most of the extraction tests (except for the drop observed at 5
h). The reduction of conductivity observed in the diluate is to
be linked to the migration of dissociated carboxylates to the
concentrate compartment (Figure 3 and Table 1). However,
the values of current efficiency observed suggests that only 37.7
± 2.4% of the charge could be associated to carboxylic acids
migration (Table 1). This relatively low current efficiency can
be understood by considering the high voltage required to

Figure 2. Concentration of carboxylic acids in aqueous solutions measured in (A) the diluate solution and (B) in the concentrate solution during
batch extraction tests.
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maintain a fixed current of 0.8 A (Figure 3D), which resulted
in significant water electrolysis. In addition, it is reasonable to
assume that other ionic species present in the solutions
competed with the carboxylates to maintain charge neutrality.
Phosphate anions (PO4

3−), together with sodium (Na+) and
potassium (K+) cations, were provided together with the buffer
solution in the diluate chamber; it is therefore possible that
these species migrated toward the cathode compartment
through the CEM (Na+ and K+) and toward the concentrate
chamber through the AEM (PO4

3−). Measurements of ionic
species in the three reservoirs at the beginning and at the end
of the batch extraction tests confirm this scenario (Table S1).
While the migration of protons and hydroxyls from the diluate
compartment (respectively to the cathode and to the
concentrate chambers) was possible, the stability of the pH
measured in the diluate chamber throughout the majority of
the test (Figure 3A) suggests that it had minor relevance
compared to the migration of other species.
In the concentrate solution, the conductivity increased

sharply during the first hour from a background level of 0.47 ±
0.03 mS cm−1 to a value of 13.8 ± 5.6 mS cm−1, after which it
stabilized at around ca. 15 mS cm−1 for the remaining of the
extraction test (Figure 3B). Concurrently, the pH in this
compartment dropped sharply from 7.4 ± 0.1 to 2.0 ± 0.2 in

the first hour and then it remained stable at around a value of
ca. 1.9 until the end of the test (Figure 3B). The increase in
conductivity in the concentrate can be attributed to the
transport of phosphate ions from the diluate chamber and of
sodium and potassium ions from the anode chamber. This is
corroborated by the reduction of conductivity observed in the
anode/cathode electrolyte as well as by measurement of ionic
species in the three solutions (Table S1).
The low pH of the anode and cathode reservoir (Figure 3C)

guaranteed a significant proton flux from the anode reservoir to
the concentrate chamber (at a rate of 0.02 ± 0.01 mol m−2 h−1,
Table 1). While this flux can only account to less than 1% of
the charge balance, it was nevertheless responsible for the pH
drop observed in the concentrate solution and contributed to
the increase in its conductivity (Figure 3B). Conversely, while
the concentration of carboxylates also increased in the
concentrate (Figure 2B), their contribution to the conductivity
is expected to be negligible at the low pH observed, since the
majority of the carboxylates would be in the undissociated
form (see discussion below).
To assure a constant current of 0.8 A throughout the

extraction test, the voltage across the ED system was manually
increased over time. Figure 3D shows the voltage versus time
profile, highlighting that the energy requirement increased as
the experiment progressed, with a maximum voltage of 14.1 ±
0.4 V required at time 5 h. This high voltage demand is likely
due to the reduction of the conductivity in the diluate
chamberwhere it reached values below 1 mS cm−1 toward
the end of the experimentwhich is expected to result in an
increase of the ohmic resistance of the system.53 Membrane
scaling was not observed during our experiments and similar
voltage versus time profiles were observed after each extraction
test, suggesting that membrane integrity was maintained across
our experimentation.
Due to the different liquid volume of the diluate and

