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Carbon dioxide utilization is a key strategy for sustainable chemical production and climate change mitigation.
Microbial electrosynthesis (MES) offers a promising approach to convert CO: into organic acids and multi-carbon
compounds, but its industrial application requires improved product recovery methods. In this study, we
developed an integrated MES-sorption-distillation system for the recovery of pure hexanoic acid. Adsorption
experiments identified conditions for C6-selective capture from C2-C6 carboxylate mixtures typically produced
from MES. Subsequent desorption using CO2 expanded methanol enriched hexanoic acid concentration by 13-
fold compared to the aqueous feed, achieving 67 % recovery in a single pass, but 100 % overall, since recir-
culation of unrecovered carboxylates back to the MES reactor is proposed. This recirculation will enhance chain
elongation, eliminate loss of unrecovered carboxylates, and reduce the need for external pH control during MES.
Distillation of the desorbed mixture led to streams of pure products and reusable solvent, without losses. Notably,
87 % of the total energy demand for product formation is attributed to the MES stage, where electrical energy is
directly supplied as electrons to drive microbial production. Thus, MES with the proposed recovery method
enables pure hexanoic acid production with minimal losses of materials or energy and potentially allows the

system to operate in a carbon-negative manner.

1. Introduction

Carbon dioxide utilization is a key strategy in mitigating climate
change and advancing sustainable industrial practices. As the demand
for carbon-neutral and renewable processes grows, efforts to convert
CO: into valuable organic compounds gain significant attention [1,2].
Among various CO:z conversion approaches (e.g., thermochemical pro-
cesses, electrochemical reduction, and photochemical methods) [3-5],
microbial electrosynthesis (MES) has emerged as a promising method.
MES can directly couple with renewable electricity and has the advan-
tage of employing biocatalysts under ambient temperature and pressure.
It also inherently integrates carbon capture and utilization (CCU),
enabling both greenhouse gas mitigation and resource valorization
[6,7]. MES convert CO: into organic acids and multi-carbon compounds
using electrotrophic microorganisms, resulting in the production of
diverse chemicals such as acetate (C2), butyrate (C4), and hexanoate
(C6) [8-10]. This method not only facilitates carbon capture and
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utilization (CCU) but also offers a potentially sustainable route for
producing chemicals [11-13].

Recent advancements in MES using open (mixed) cultures have
significantly improved CO; conversion rate and productivity. In
particular, production of hexanoic acid has reached 3.2 g L7! of hex-
anoic acid [14]. Hexanoic acid is a valuable chemical, produced in MES
(Table S1) through the chain elongation pathway [15,16], and utilized,
among others, as a plasticizer, an antimicrobial agent, and an ingredient
in animal feed [17,18]. However, the current commercial production of
hexanoic acid is limited, as it is primarily obtained as a by-product
through fractional distillation of coconut or palm kernel oil, account-
ing for less than 1 % of the products [19-21]. This also limits the use of
hexanoic acid in larger-scale applications. Due to these constraints,
alternative production methods are actively being explored. Industrial
production of hexanoic acid by MES still requires further development of
its performance, scalability, and product recovery [22-27]. In partic-
ular, previous recovery methods have suffered from limited selectivity
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and have not achieved hexanoic acid purity above 99 %. In this study,
we focus on maximizing both the recovery (amount of obtained) and
purity (composition of product) of hexanoic acid through an adsorption/
desorption strategy integrated with COz-expanded methanol, thereby
addressing a critical bottleneck for achieving economic feasibility.
[19,28-30].

One recovery aspect to consider is selectivity. MES, operated under
open or single-culture conditions, generates C2 (acetate) and C4 (buty-
rate) carboxylates alongside C6 (hexanoate). C2 and C4 carboxylates
have lower economic value, and their additional separation increases
processing costs [19,31]. On the other hand, if not separated, they result
in waste streams requiring further treatment [19,32]. Notably, C2 and
C4 serve as precursors for C6 compounds [15]; therefore, their retention
and recirculation within the MES system can improve C6 production
yield and reduce downstream process demands. An effective separation
strategy should prioritize real-time extraction of C6 carboxylates while
minimizing C2 and C4 recovery to optimize MES performance and
downstream processing. Other aspects to consider are recovery yield, i.e.
the percentage of hexanoic acid recovered, and the concentration factor
achieved during the recovery steps [33,34]. Higher concentration fac-
tors lead to lower energy costs for solvent removal. Finally, generation of
waste has to be minimized during product recovery [19,35]. In this
respect, it is important to know that MES operates near neutral pH, thus
typically producing aqueous carboxylates salts, whereas undissociated
hexanoic acid with a purity of >99 % is the target product. It is essential
that a recovery method is found that can prevent the stoichiometric
formation of a waste sodium salt or another inorganic salt while con-
verting sodium hexanoate to hexanoic acid [32].

Various downstream processing techniques applicable to hexanoic
acid, such as solvent extraction, electrodialysis (ED), membrane-assisted
recovery, and distillation, have been widely evaluated in conventional
bioprocesses [36-43]. ED for instance, is known for achieving high re-
covery rates; however, it suffers from limited selectivity when sepa-
rating structurally similar carboxylates, making product-specific
recovery challenging [36,37]. For example, one study applied ED with
oil-phase recovery to a synthetic MES broth, which resulted in a total
carboxylic acid recovery of 60 %. This included hexanoic acid with 76 %
purity, although the recovered fraction still consisted of a mixture of
various carboxylic acids [38]. In another study, a Polymer Inclusion
Membrane (PIM) with ionic liquids extracted hexanoic acid with up to
89 % purity. However, acetic acid was still present [39]. Additionally,
previous studies have demonstrated that vapor permeation membrane
contactors can achieve over 95 % recovery of carboxylic acids [40], and
anion exchange resins have been effectively utilized for organic acid
recovery from organic waste [41]. Each of these techniques has its own
advantages and disadvantages, depending on the system and target
product [32,44,45]. However, these studies did not achieve selective
and high-purity separation from mixed carboxylates or demonstrate
how hexanoic acid can be purified to over 99 %.

We propose an adsorption/desorption strategy for carboxylate re-
covery to achieve this goal. Adsorption/desorption using anion ex-
change resins is a separation technique where negatively charged
molecules are first bound to the resin surface (adsorption) and then
released with a suitable eluent (desorption). This method is expected to
be effective even at low concentrations, as demonstrated in previous
work using anion exchange resins for selective C6 and C7 recovery from
co-fermented organic waste [34]. In particular, COz-expanded methanol
enables recovery of carboxylates in their protonated form, prevents the
formation of unwanted salt byproducts, and benefits from the high
solubility of CO2 in methanol, which reduces pressure requirements and
operating costs [34,46]. Among the available options, this approach is
especially promising for MES due to its compatibility with low carbox-
ylate concentrations, high selectivity, and potential to avoid stoichio-
metric salt waste. Furthermore, using methanol and CO- for desorption
can minimize waste and facilitate high-purity separation. This makes the
method well suited for integration with MES, which uses CO: as its
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primary substrate. This study aims to demonstrate the technical feasi-
bility of integrating MES with this product recovery, highlighting its
potential for advancing CO: utilization and sustainable chemical pro-
duction. To this end, we performed lab-scale sorption experiments using
simulated MES broth and conducted distillation simulations on an in-
dustrial scale. Energy and CO: footprint analyses were included to assess
the process performance.

