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Abstract

Anaerobic gas fermentation is a promising approach to transform carbon dioxide (CO,) into
chemical building blocks. However, the main operational conditions to enhance the process and
its selectivity are still unknown. The main objective of this study was to trigger chain elongation
from a joint perspective of thermodynamic and experimental assessment. Thermodynamics
revealed that acetic acid formation was the most spontaneous reaction, followed by n-caproic
and n-butyric acids, while the doorway for alcohols production was bounded by the selected
conditions. Best parameters combinations were applied in three 0.12L fermenters.
Experimentally, n-caproic acid formation was boosted at pH 7, 37°C, Acetate:Ethanol mass ratio
of 1:3 and low H, partial pressure. Though these conditions did not match with those required
to produce their main substrates, the unification of both perspectives yielded the highest n-
caproic acid concentration (> 11 g L'!) so far from simple substrates, accounting for 77% of the

total products.
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1. Introduction

CO; can be reused as a substrate for energy, fuels and chemicals formation through different
approaches. Gas fermentation (GF) is a well-known technology able to perform the recycling of
CO,, (Agler et al., 2011) into chemical building blocks using microorganisms as catalysts (Dirre
and Eikmanns, 2015). Acetic acid (HA), a short-chain carboxylic acid (SCCA), is one of the most
produced compounds which can be further valorised through its reduction into elongated
compounds, the so-called medium-chain carboxylic acids (MCCAs, compounds from six to
twelve carbons). Chain elongation is included in the carboxylate platform, set out as a second
fermentation process (Agler et al., 2011) and its feasibility has been already proven (Angenent
et al., 2016; Candry and Ganigué, 2021). It involves the cyclic addition of two carbon molecules
to the compound-chain through the reverse B-oxidation pathway, in which an electron donor
(i.e. ethanol) and an electron acceptor (i.e. an organic compound itself) are interconnected
through electron transfer mechanisms (Cavalcante et al., 2017). Although pure cultures were
initially employed and largely investigated, it was later demonstrated that open cultures are
advantageous due to their robust and resilient communities, and their increased production
rates owing to their synergistic behaviour (Pinto et al., 2021; Paquete et al., 2022). This brings
the technology closer to environmental conditions and its utilization has been proven to be

both, cost and energy more efficient (Pinto et al., 2021).

Elongated organic compounds have broad applications such as pharmaceutical and chemical
industries (Angenent et al., 2016). MCCA produced through fermentative reduction are
attractive assets since they are considered suitable energy carriers avoiding the use of fossil
sources at low yields (Cavalcante et al., 2017). For instance, n-butyric acid (C4) can be employed
to produce fuels (i.e. butyl or ethyl butyrate), to manufacture plastics and as a flavouring agent
(Dessi et al., 2021). In respect of n-caproic acid (Ce), it has been thoroughly investigated due to

its multiple applications as an antimicrobial agent, additive for animal feed and as a potential



precursor for biofuels production (Dessi et al., 2021). In addition, its current market price is
circa 3.7 S/kg, followed by other organics such as alcohols, but far much higher than other acids

as acetic or propionic (Wood et al., 2021).

The formations of n-butyric (HB) and n-caproic (HC) acids have been largely studied from a
broad range of substrates. Elongations from HA into HB and HC using ethanol (EtOH) as electron
donor have been reported before (Romans-Casas et al., 2021). Grootscholten and colleagues
(2013) compared HC production rates with and without EtOH addition from HA. Recently, the
feasibility of chain elongation reactions was assessed for different fermentation pathways and
reactants proportion, highlighting that higher concentrations of HB benefitted HC production
(Wang et al., 2020). However, there are still many gaps in knowledge, specially related to
unravelling the optimum working conditions to trigger a selective formation of one specific
compound starting from CO,. Therefore, the main challenges that hinder a competitive and

efficient production remain to be overcome.

Thermodynamics deals with the relationship between different forms of energy and its
conversion. It is variable, depends on many factors and involves a large number of molecules
interacting intricately (Hanselmann, 1991). However, when the system reaches equilibrium, it
can be described in a simpler approach that can give valuable information related to energy
processes. The present study developed a thermodynamic based-model to elucidate the
appropriate conditions to favour chain elongation reactions. The model was focused on the
combination of four parameters: pH, temperature (T), substrates ratio and compounds titers. A
set of parameters identified as optimal was subsequently tested experimentally to beat the
limited knowledge of the co-effect of working conditions and biology, given that
thermodynamics is conditioned by the kinetics and enzymatic capabilities of each

microorganism. Fermentative tests from CO, were carried out adding hydrogen (H,), HA and



EtOH that can be obtained from a bioelectrochemical system (BES) (Vassilev et al., 2022), as

substrates.