concentrate reservoirs (respectively 0.5 and 0.050 L),
carboxylic acid migration through the ED unit resulted in
average upconcentration factors in the aqueous solution of the
concentrate chamber of 5.9 ± 0.2, 4.3 ± 0.2, and 1.5 ± 0.4,
respectively, for acetic, butyric, and caproic acids (Figure 2),
resulting in recovery efficiencies Re for the carboxylic acids
contained in the aqueous solution of the concentrate chamber
of 84 ± 6% (mol mol−1), 61 ± 4%, for acetic and butyric acid,
and only 22 ± 7% for caproic acid, in spite of the comparable
fluxes observed for all three carboxylates tested (Table 1). This
apparent mismatch between the high fluxes and low recovery
efficiency observed for caproic acid can be understood by
considering that a considerable fraction of caproate formed an
oily phase separated from the aqueous solution in the
concentrate chamber. In fact, while SCCAs such as acetic
and butyric acids are miscible in aqueous solutions, the
hydrophobic carbon chains of MCCAs such as caproic acid
make them poorly soluble in water when in their undissociated
acid form. We used this property to naturally separate caproic
from the aqueous solution in the extraction solution. The
progressive acidification of the concentrate solution resulting
from proton migration from the anode compartment led to a
drop of the pH in this chamber to a value of ca. 1.9 within the
first hour of batch extraction (Figure 3B). At this low pH,
>99% of the measured caproic acid (i.e., >13.1 g L−1) can be
determined to be in the protonated form (the pKa value of
caproic acid is equal to 4.88).11 This is higher than the
maximum solubility of undissociated caproic acid (equal to

Table 1. ED Process Evaluation through Batch Extraction
Tests

Current Efficiency, η (%)
acetate 11.5 ± 1.0
butyrate 16.3 ± 0.8
caproate 9.8 ± 0.6
total (C2 + C4 + C6) 37.7 ± 2.4
H+ 0.6 ± 0.2
total 38 ± 2

Flux of Carboxylic Acids to the Concentrate Chamber, JC.A. (mol m2 h−1)
acetate 0.40 ± 0.03
butyrate 0.56 ± 0.03
caproate 0.34 ± 0.02
total (C2 + C4 + C6) 1.30 ± 0.08

Flux of Protons to the Concentrate Chamber, JH+ (mol m2 h−1)
0.02 ± 0.01

Flux of Water to the Concentrate Chamber, JH2O (L m2 h−1)

0.5 ± 0.2

Carboxylic Acids Recovery in the Concentrate Chamber, Re (Aqueous Phase)
(mol mol−1%)

acetate 84 ± 6
butyrate 61 ± 4
caproate 22 ± 7
total (C2 + C4 + C6) 50 ± 6

Carboxylic Acids Recovery in the Concentrate Chamber, Re
(Aqueous Phase + Oily Phase) (mol mol−1%)

acetate 86 ± 6
butyrate 68 ± 3
caproate 39 ± 2
total (C2 + C4 + C6) 60 ± 3

Specific Energy Consumption, ECA (kW h kg−1)
total (C2 + C4 + C6) 5.0 ± 0.2
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10.82 g L−1).11 This resulted in the spontaneous separation of
caproate as a distinctive oily phase, forming at a rate of 49 ± 10
mL m−2 h−1, in the concentrate solution, and accumulating in
the oil trap (Figure 1), where it reached a maximum volume of
1.5 ± 0.4 mL at the end of the extraction test. Analysis of its
composition revealed that this oily phase comprised of 76 ±
1% (g g−1) caproic acid, 23 ± 1% butyric acid, and only 2 ±
1% acetic acid (Figure 4). Importantly, taking into account also
the oily phase, the total carboxylic acids recovery efficiency Re
reported in Table 1 increased from 50 ± 6 to 60 ± 3%, with
the increase due to the higher fraction of caproic and butyric
acid now included in the calculations (in fact, the Re for
caproic and butyric acids increased from 22 ± 7 to 39 ± 2%
and from 61 ± 4 to 68 ± 3%, while it only increased from 84 ±

6 to 86 ± 6% for acetic acid, Table 1). This is not surprising
considering that the large majority of the oily phase comprised
of caproic acid (Figure 4). Although these recovery efficiencies
were significantly lower than values reported for SCCAs by
Zhang and Angelidaki using EDBM54 or Jones et al.,31 using
CED, they are in line with those reported by Xu et al.,16 for an
integrated system comprising of pertraction and membrane
electrolysis.
It is important to note that at the end of the batch extraction