2. Materials and methods
2.1. Description of the process configuration

In this initial description of the proposed downstream process, we
focus on the desired steady state, knowing that MES has been operated
continuously during hundreds of days and that product recovery is
preferably performed continuously as well [14]. Fig. 1 shows that the
process begins with the utilization of CO2 and H50 in the MES (Fig. S1)
for biochemical production of carboxylates, while co-producing Os. At
the close to neutral pH required for MES, less than 10 % of the car-
boxylates is undissociated. During start-up of the MES the Na™ coun-
terion of the carboxylates is obtained from NaOH used for pH control,
but during the steady state that is described here, the neutralization of
the produced carboxylic acids and the supply of the Na™ originates from
NaHCOs in the recycle stream. Due to the biofilm-based nature of the
system, more than 99 % of the total biomass remains immobilized, and
less than 1 % of microbial cells are suspended in the MES broth [14].
This low biomass content enables efficient separation of carboxylates
through low-energy filtration. The filtration step can be performed
continuously using a hollow fiber membrane [47] and is required prior
to product recovery to remove the residual cells. Part of the carboxylates
in the MES outflow is subsequently recovered by adsorption on a column
with anion exchange in the bicarbonate form, such that aqueous
NaHCOs is returned to the MES together with non-adsorbed sodium
carboxylates. Due to the hydrophobic backbone of the resin, longer
carboxylates are expected to bind stronger and to be recovered to a
higher extent than shorter carboxylates [34]. When sufficiently loaded
with carboxylates, the column is switched to the desorption phase,
wherein CO:-pressurized methanol is introduced to achieve release of
the adsorbed carboxylates as uncharged carboxylic acids, since CO3 can
fill the anion-exchange sites with HCO3 [34]. The desorbed carboxylic
acids in the methanol solution should undergo purification to 99 %
through distillation, with some co-production of pure butyric and acetic
acids since sorption will not be 100 % selective. Most of the acetate and
butyrate, however, should not be adsorbed but should be recycled to
MES to serve as hexanoate precursor.

To evaluate the technical feasibility of the proposed process concept,
the integrated system was analysed on two different subsystems: (1)
MES and adsorption, (2) desorption and distillation.

2.2. Materials

Mixtures containing the main components in the MES were prepared
by dissolving acetic acid (>99 %), butyric acid (>99 %), hexanoic acid
(>99 %) and NaHCO3 in Milli-Q water (Q-POD® Ultrapure Water
Remote Dispenser, MilliporeSigma). NaOH was used to adjust the so-
lution’s pH. The solutions used in the experiments are described in
Table 1. To accurately observe the differences in behaviour, the con-
centration of each carboxylic acids was fixed at 1 g L' in both the
carboxylate and carboxylates with bicarbonate conditions, taking into
account the column size used in the laboratory setup.

Dowex Marathon MSA, a strong anion exchange resin, was obtained
in its chloride form from Sigma Aldrich. The nominal capacity of wet
resin was 1.1 eq L™! in CI~ form. A measured quantity of the wet resin
(2.02 g, chloride form, containing 57-62 % w/w water) was packed into
an Omnifit glass column (1 cm internal diameter x 15 cm height)
resulting in a bed volume (BV) of 2.9 mL. Hence, the volume fraction of
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Desorption & Distillations

Acetic acid (C2)

Q*RCOO Butyric acid (C4)

Desorption
Distillations

Q*HCOs

N/

RCOOH in CO:
+ Methanol

Hexanoic acid (C6)

Fig. 1. Conceptual Diagram of the integrated MES, Adsorption/Desorption, and Distillation Process. Q* indicates the quaternary ammonium group of the sorbent. R

= methyl for C2, propyl for C4 and pentyl for C6.

Table 1
Carboxylate solution compositions.
Aqueous solution name Acetic acid (g LY Butyric acid (g L Hexanoic acid (g LhH Sodium bicarbonate (g LY NaOH (g LY pH
Hexanoate 0 0 4 0 1.38 7
0 0 4 0 1.25 5.8
Carboxylates 1 1 1 0 1.46 7
Carboxylates with bicarbonate 1 1 1 3.69 0.03 7

bulk liquid was estimated at e, = (2.9-1.9)/2.9 = 0.32, assuming a water
density of 1 g mL ™", Prior to use, the resin was soaked in deionized water
overnight, then packed into the column and subsequently converted into
its bicarbonate form using a column elution technique [34]. This process
involved washing the resin with a continuous flow (1.5 mL min1) of a
sodium bicarbonate solution (20 g L’l) until the conductivity stabilised.
Following this step, the resin was rinsed with deionized water at the
same flow rate until the conductivity remained unchanged. The column
was operated at room temperature. All concentrations in this study are
expressed per g wet resin that was initially packed, which contained
0.55 g dry resin per g. To prepare CO2-expanded methanol, a stainless
steel pressure vessel equipped with a pressure gauge and safety relief
valve was used. The vessel was sparged with CO: from the bottom for 5
min before being filled with methanol to ensure the removal of any re-
sidual gas. The vessel was then filled with 100 mL of methanol and
pressurized with CO:z at 10 bar using a mass flow controller [34]. The
pressure gauge was monitored to ensure stable operation, and the sol-
vent was used immediately after preparation to avoid pressure loss or
degassing. All desorption experiments were performed under controlled
pressure conditions to maintain solvent stability.

2.3. Adsorption experiments

A Thermo Scientific Dionex Ultimate 3000 system was used.
Carboxylate solutions were pumped through the column at a flowrate of
1.5 mL min~! at room temperature. This corresponds to 0.52 BV (bed
volumes) per minute. Fractions of 0.75 mL were collected multiple times
throughout the experiment by using a Dionex UltiMate 3000, Auto-
mated Fraction collector. Feed and collected samples were stored in
refrigerator to analyse carboxylates and pH.

During the experiment, bicarbonate on the anion exchange resin
(Q") was exchanged with dissociated carboxylates (R;COO™) as shown
in Eq. (1).

Q*HCO; +R;CO0 =Q"R;COO0™ + HCO; (€8]
The breakthrough curve was analysed using Coyt/Cfeed, Where Coye (mM)
represents the effluent concentration of the column and Cpeq (mM)
represents its feed concentration. The adsorbed amount in the column Q
(mmol g resin_l) was calculated using Eq. (2), where F4 (mL min 1)
denotes the volume flow rate, t (min) the duration and m (g) represents
the wet resin mass.

_ Fy (Cfeedt - fé Coutdt)
m

Q @

The integral in this equation was calculated using data from each sample

L
t . .
/ Coutdt = Z (Cl +2C171) X (ti - ti—l)
o i

The adsorbed amount g (mmol g resin™') was calculated only when
equilibration was achieved. This value was obtained by subtracting the
amount of solute present in the liquid phase within the column voids
from Q. Then, the concentration in bulk liquid at all positions in the
column is known to be equal to the feed concentration and was used for
subtraction from the amount in the column:

3)

q= FA (Cfeedt - fé Coutdt) - SLBV Ct.feed
m

4
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Selectivity between different carboxylates was calculated at column
saturation based on the normalized adsorption per feed concentration,
according to the following expression:

= qi/ci.feed
ifj —
qj / G feed

2.4. Desorption experiments

S (5)

Desorption experiments were conducted immediately after the
adsorption process. To initiate desorption, the solvent in the column was
replaced by methanol at a flow rate of 1 mL min ! for 30 min. The CO2-
expanded methanol was subsequently introduced into the column at a
flow rate of 1 mL min~!, and 0.75 mL fractions were collected multiple
times from the column outlet. These outlet stream was depressurized to
atmospheric pressure and connected to the autosampler. Samples were
frozen for preservation before analysis. During desorption, the resin was
converted back into the bicarbonate form as described in Eq. (6), via a
methyl carbonate [46].

Q'R;,COO0™ +H,0+ COZ;‘Q+HCO; + R;COOH 6)
The concentration factor CF was calculated using Eq. (7), where Cj gmax

(mM) represents the maximum concentration of sample after desorption
[34].

CF = Ci.dmax

@
Cifeed

Once no more carboxylates desorbed according to absorbance at 210
nm, the column was rinsed with Milli-Q water at a flow rate of 1 mL
min !, again until constant absorbance.

The desorbed amount in the column N; (mmol g resin'!) was
calculated using Eq. (8), where Fp (mL min~1) denotes the volume flow
rate of the desorption process. The recovery yield (Y;, recovery effi-
ciency) of a component was calculated using Eq. (9) [32]. The integral
was calculated using Eq. (3).

N, — Fp ( fé CD.uutdt) 8)
m
Ni
Y, =— 9
Q )

The cumulative desorbed carboxylate ratio (R;) was calculated using Eq.
(10) at each sample i and carboxylate k [48,49].

> N
1

Ri=—t (10)
Nii
o

2.5. Aspen plus simulation and thermodynamic model

The distillation-based purification process was simulated using
Aspen Plus software as a computer aided process engineering tool [50].
The NRTL-HOC (Non-Random Two-Liquid with Hayden-O’Connell)
property method was employed to accurately represent the phase
behaviour of the multicomponent system. This model combines the
NRTL activity coefficient model for describing non-ideal interactions in
the liquid phase, and the Hayden-O’Connell equation of state, which
accounts for vapor-phase association phenomena, particularly the
dimerization of carboxylic acids. This thermodynamic framework is
well-suited for systems containing methanol, CO2, and carboxylic acids,
enabling reliable estimation of phase equilibria under specific temper-
ature and pressure conditions [50].

Chemical Engineering Journal 524 (2025) 169412
2.6. Energy and carbon footprint analysis

The energy consumption and greenhouse gas (GHG) emissions were
analysed for the microbial electrosynthesis (MES), adsorp-
tion—desorption, and distillation processes (see supplemental informa-
tion online for calculation details). All values were normalized per
kilogram of total recovered carboxylic acids (kgotal acids) and per kilo-
gram of the main product, hexanoic acid (kghexanoic acid)- Electrical and
thermal energy demands were calculated in units of kW¢h and kWyyh,
respectively, and converted into COz-equivalent emissions (kg COzeq)
using appropriate emission factors for each energy type (Table S2)
[50-52].

2.7. Analytical methods

Samples were collected using a HPLC system equipped with an
autosampler (DIONEX UltiMate 3000, Thermo Fisher Scientific, USA),
during which pH and conductivity were simultaneously measured using
a combination pH electrode (Sensorex, USA). Samples (20 pL) were
mixed in a polypropylene screw-top vial (Waters, USA) with 200 pL of 1-
pentanol solution (320 mg L™?) as internal standard and 200 pL of 1 M
H3PO,4. They were analysed for acetic, butyric, and hexanoic acid con-
centrations using a Gas Chromatograph (Thermo Fisher, USA) system
with a Stabil-wax™ 476 column of 25 m and an internal diameter of 0.2
pm. Helium was used as the carrier gas at a flow rate of 1 mL min L. The
column temperature was kept at 50 °C for 7 min, then increased to
180 °C in 8 min, and kept at that temperature. Flame ionization detec-
tion was at 250 °C.

3. Results
3.1. Effect of feed pH on hexanoate adsorption performance

In the proposed process, the carboxylate anion is recovered from the
MES broth using an anion exchange resin. Currently, the optimal MES
operating condition for maximum productivity is pH 5.8 [14], at which
the carboxylates are about 90 % dissociated considering their pK, values
of about 4.8. At pH 7.0, more than 99 % is dissociated (calculated based
on the Henderson-Hasselbalch equation). To assess the impact of feed
pH, initial adsorption experiments with aqueous hexanoate, the target
chemical in this study, were conducted at feed pH 5.8 and 7.0.

The breakthrough curves, column saturation, and pH variations
profiles for hexanoate are illustrated in Fig. 2. Column saturation (Cyy/
Cteed = 1) ends at 27 BV for feed pH 5.8 compared to 99 BV for feed pH
7.0 (Fig. 2A). This indicates that hexanoate adsorption was less at feed
pH 5.8, leading to faster resin saturation and quicker allowing hexanoate
to pass through. An overshooting phenomenon was observed around 31
BV at pH 5.8, which is likely related to the incomplete dissociation of
hexanoic into hexanoate [53]. In contrast, at pH 7.0, the breakthrough
curve shows a more gradual increase, suggesting stronger adsorption
interactions between fully dissociated hexanoate and the resin [49].
Additionally, at lower pH conditions, bicarbonate is converted to car-
bonic acid, reducing its competition for adsorption sites. However, the
carboxylates also become partially protonated, leading to a lower con-
centration of their anionic form. This shift in speciation can alter the
adsorption equilibrium and influence the overall adsorption behaviour.
This enhanced interaction delayed the column saturation and improved
hexanoate retention within the column [34]. The column saturation
profiles further support these findings, showing that adsorption capacity
(Q) at pH 7.0 (1.53 mmol g resin™ 1) is higher and stabilizes at a larger
value compared to pH 5.8 (1.00 mmol g resin™ 1) (Fig. 2[B]).