tests, it was not possible to account for all carboxylates
introduced in the diluate solution. Figure 5 displays the
breakdown of carboxylic acids at the end of the tests, including
the fraction still available in the diluate chamber and the
fractions extracted in the concentrate chamber, measured in
both the aqueous and oily phases. The data show that a
significant 38 ± 2% (g g−1) of the total carboxylates was
unaccounted for at the end of the batch extraction.
Importantly, the fraction of unaccounted caproic acid relatively
to the total introduced is significantly higher compared to that
observed for other carboxylates (55 ± 3% vs 26 ± 2%
measured for butyric and 12 ± 5% for acetic acids, Figure 5).
This can be explained by noting that a significant build-up of
the oily phase was observed in the concentrate compartment
(including membranes) and its hydraulic recirculation loop
(including tubing and glassware), which made it impossible to
accurately measure its total volume at the end of the batch
extraction. Even taking into account the losses of carboxylic
acids in the ED system, the specific energy demand (ECA) was
determined to be as low as 5.0 ± 0.2 kW h kg−1 of total
carboxylic acids extracted in the concentrate chamber
(including carboxylates found in the aqueous and oily phases).
Interestingly, if we only consider the fraction of caproate

Figure 3. Measurements of conductivity and pH in (A) the diluate solution, (B) in the concentrate solution, and (C) in the combined anode and
cathode solutions during batch extraction tests. (D) Measurements of the applied voltage required to deliver a constant current of 0.8 A.

Figure 4. Breakdown of carboxylic acids in the concentrate
compartment (aqueous solution and oily phase) at the end of the
batch extraction tests.
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extracted in the concentrate, the specific energy requirement
increases significantly to ca. 35 kW h per kg of caproic acid.
However, this specific energy demand likely represents an
overestimation of the actual energy required for caproate
extraction. In fact, given the properties of caproic acid,
specifically its pKa (=4.88),

11 and the pH of the concentrate
solution (<2), one could reasonably assume that the majority
of the unaccounted caproate is distributed in the oily build-up
observed in the concentrate, as discussed above. If, for the sake
of the argument, we sum together the caproate measured in the
oily phase and all of the unaccounted caproate in the
concentrate compartment, the specific energy demand can be
then estimated at ca. 8 kW h kg−1, which is in line with
reported energy requirements for electrodialytic carboxylic acid
extraction.16,55−57

The high efficiency in the extraction of MCCAs, the
chemical-free acidification, and the excess water flux to the
concentrate chamber observed during electromigration make
this proposed ED system particularly suitable for coupling with
a microbial electrosynthesis bioreactor producing medium-
chain carboxylates from carbon dioxide and electricity (e.g., by
recycling the cathodic fermentation broth through the diluate
compartment of the ED system).4,20 In fact, in order to
promote the elongation of acetate to MCCAs, the cathode
compartment of microbial electrosynthesis bioreactors is
typically maintained under mildly acidic conditions to
stimulate the reassimilation of acetate into its corresponding
alcohol ethanol,49,50 which is then used as the electron donor
in the production of longer-chain carboxylates through the
reverse β-oxidation chain elongation pathway.58 Recently, we
proposed the use of CO2 dosing to achieve both pH control in
the cathode chamber of a microbial electrosynthesis reactor
producing MCCAs, while also providing the carbon feed-
stock.20 However, the development of pH gradients between
anode and cathode chambers resulting from the competing
transport of ionic species other than protons and hydroxyls
through the ion exchange membranes typically used in
bioelectrochemical systems59 makes this option for pH control
not ideal since it can easily result in excess carbon dioxide
dosing, thereby yielding low carbon recovery efficiencies.
Conversely, with a microbial electrosynthesis bioreactor
integrated with an ED system for in-line caproate extraction
as that demonstrated here, pH control in the cathode

compartment could be achieved by recycling the excess acidic
aqueous phase of the concentrate chamber (in this work,
comprising for more than 80% of acetic and butyric acids) to
the bioreactor. Besides the inherent benefits provided by the
continuous in-line extraction of fermentation products, which
include higher production rates and product selectivity,25 this
solution would also allow additional advantages, including
improved carbon recovery efficiency toward longer-chain
carboxylates (since the more soluble SCCAs acetate and
butyrate would be recycled back to the bioreactor for further
chain elongation) and the recovery of the water transported to
the concentrate solution as the result of electromigration.
Clearly, technology integration would still require careful
process design in order to match the requirement of the two
units, at the same time targeting the improvement of MCCA
recovery efficiency and the reduction of the electric power
requirement (e.g., by employing different membrane materials
and multiple ED stacks and by optimizing the composition of
the electrolytes in the concentrate, anode, and cathode
chambers). Effective strategies to manage microbial and
particulate matter should also be considered to avoid losses
of performance of the ED system due to membrane fouling.31

These might involve, for example, the use of filtration units
ahead of ED, as suggested recently.60,61