Under feed pH 5.8 conditions, the outflow pH initially exhibits a
slight increase before progressively declining and stabilizing around pH
6.0. The initial pH increase is attributed to hexanoate exchange with
bicarbonate, in which the released bicarbonate is protonated to a lower
extent than hexanoate, because the pK, values are 4.88 for hexanoic acid
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and 6.35 for carbonic acid. Conversely, at pH 7.0, the pH remains stable
with a slight upward trend, indicating system stability and suggesting
that bicarbonate release or other ion exchange processes had a negli-
gible impact on pH reduction (Fig. 2 [C]). Previous studies have reported
that with strong base resins (Amberlyst A26 OH), the adsorption of
C2-C4 carboxylates tends to be more favourable in the pH 5-6 range,
exhibiting higher adsorption capacities under these conditions [54].
However, our target compound, hexanoate (C6), exhibits greater
adsorption amount at pH 7.0. This observation aligns with the break-
through curve data, confirming enhanced adsorption at pH 7.0 due to
stronger interactions between fully dissociated hexanoate and the resin.
The loaded column can contain up to 0.17 g hexanoate per g wet resin,
indicating that this resin has a sufficiently high capacity for further
process development. Therefore, subsequent experiments were con-
ducted while maintaining pH 7.

3.2. Competitive adsorption behaviour of carboxylates in the presence and
absence of bicarbonate

Carboxylate mixtures with and without containing bicarbonate were
compared with respect to adsorption. In all cases, breakthrough was
observed at 5.8 BV, with short-chain carboxylates exhibiting faster
column saturation (Fig. S2). In the case of the carboxylate mixture
(Fig. 3 [A] and [B]), both acetate and butyrate exhibited column satu-
ration at approximately 78 BV, whereas hexanoate displayed the slowest
column saturation at 166 BV. At column saturation, hexanoate exhibited
the highest accumulation at 0.75 + 0.01 mmol g resin~?, followed by
acetate at 0.54 + 0.03 mmol g resin™! and butyrate at 0.44 + 0.01
mmol g resin~!. Notably, acetate exhibited a higher adsorption than
butyrate, despite the greater hydrophobicity of butyrate. This discrep-
ancy is attributed to the 47 % higher molar feed concentration of ace-
tate. A previous study using the same resin reported that acetate
exhibited greater adsorption than butyrate; however, that study utilized
a significantly higher initial acetate concentration (31.6 mM) compared
to butyrate (14.1 mM) [31]. The differences were more clearly revealed
when comparing selectivity at column saturation. Hexanoate showed
the highest selectivity with 2.6 of Sgex/ac and 2.2 of Syex/But, followed by
butyrate (1.2 of Spur/ac)- The sum of the adsorbed amounts was 1.73
mmol g resin”! (shown in Fig. 3 [B]). This is higher than the 1.52 mmol

[B] 20

1.54

Q (mmol g resin™)

200 300

Bed Volumes

0 100 400

[D]

Q (mmol g resin)

0.0 T T
0 200 300
Bed Volumes

100 400

Fig. 3. Breakthrough and column saturation profiles for carboxylate adsorption on an anion-exchange resin. [A] Breakthrough curve for a carboxylate mixture of
acetate, butyrate, and hexanoate (1 g L™! each). [B] Column saturation profile for the same mixture. [C] Breakthrough curve for the carboxylate mixture with
bicarbonate added (duplicate experiments). [D] Column saturation profile for the mixture with bicarbonate. Feed pH was maintained at 7.0.



M. Lee et al.

g resin~! of Fig. 2 [B]. A similar trend was reported by Liu et al. (2009),
where co-adsorption of formic acid and levulinic acid onto 335 resin
resulted in a higher total adsorption capacity than either single-
component system, suggesting enhanced resin site utilization [55]. Be-
sides carboxylates that pair to the anion exchange sites, there is appar-
ently some binding of sodium carboxylates to the resin backbone and (as
multilayer adsorption [56]) to already bound carboxylate. Similar
multilayer adsorption phenomena have also been reported for CO2 and
H20 on quaternary ammonium resins, where hydrogen bonding and
ionic interactions facilitate additional binding beyond the primary ion-
exchange sites [57]. This will lead to condition-dependent adsorption
capacities and selectivities. The significantly higher adsorption capacity
of hexanoate in the absence of competing species (1.52 mmol g resin™};
Fig. 2[B]) than under competitive conditions (0.75 mmol g resin_l)
highlights the impact of competitive adsorption on overall uptake.

The microbial electrosynthesis (MES) broth contains various growth
media components that can negatively impact adsorption amount.
Previous adsorption studies using fermentation-derived broths have
similarly reported lower adsorption yields in real broth compared to
synthetic chemical conditions, mainly due to competitive adsorption
among coexisting metabolites and matrix interference [48]. Among the
various potential influencing factors (Table S3), bicarbonate was spe-
cifically investigated due to its characteristic role in COz-reducing MES
systems. Since MES continuously supplies CO: as a carbon substrate and
maintains a pH of 5.8, a high concentration of dissolved CO: is expected
within the system. However, to mitigate adsorption amount loss, pH is
increased (Fig. 2). As a result, due to equilibrium shifts (pKy: 6.35),
dissolved CO: is predominantly converted into bicarbonate. To replicate
the expected conditions following pH adjustment to 7, the maximum
bicarbonate concentration (3.69 g L™1) was estimated based on a
simulation study and applied in the experimental validation [58].

The presence of bicarbonate in the feed reduced adsorption across all
carboxylates (Fig. 3C and D), with hexanoate, butyrate, and acetate
accumulating at 0.67 & 0.02 mmol g resin™!, 0.32 & 0.01 mmol g res-
in!, and 0.37 + 0.02 mmol g resin’, respectively. This corresponds to
reductions of 11 %, 27 %, and 33 %, respectively, compared to the
carboxylate mixture. These results demonstrate that bicarbonate com-
petes more strongly with acetate and butyrate, leading to a significant
reduction in their adsorption. Additionally, the stronger binding affinity
of hexanoate promotes its preferential adsorption, further displacing
acetate from the resin. To further interpret this trend, literature-reported
selectivity values were considered. Prior studies reported selectivity
values of Spc/cp = 0.125 and Syco./c) = 0.206, suggesting that bicar-
bonate has a higher affinity for the resin than acetate [46]. Using these
references, selectivity ratios between carboxylates and bicarbonate were
estimated: Sac/nco, = 0.6, Sput/uco, = 0.7, and Sgex/nco. = 1.6. These
values support the experimental finding that hexanoate is less affected
by bicarbonate due to its stronger binding affinity, which can be
attributed to its longer carbon chain that enhances hydrophobic in-
teractions and reduces hydration energy, thereby strengthening its
interaction with the resin, allowing it to preferentially adsorb over ac-
etate and butyrate even under competitive conditions [34].

Acetate seemed to reach equilibration at 47 BV, but its concentration
kept fluctuating a bit. In contrast, butyrate reached equilibrium at 285
BV, while hexanoate did not reach equilibrium even after 380 BV (Fig. 3
[cDh.

In continuous MES operation, bicarbonate levels may fluctuate with
gas supply and microbial activity, and our results show that such vari-
ations can affect adsorption stability and recovery. Appropriate miti-
gation or control strategies are needed in large-scale processes, as
further discussed in Section 3.6.

3.3. Desorption profile and concentration factor in carboxylate recovery

The desorption profile was evaluated after the adsorption experi-
ments of Fig. 3, so for two conditions: a carboxylate mixture, and a
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experiments [C] Concentration factor for the different chemical samples (C2,
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Table 2

The adsorbed and desorbed amounts of carboxylates at the end of each process
for a carboxylate mixture, and a carboxylate mixture containing bicarbonate at
pH7.

Compound Carboxylate mixture Carboxylate mixture with bicarbonate

Adsorbed amount (q,mmol g resin” 1)

Acetate 0.54 + 0.03 0.37 = 0.02
Butyrate 0.44 £ 0.01 0.32 £ 0.01
Hexanoate 0.75 £+ 0.01 0.67 £+ 0.02

Desorbed amount in column (N,mmol g resin~ 1)

Acetate 0.58 + 0.01 0.42 + 0.03
Butyrate 0.43 + 0.02 0.25 + 0.03
Hexanoate 0.77 + 0.02 0.60 + 0.02
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carboxylate mixture with bicarbonate (Fig. 4 [A] and [B]). The desorbed
amounts were close to the adsorbed amounts as shown in Table 2
(Table S4). In Fig. 4[A], where carboxylates mixtures were desorbed, all
compounds exhibited a sharp elution peak within the first 2.1 BV, fol-
lowed by a rapid decline in concentration (Fig. S3). The use of high-
pressure COz-expanded methanol resulted in a higher initial desorp-
tion yield compared to adsorption, facilitating faster extraction from the
resin.

These results suggest that early-phase desorption plays a crucial role
in maximizing product recovery, highlighting the importance of opti-
mizing the desorption endpoint to prevent loss and ensure high recovery
yields. Chandra et al. (2020) reported that in a 2 M NacCl solution, the
desorption amount decreased for longer-chain carboxylates due to their
increased hydrophobicity, while shorter-chain carboxylates such as
formate and acetate exhibited higher adsorption affinities [59]. How-
ever, the use of COz-expanded methanol facilitated the desorption of all
carboxylates. Hexanoate (0.24 + 0.02 mol kg solvent 1) reached the
highest desorption concentration because more hexanoate had been
adsorbed than acetate or butyrate. In mixed systems containing bicar-
bonate, however, competitive interactions between bicarbonate and
carboxylates reduced the overall desorbed amounts.

A notable reduction in desorption amount was observed for all car-
boxylates with bicarbonate present, as shown by the lower concentra-
tion peaks (Fig. 4[B]). This is due to bicarbonate competition with
carboxylates during adsorption as mentioned before, such that less
carboxylate was available for desorption. The impact was particularly
significant for hexanoate (0.15 + 0.03 mol kg solvent™!), which
exhibited a substantial decrease in desorption concentration compared
to non-bicarbonate conditions. Desorption recovery comparisons further
reinforce this finding. Under bicarbonate conditions, however, there
was not a close match between adsorbed and desorbed amounts ac-
cording to Table 2. This discrepancy is likely due to incomplete equili-
bration during the adsorption stage (Fig. 3[D]), whereas Fig. 3B showed
very stable levels at the end of the experiment.

Previous studies have shown that bicarbonate reduces ion exchange
by competing with other anions for adsorption sites on the resin, thereby
lowering desorption performance and limiting salt removal [60]. Simi-
larly, another study reported a significant decline in anion removal ca-
pacity (e.g., CI7, NOs™) when ammonium bicarbonate was used as the
desorption agent [61]. However, in this study, methanol saturated with
high-pressure CO2 was used as the desorption solvent, which likely
minimizes the critical limitations associated with bicarbonate.

The bicarbonate concentration tested in this study represents an
extreme scenario, as it was calculated based on the pH shift caused by
externally supplied CO2 during MES operation, assuming no microbial
CO2 consumption [58]. However, unutilized CO: that remains as dis-
solved gas after MES leads to bicarbonate at pH 7, causing a significant
reduction in adsorbed carboxylate amount and hence to a lower CF
during the recovery stage. As shown in Fig. 4 [C], in the mixed car-
boxylates condition without bicarbonate, the CF for hexanoate reached
22.01 £ 0.9 (C4: 7.9 + 0.2, C2: 4.3 £ 0.2), whereas under bicarbonate-
containing conditions, it dropped to 6.9 + 1.2 for C6 (C4: 1.8 + 0.2, C2:
0.7 £ 0.1), representing an approximately 70 % reduction. To address
this issue, it is proposed to include a pretreatment step, e.g. mild
evaporation, to reduce CO;y levels before starting the adsorption-
desorption process. That step will also increase the feed pH of 5.8 in
the direction of pH 7. Hence, the experiments described below are again
for a feed at pH 7.0 without bicarbonate.

3.4. Strategic approach to the desorption process for distillation

For practical application in an integrated system, it is essential to
establish an optimized desorption strategy because of the trade-off be-
tween high recovery yield and high product concentration. For instance,
a study evaluated the desorption amount of hexanoic acid using weak
anion exchange resins, comparing recovery yield across different
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solvents [62]. The results showed that a strongly basic resin achieved
over 80 % recovery yield. However, the analysis was limited to recovery
yield and did not account for the concentration of the recovered product.
Another study calculated the concentration factor (CF) at specific
desorption points to assess the increase in product concentration
compared to the initial feed solution. However, the final concentration
of the recovered product was not explicitly considered [34]. In contrast,
our study achieved a recovery yield of over 99 % based on the mass
amount adsorbed, and also considered the final concentration of the
recovered product, thereby presenting a well-balanced desorption
strategy that ensures both recovery efficiency and product quality.

As illustrated in Fig. 5A, the desorbed carboxylate ratio varies with
bed volume throughout the desorption process. This process was ana-
lysed at three distinct points at which desorption might be terminated,
to switch back to adsorption: (a), the point where carboxylates were first
detected; (b), where the highest pooled concentration (calculated from
point (a)) was observed; and (c), where equilibation was complete, as
depicted in Fig. 5B and Fig. 5C. Collecting desorption liquid from points
(a) to (b) results in a concentrated solution containing hexanoate (13.35
g L1, butyrate (5.41 g L™1), and acetate (2.77 g L™1), corresponding to
recovery yields of 67 %, 64 %, and 35 %, respectively. In contrast,
extending desorption to point (c) achieves near-complete recovery
(~99 %), but reduces pooled product concentrations to 2.31 g L™ for
hexanoate, 0.99 g L™ for butyrate, and 0.92 g L™! for acetate. Addi-
tionally, desorption from (b) to (c) results in lower recovery yields of 32
% (hexanoate), 35 % (butyrate), and 65 % (acetate), with product
concentrations even lower than those in the initial feed solution. This
dilution effect can negatively impact downstream purification, partic-
ularly in subsequent distillation processes.