3. CONCLUSIONS

In this work, we investigated the use of membrane ED to
extract and separate MCCAs from a synthetic fermentation
broth. Carboxylates were extracted at a total recovery efficiency
of 60 ± 3% (mol mol−1) with an energy investment of ca. 5 kW
h per kg carboxylic acid extracted. A simple arrangement
consisting of conventional anion and cation exchange
membranes and recirculation loops allowed the supply of
protons to the concentrate chamber at a rate of 0.02 ± 0.01
mol H+ per square meter of membrane per hour, resulting in
the progressive drop in the pH to a value of ca. 1.9 without
requiring the use of more expensive bipolar membranes in the
ED stack.43,44 This allowed the spontaneous formation and
separation of an oily phase comprising of 76 ± 1% (g g−1) of
caproic acid, 23 ± 1% of butyric acid, and 2 ± 1% of acetic
acid. This ED separation scheme is expected to be particularly
suitable for in-line extraction of medium-chain carboxylates
produced through microbial electrosynthesis, since the excess

Figure 5. Breakdown of carboxylic acids measured in the concentrate solution at the end of the batch extraction tests, expressed as a percentage (g
g−1) of their respective initial levels measured in the diluate compartment at the beginning of the batch extraction tests.
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acidic aqueous solution containing acetic and butyric acids
could be recycled back to the cathode compartment for further
elongation and chemical-free pH control of the fermentation
broth.

4. METHODS
4.1. ED System and Operations. The ED system (Figure

1) was assembled using two CEMs and one AEM (RALEX,
MEGA, Czech Republic). Each membrane had an effective
membrane area of 86.6 cm2. Woven polyester fabric spacers
with integrated silicon gaskets (thickness 0.45 mm, Shandong
Tianwei Membrane Technology Co. Ltd., China) were
interposed between the ion-exchange membranes to yield
four compartments, namely cathode, diluate, concentrate, and
anode chambers, each with an internal working volume of 3.9
cm3. The ED system was held together between two Perspex
frames using stainless steel rods and nuts. Anode and cathode
chambers were equipped with titanium plates coated with
ruthenium serving as electrodes (projected area: 62.2 cm2,
Shandong Tianwei Membrane Technology Co. Ltd., China).
To ensure external electric connection, two rods were welded
to the plates. Diluate and the concentrate solutions were
recycled at a rate of 1.26 L h−1 using a multichannel peristaltic
pump (323S Watson-Marlow Pty Limited NSW, Australia).
The diluate recirculation loop included a 500 mL bottle as a
reservoir. The concentrate recirculation loop included a 50 mL
oil trap to allow the separation and accumulation of caproic
acid outside of the concentrate compartment (Figure 1).
Anode and cathode chambers were recycled through the same
500 mL reservoir at a rate of 0.71 L h−1 using a single-channel
peristaltic pump (Aqua PER-R, Italy).
4.2. Synthetic Mediums. The diluate solution was

designed to mimic the fermentation broth of microbial
electrochemical systems producing short- and medium-chain
carboxylates from CO2 through microbial electrosynthesis.20 It
comprised of 0.5 L of reverse osmosis (RO) water containing
per liter: 6 g of Na2HPO4, 3 g KH2PO4, 8.25 g of n-caproic
acid [equivalent to 71 mmol], 5.99 g of n-butyric acid [68
mmol], and 3.28 g of acetic acid [40 mmol]. To enable carbon
chain elongation, the pH of electro-fermentations broths is
typically maintained under mildly acidic conditions to promote
acetate reassimilation into ethanol (solventogenesis).4,20 As
such, prior to the batch extraction tests, the pH of the solution
was adjusted to a value between 6.0 and 6.2 through additions
of NaOH. The concentrate solution comprised of 50 mL of tap
water. The shared anode and cathode electrolyte consisted of
0.5 L of RO water containing, per liter: 3 g of Na2SO4 and 40
mL of 5 M solution of H2SO4. The use of sulfuric acid
guaranteed high availability of protons to enable the
progressive acidification of the concentrate solution along
with the minimization of overpotentials associated to water
electrolysis.
4.3. Batch Extraction Tests. The ED system was operated