Despite the overall recovery yield at point (b) being 58 % of the total
adsorbed carboxylates, the hexanoate concentration is enriched
approximately 13-fold compared to the initial feed solution. This sug-
gests that terminating desorption at point (b) is a better compromise
between yield and product concentration. However, while point (b) was
identified as the best compromise between recovery yield and product
concentration, a detailed techno-economic analysis will be required to
define the optimal operating window.

Given that a substantial amount of carboxylates remains adsorbed in
the column, discarding those upon column regeneration would lead to
significant material losses. Therefore, the feasibility of reusing partly
desorbed resin columns was investigated. To evaluate reusability, a fresh
resin column underwent the same adsorption process, followed by
desorption up to point (b) (Fig. 5D). The partly desorbed column was
subsequently subjected to another adsorption cycle (Fig. 5E). The
adsorption of hexanoate stabilised after approximately 117 BV in both
fresh and reused columns (equilibrium at 135 BV), while acetate and
butyrate exhibited a marginal increase (~5 %) after 50 BV. These results
indicate that the adsorption affinity of C6 is preserved in reused col-
umns, as evidenced by their comparable adsorption profiles. Further-
more, as shown in Fig. 5F, the final adsorption performance of the
reused column closely matched that of the fresh column, with only
minor differences (1-6 %). Although column reuse does not offer a
significant advantage in terms of adsorption kinetics, it enables high-
concentration recovery of C6 during desorption.

3.5. Design of multi-stage distillation for high purity carboxylate recovery

Following the desorption process, further distillation steps are
necessary to obtain high-purity final products (Fig. 6). After the
desorption process at 10 bar, a depressurization step is required to
enable atmospheric operation of further distillation steps (further
referred to as P2). Lowering the pressure causes COz and some methanol
to separate as vapor, which can be achieved using a simple flash unit.
This step reduces the total flowrate entering the distillation system (by
~4.4 %), allowing for smaller equipment units downstream. Moreover,
it increases the concentration of valuable acids in the liquid phase,
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BV, and (c) 27.59 BV. [B] Cumulative carboxylate concentration in the collected samples between (a)-(b), (a)-(c), and (b)-(c). [C] Comparison of residual adsorbed
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thereby reducing the overall distillation energy requirements.

After the initial vapor separation, the remaining liquid stream is sent
to the first distillation column (COL1) to separate most of the remaining
CO and methanol. Due to the presence of CO,, a partial vapor-liquid
condenser is necessary for this column. In principle, a partial
condenser operates by cooling the overhead vapor stream to a set tem-
perature at which part of the condensable vapor condenses while the
non-condensable gases remain in the vapor phase. This allows effective
separation, since the condensed liquid can be returned as reflux or
withdrawn as distillate, while the non-condensable gases can be vented
or treated separately. By doing so, the condenser helps to maintain
stable column operation and prevent the accumulation of non-
condensable gases. Proper selection of the distillate vapor fraction
should allow the usage of inexpensive cooling utilities for the condenser
of this column. Nonetheless, this separation is highly energy intensive as

it requires evaporation of more than 90 wt% of the feed. Therefore,
minimizing reboiler duty for column COL1 may be crucial for reducing
the overall energy consumption of the process. Theoretically, the
remaining CO, and methanol can be completely separated in the vapor
and liquid distillates [63]. In this case, the mixture of acetic, butyric and
hexanoic acids would be obtained in the bottom product. However, this
would lead to a large temperature difference between the top and the
bottom stages of the distillation column (>100 °C), which complicates
the application of heat pumps. Alternatively, adjusting a distillate-to-
feed ratio in this column may allow separation of all CO5 with most of
the methanol in the vapor and liquid distillates, as the ratio controls the
distribution of volatile (COz) and less volatile (methanol) components
within the column, while ensuring sufficiently close boiling points of the
top and bottom products for application of mechanical vapor recom-
pression (MVR). This heat pump system implies compressing vapor from
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Fig. 6. Schematic of the distillation process including flash separation, multi-stage distillation (COL1-COL5), and MVR-assisted heat integration. Abbreviations:
HEX, heat exchanger; RB, reboiler; CO, condenser; CP, compressor; COL, column; P2, pretreatment; PT2, post-treatment.

the top of a distillation column and using it instead of a heating utility in
the reboiler of the distillation column. Hence, electrical energy, required
to power the compressor, may replace significantly higher thermal en-
ergy requirements [52]. Moreover, the scalability of this concept has
already been demonstrated in industrial applications such as bioethanol
and organic acid distillation [64,65]. Besides reducing overall energy
requirements, this heat pump system may enable complete (green)
electrification of this step.

Furthermore, additional heat integration is possible to reduce the
reboiler duty of distillation column COL1, which further reduces the
required compressor power in the MVR system. More precisely, reduc-
tion in the reboiler duty of COL1 decreases the heat demand at the
column bottom, so the overhead vapor requires less compression to
supply sufficient reboiler heat, thereby lowering the compressor power
in the MVR system. The vapor and liquid distillates from this column,
composed of CO5 and methanol, can be reused in the desorption process.
However, liquid distillate needs to be cooled before being recycled. This
cooling requirement presents an opportunity to recover heat by using
liquid distillate to preheat the subcooled feed entering column COL1.
Likewise, the vapor distillate must be compressed to 10 bar before it can
be reused (further referred to as PT2). As a result of compression, its
temperature increases, and additional cooling becomes necessary. This
hot vapor stream can also serve as a heat source for preheating the feed
to column COL1.

Following the separation in column COL1, an additional distillation
step is required to separate the remaining methanol from the carboxylic
acids. This may be performed in the second distillation column (column
COL2). High-purity methanol is recovered as a top product and can be
reused in the desorption step. The bottom product, containing a mixture
of carboxylic acids, is directed to further purification steps.

In the next distillation column (column COL3), high purity hexanoic
acid (>99.7 wt%) can be separated as the bottom product, while a
mixture of acetic and butyric acid is obtained at the top. There are two
potential options for handling this overhead stream: it can either be
recycled back to the microbial electrosynthesis (MES) process for further
chain elongation, or it can be fed to a fourth distillation column (column
COL4) designed to separate high-purity acetic acid and butyric acid as
the top and bottom products, respectively.

In case water is used to wash the adsorption/desorption columns,
small amounts of water may be present in the feed stream to the
distillation part of the purification process. Most of this water would be

separated with methanol in the distillate of column COL2. Additionally,
some water may also be present in the liquid distillate of column COL1.
If recycling this water to the desorption is unfavourable, it may be
separated from the distillate of column COL2 in an additional distillation
step (fifth distillation column COLS5). Specifically, COL5 separates re-
sidual water from the COL2 distillate to ensure high-purity methanol for
reuse, thereby protecting microbial activity and supporting closed-loop
solvent recycling. However, separating small amounts of water from the
liquid distillate from column COL1 is not recommended as evaporating
methanol from this stream would be very energy intensive.

3.6. Proposing integrated process for MES, adsorption-desorption, and
distillation

Based on the measured and simulated data in this study, a process
integrating MES, adsorption-desorption, and distillation is proposed, as
illustrated in Fig. 7. Assuming that C2, C4, and C6 compounds are each
produced at a concentration of 1 g L™ in MES, the proposed process
suggests that the fermentation broth first undergoes a pre-treatment step
(P1) before entering the adsorption column. In P1, the first step involves
a filtration process to remove residual microbial cells from the MES
broth. The second step is the removal of dissolved COz, which primarily
exists in the gas phase at pH 5.8; this CO2 can either be vented externally
or recirculated as a feed gas into the MES reactor. Venting CO, already
leads to a pH increase, which reduces the need for base addition. Finally,
the pH is adjusted to 7 (in this study) to stabilise the solution before it
proceeds to the adsorption column.

During the adsorption step, when the column is operated at 135 BV,
which corresponds to the breakthrough point for C6, the adsorption
yield for C6, C4, and C2 are 36 %, 15 %, and 14 %, respectively. The
lower adsorption yield as compared to Section 3.3 is due to the reuse of
columns, as demonstrated in Section 3.4. Under these conditions, 64 %
of C6 is recirculated, reducing the inhibitory effect of C6 accumulation
on microbial growth. Additionally, 86 % of C2 and 85 % of C4 are
recirculated, providing sufficient precursors for chain elongation and
subsequent C6 production. Before reinjecting the stream into the MES
reactor, a post-treatment step (PT1) is required. This step involves the
recirculation of both the stream recovered after adsorption and the CO,
driven water from distillation. However, instead of undergoing separate
physical or chemical treatments, it is more appropriate to adjust the
recycling rate based on the operating conditions of MES and circulate
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Fig. 7. Integrated process diagram including MES, Adsorption, Desorption, and Distillation processes. Pretreatment (P1 and P2) and post-treatment (PT1 and PT2)

were proposed to complete the full process.

the stream accordingly. Ideally, if the composition and concentration of
the medium supplied to MES is controlled within PT1, the stream could
be fully reused for MES. In addition, after the adsorption process, the
solution stabilizes at pH 7.8-8.0 and utilizing this stream can minimize
the need for additional pH adjustments in conventional MES operations.
Therefore, integrating this process helps maintain overall pH balance
while offsetting the base addition costs in P1.

After column switching, the desorption step releases 81 % of the
adsorbed C6, 60 % of C4, and 52 % of C2. The initial 1.4 BV of methanol
is sent to the distillation that recovers solvent, to remove residual im-
purities, as carboxylate concentrations are nearly zero in this fraction.
The desorption process is conducted between 1.4 BV and 3.4 BV, after
which a fraction of carboxylates remains bound to the resin. The
resulting concentrations of the recovered compounds are C6 at 11.75 g
L7}, C4at 3.66 gL 7!, and C2 at 2.86 g L™}, indicating that C6 has been
concentrated over 11-fold compared to its initial concentration.
Although this value is lower than the C6 concentration in Fig. 5B (13.35
g L™1), this discrepancy is attributed to column pressure conditions and
the inability to immediately remove methanol in the present setup,
leading to some losses. In the current lab-scale experimental setup, a
pressure control valve is installed between the column and the sampler
(outlet) to regulate pressure. When the sample is collected, it passes
through this valve before reaching the sampler, where the pressure is
reduced to atmospheric pressure. Due to these conditions, if the
desorption process is stopped, additional desorption reactions and
chemical losses occur within the column and the valve-to-sampler line as
a result of the pressure drop. This partial loss explains the lower
observed concentration. Further optimization of immediate pressure
reduction systems and desorption stop timing is expected to lead to
higher concentrations. Moreover, in conventional desorption processes,
a basic solution is typically used to release carboxylates, followed by the
addition of an acid to convert them back into hexanoic acid, requiring an
additional acid treatment step. However, by utilizing CO»-expanded
methanol, it is possible to recover hexanoic acid directly during
desorption without the need for this additional neutralization step.

In the proposed integrated process, P2 is applied prior to distillation

10

to release dissolved CO: and a portion of methanol under high pressure,
thereby reducing the system pressure. This step decreases the liquid flow
rate entering the distillation system and increases the concentration of
valuable acids in the liquid phase, thereby reducing energy consumption
in the subsequent distillation. During P2, over 40 % of COz along with
some methanol is separated in the vapor phase. This stream is sent to the
purification stage in the distillation columns, where the products are
separated. Finally, high-purity hexanoic acid (>99 wt%) is obtained as
the final product, along with pure acetic acid (>99 wt%) and butyric
acid (>99 wt%). A small amount of residual COz and water is directed to
the PT1 process, while the majority of the separated CO2 and methanol is
recycled to the desorption process via the PT2 step.

Ultimately, the proposed integrated process establishes a fully
closed-loop system with no material waste, enabling the complete in-
ternal recycling of key process streams. Through the effective coupling
of MES, adsorption—desorption, and distillation, this system not only
maximizes resource utilization but also achieves the selective and high-
purity recovery of hexanoic acid directly from CO.. Moreover, the pro-
cess is expected to be scalable and operate reliably given its basis in
commercially established unit operations. In the following section, we
further evaluate the feasibility of this integrated system from the per-
spectives of energy consumption and CO: footprint.

3.7. Energy and carbon footprint analysis

To evaluate the integrated process proposed in this study, we
calculated the energy consumption and carbon emissions associated
with each step. The calculated integrated process is schematically
illustrated in Fig. 8. For accurate analysis, electrical and thermal energy
demands were separately quantified across the entire process. To ensure
practical relevance, CO: equivalents were calculated based on grey
electricity for electrical energy and natural gas as the source for thermal
energy.

In the MES section, the external electrical energy (W) required for
microbial production was 19.3 kWejh kg{o%al acids, While 2.0 kWiph kgotal
acid{l of thermal energy (Wy,) was required to maintain the reactor
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Fig. 8. Integrated process diagram of MES, adsorption/desorption, and distillation units, including estimated energy consumption and product recovery pathways.

temperature. The total energy requirements of MES are 20.1 kWh
kg{oial acids (equivalent to 50.3 kW,h kg{o%al acid)- This value is relatively
high compared to previous reports [31], which is mainly due to the
intentionally low productivity set in this study (1 g L™! for each of C2,
C4, and C6 chemicals). The adsorption and desorption processes operate
at ambient temperature, meaning the only energy required is for
circulating the MES broth. The energy demand for this circulation was
0.8 Weih kg{o%al acids» Which is negligible compared to other stages. Since
methanol and CO: used in desorption are mostly recycled (after the
initial phase) and merged into the distillation system (P2 and PT2), their
energy demand is included in the distillation stage.