under galvanostatic mode by applying a fixed current of 0.8 A
using a DC power supply (ISO-TECH IPS 2303, Philippines).
The functioning principle is outlined in Figure 6. The
establishment of the electric field across the electrodes enables
the transport of ionic species across the ion-exchange
membranes comprising the ED stack. From the diluate
chamber, anions (i.e., dissociated carboxylic acids, phosphate
ions, and hydroxyls) migrate toward the anode chamber.
Because of the AEM and CEMs arrangement, these anions are
however retained in the concentrate. Similarly, cations in the

anode chamber (protons and sodium ions present in the anode
and cathode electrolyte, and additional protons derived from
water electrolysis at the anode) migrate toward the cathode
through the CEM separating the anode and the concentrate
chambers. Because of the presence of the AEM between
diluate and concentrate chambers, these cations are retained in
the concentrate chamber, where the dissociated carboxylic
acids recombine with the protons.
Additional sodium and potassium cations can also enter the

cathode chamber (and thereby the concentrate chamber) from
the diluate compartment through the CEM at the side of the
cathode chamber (Figure 6). Conversely, because of the
presence of two CEMs separating anode and cathode
compartments from the concentrate and diluate chambers,
respectively, negatively charged sulfates present in the anode
and cathode electrolyte and hydroxyls generated through water
electrolysis at the cathode are retained within the anode/
cathode shared electrolyte.
During the extraction tests, 2 mL of liquid samples were

taken hourly from each reservoir and immediately used for
measurement of pH and conductivity using portable measuring
units (LAQUAtwin B-712 and B-771 respectively, HORIBA,
Japan). Samples were also taken and analyzed for the liquid-
phase components (see Section 4.4 below). The duration of
the batch extraction experiment was dictated by the
conductivity of the diluate solution, the reduction of which
to values below 1 mS cm−1 was considered as indicative of the
successful migration of ionic species, including carboxylic acids.
The typical duration of the extraction tests was 5 h.

4.4. Chemical Analyses. Liquid-phase samples taken from
the ED system were immediately filtered through a 0.22 μm
pore filter and analyzed for carboxylic acids content via gas
chromatography (GC) (Agilent Technologies 7890A GC
System, USA), equipped with a polar capillary column (DB-
FFAP 30 m × 0.53 mm × 1.0 μm) and flame ionization
detector (make-up flow: 10 mL min−1 N2: 250 °C). Potassium
and sodium ions were measured by inductively coupled plasma
optical emission spectrophotometry (ICP−OES) with an ion
chromatograph (PerkinElmer ICP−OES Optima 7300DV).
Phosphate ions were measured via flow injection analysis
(Lachat QuickChem 8500 Flow Injection Analyzer, Lachat
Instruments, USA).

4.5. Calculations. Material fluxes Ji (mol m−2 h−1) of
species i to the concentrate compartment through the AEM
membrane were determined as

Figure 6. Schematic representation of the ED stack used to recover
carboxylic acids. Black solid arrows indicated desired fluxes; red
dashed arrows indicate competing fluxes.
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The current efficiency η (%) was determined as the ratio
between the electric charge associated to the transfer of
charged species and the total charge transferred as electric
current during the batch extraction test

η =
· · ·

×
z J F A

I
100%i

i i
(4)

where zi is the charge number of the species i, Ji is the flux of
species i during the batch extraction (eq 1), F is the Faraday’s
constant (96,485 C mol−1), A is the membrane surface area
(m2), and I the applied current (A).
The same formalism was used to determine the current

efficiency associated to the flux of protons
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×+
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The carboxylic acid recovery efficiency Re (%) was
determined as

=
·
·
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where Ci
D,initial and Ci

C,final are, respectively, the initial and final
concentration of specie i in the diluate and in the concentrate
solutions (mol L−1), VD,initial and VC,final are the initial and final
liquid volumes of the diluate and the concentrate solutions,
respectively (L).
The specific energy consumption per total carboxylate

recovered ECA (kW h kg−1) was determined as the energy
demand for the transport of 1 kg of carboxylates to the
concentrate compartment, according to the following equation
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where I is the current applied during the batch extraction test
(A), V(t) is the resulting cell voltage imposed by the power
supply unit and reported as a function of the time t (s), Mi is
the molecular weight of species i, Ci

C,initial and Ci
C,final are,

respectively, the initial and final concentrations of species i in

the concentrate compartment (mol L−1), while VC,initial and
VC,final are the initial and final liquid volumes of the concentrate
solution (L).
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