The final separation by distillation may be highly energy-intensive,
primarily due to the large quantities of methanol that must be evapo-
rated (>12 kWyh kg(o{al acids)- However, the implementation of the
previously described MVR heat pump system can significantly reduce
overall energy demand. The coefficient of performance (COP), defined
as the ratio of exchanged heat to required compressor power, of this
system is approximately 8.1. For reference, COP values above 2.5 (a
conservative benchmark for electrical-to-thermal conversion) indicate
high energy conversion yield [52], confirming the effectiveness of the
proposed heat pump integration.

The vapor separated in step P2, along with the liquid and vapor
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distillates from column COL1, can be effectively recycled within the
system, improving overall resource utilization. Nevertheless, to main-
tain optimal desorption conditions, these streams must be pressurized to
10 bar and may be used to preheat the feed entering column COL1. This
heat integration strategy may reduce the reboiler duty of COL1 by
approximately 4.4 %.

Subsequent distillation steps, namely in columns COL2, COL3, COL4
and COL5, are significantly less energy-intensive, with their combined
reboiler duties accounting for less than 7 % of that of COL1. Ultimately,
approximately 4.80 kWh/Kgiotal acids (including 0.85 kWih/Kgtotal acids
for thermal energy and 1.58 kWeh/kgotal acids for electricity) are
required to recover high-purity hexanoic acid (>99.7 wt%) and a
mixture of butyric and acetic acids that can recycled into MES for further
chain elongation. Alternatively, to recover both butyric acid (>99.8 wt
%) and acetic acid (>99.6 wt%) in high purity, an additional 0.04
kWinh/Kkgtotal acids is needed, bringing the total to 4.84 kW,h/Kkgotal acids-
Accounting for the energy requirements in PT2 (compression and
pumping to 10 bar), total energy requirements of P2, distillation and
PT2 steps are 5.49 kWh/Kgotal acids (equivalent to 2.20 kWeh/kgotal
acids and 8.47 kWnh/Kghexanoic acid)- In both scenarios, implementing
advanced heat pumping (mechanical vapor recompression) and heat
integration techniques, plays a critical role in lowering process energy
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requirements. These strategies have the potential to reduce overall en-
ergy demand by approximately 66 %.

A previous report proposed an integrated MES and liquid-liquid
extraction process targeting 99 % purity hexanoic acid, with an energy
requirement of 31.04 kWh kg{o%al acids [19]. However, this analysis relied
on optimistic assumptions, including a faradaic efficiency (FE) of 100 %
and 80 % of the converted carbon directed towards C6), and did not
account for the stoichiometric generation of waste salts. In contrast, our
study reports a more realistic energy requirement (22.29 kWgh kgtotal
acids 1, 99 % purity) based on experimentally observed values (FE of 88
% and only 33 % carbon recovery as C6). Despite employing more
realistic operating conditions, the overall process exhibited lower en-
ergy requirements.

Another study reported the production of MCCA oil with a purity of
over 72 % at a specific energy consumption as low as 6.2 kWh kge;l using
a pertraction and membrane electrolysis process [66]. While this process
demonstrated low energy input, the product purity was substantially
lower. Notably, when considering only the product recovery stage in the
present study, 99 % purity hexanoic acid was obtained at 2.2 kWgh
kg;o%al acids-

Collectively, these results demonstrate that the process developed
herein is highly applicable for real-world implementation. Furthermore,
In the overall integrated process, the MES stage accounts for 91 % of the
total energy demand, with 87 % of the entire energy input corre-
sponding to electricity required for MES (Fig. 9 [A]). This indicates that
most of the energy consumed in the integrated system is directly sup-
plied as electrons to support microbial production. It is also worth noting
that the current energy demand was calculated based on a conservative
MES productivity; thus, further improvements in productivity would
likely result in a substantial reduction in energy consumption per unit of
product. In the MES process, CO: is the sole carbon source, and 1.94 kg
CO2¢q kg{o{al acids 1S consumed. Meanwhile, under the assumption of
using grey electricity, the entire integrated system emits 9.91 kg COg¢q
kgt_o%al acids (Fig. 9 [B]). When expressed per mass of the main product,
hexanoic acid, the MES stage contributes 13.82 kg CO2¢q kgﬁelxanoic acids
while downstream processes add 1.44 kg COx¢q kgﬁelxanoic acid, resulting
in a total emission of 15.27 COgeq kgﬁelxam,ic acid- The system offsets
approximately 19.6 % of its gross emissions by directly incorporating
CO:2 into the product. Compared to previous work, which reported 2.25
CO2¢q kgﬁelxamic acid for product recovery based on liquid-liquid
extraction [19], the current process achieves 36 % lower emissions for
the downstream processing steps. Notably, our proposed system not only
recovers hexanoic acid at >99.9 % purity but also enables the recovery
of acetic and butyric acids at >99 % purity. Moreover, all methanol and
CO: used in the desorption are fully recycled within the system. In the
proposed integrated process, the largest contributor to carbon emissions
is the electricity required to power the MES stage. If MES efficiency is
improved to reduce electricity demand, and green electricity is used
across the entire integrated process, carbon-negative operation becomes
a realistic possibility. Assuming the use of green electricity (50 % solar,
50 % wind) [67], the overall CO2 emission is reduced to 0.75 COazeq
kg{(ﬁal acids suggesting that the system can potentially operate in a
carbon-negative manner within our gate-to-gate context (Fig. 9 [B]).
Nevertheless, integrating renewable electricity into the proposed
concept remains a practical challenge, requiring consideration of
intermittency, storage, and grid integration, which should be addressed
in future work.

4. Conclusion

This study developed an integrated microbial electrosynthesis
(MES), adsorption—desorption, and distillation process for the high-yield
and resource-conscious recovery of C6 carboxylic acid from COz con-
version. The adsorption step selectively captured 36 % of C6, while 86 %
of C2 and 85 % of C4 were recirculated to support further chain elon-
gation. COz-expanded methanol enabled efficient desorption, releasing
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Fig. 9. [A] Proportion of energy demand by process in the integrated system,
and [B] CO: consumption and CO: emissions.

81 % of the adsorbed C6, with methanol and CO: fully recycled within
the system. Distillation-based final purification further allowed the re-
covery of high-purity hexanoic acid (>99.9 wt%), while butyric and
acetic acids could either be recycled as a mixture or recovered individ-
ually at >99.6 wt% purity. Incorporating pretreatment (bicarbonate
removal and CO: release) and post-treatment steps (pH stabilization,
water, methanol, and CO: recycling) reduced energy demand and
improved resource utilization. The total calculated energy requirement
was 55.72 kWthh kg total acids™?, of which 87 % originated from the
external electron supply in the MES step. When powered by green
electricity, total emissions decreased to 0.75 kg COzeq kg total acids %,
lower than the 1.96 kg COzeq kg total acids™! fixed in MES, indicating
the potential for carbon-negative operation. Taken together, these
findings suggest that the proposed design represents one of the most
sustainable MES product recovery processes reported to date, and future
studies should further evaluate its long-term stability, techno-economic
and life-cycle feasibility as essential prerequisites for scale-up.
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