2. Materials and methods

2.1 Thermodynamic analysis

A thermodynamic based-model was built considering the main gas fermentation and chain
elongation reactions. They were equated stoichiometrically and the standard Gibbs free energy
(AG°) of the main reactions was calculated and compared with the literature (Table 1). The
standard Gibbs free energies of formation (A:G°) and the standard enthalpies of formation
(AfH®°) were extracted from Amend and Shock (2001), Alberty (2001) and the CRC Handbook of
Chemistry and Physics (Lide and Baysinger, 2004). The carboxylate chain length was limited to
six carbon atoms, as with longer chain compounds the addition of electrons bonded with each

additional step in the B-reverse oxidation is smaller (Lambrecht et al., 2019).

The AGI‘TS of each reaction was corrected considering the temperature, ionic strength, pH and

species’ concentrations. The corrected Gibbs free energy of reactions at different temperatures
(AGm 25, 37 and 50 °C) was calculated using the Helmholtz equation (Eq. 1) where standard

temperature (Ts) was 298.15 K and AHE was calculated using the standard enthalpy of

formation values of each compound taken from Kleerebezem and Van Loosdrecht (2010).

T, —T
Ts (Eq. 1)

T
S

The effect of the ionic strength was calculated based on the extended Debye-HUickel equation
(Eq. 2) where AGyy is the corrected Gibbs free energy, x; is the stoichiometry coefficient of each
specie, RTar = 9.20483-103 T— 1.28467-10° T? + 4.95199-10°8 T3, Ny, is the number of hydrogen
atoms in the substance j, Z; is the charge number of each specie, B = 1.5 kg ” mol ™ (empirical

constant from Goldberg and Tewari, 1991) and / is the ionic strength of the solution.
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The range of concentrations studied was selected considering the average concentration of ions
in previous experiments. The Eq. 3 was used to calculate the three different molal ionic
strengths (0.07, 0.09 and 0.11 b) used for further calculations, in which ¢;is the molal

concentration of the ion i (mol kg™) and z; is the charge number of that ion.

1
I = EECi z?
i=1

The pH and the activities of products and substrates in the medium were corrected adapting

(Eq. 3)

the Nernst equation (Eq. 4), in which R is the gas constant (8.31J K™ mol™), Tis the chosen
temperature (25, 37 or 50 °C in K), [i] denotes the activities of reactants and products of a
general reaction gA + bB <= cC + dD and xH is the stoichiometric coefficient of H* (Gildemyn et
al., 2017), which is positive when it is on the reactants side, and negative when it is on the

products side. The corrected Gibbs free energy (AGrpn,n)) is shortened as AG”.

107H _ [c)° [p)?

. [ H
AG = AGTJ + RTIn M RTIn ([ 10-7 ]x ) I [A]a[B]b

(Eq. 4)

Assuming that the system is dilute, the calculations were simplified by estimating the activities
as molar concentrations (M), which ranged from 0.001 to 0.210 M. Regarding gaseous
components, the concentration in the liquid phase was estimated considering the H; partial
pressure (which ranged from 0.25 to 1.75 atm) and Henry’s law (Eg. 5), where Ciis the solubility
of a gas component (i) in a particular solvent (mol L), H;is Henry’s law constant in mol L't atm™

and P;is the partial pressure of the gas component (i) in atm.

G = H;- P, (Eq. 5)



Then, the division of the corrected Gibbs free energy by the electron transfer events (Ne) in
each reaction (AG Ne™) was calculated to indirectly evidence the competitiveness of the
different reaction pathways according to Wu et al., (2018). By mixing variables and conditions of
the model, severa | situations were depicted, but not all the data were presented to ease the

understanding of the results.

2.2 Inoculum, experimental setup, and operational conditions

An enriched mixed culture that previously showed the ability to trigger chain elongation (Blasco-
Gomez et al., 2021) was used to validate the outputs from the thermodynamic model. Three
main fermentative tests (F1 to F3) operated under the best set of conditions to prompt HC
formation were tested. They consisted of 0.12 L serum bottles, with 0.05 L of the liquid phase
and 0.07 L of headspace. Each fermenter was filled with a modified ATCC1754 PETC medium
(see supplementary material) and inoculated with a 20 % (v/v) of the culture. Three consecutive
washes with the same fresh media were conducted to remove all organic carbon sources
coming from the raw culture. The pH of the medium was initially fixed to 6.0 and later adjusted
depending on the experimental conditions. All bottles were hermetically closed with rubber

stoppers and aluminium caps.

Operational conditions were established at the beginning of each experimental test and
corresponded (for F1) to the ones unravelled as optimal by the thermodynamic model for HC
formation. However, F2 and F3 were performed under compromise conditions to consider
biological factors. Control tests (PF 1 — PF 6) were performed to check the model results for
both HA and EtOH production and its accuracy in a real scenario. The temperature was
maintained constant at either 25 °C (room temperature control), 37 °C (Advanced
Programmable Heated Circulator thermostat bath, AP28H200A1, Spain) or 50 °C (SI600 orbital
incubator, Stuart, UK). pH was set at 5.0, 6.0 or 7.0, and adjusted throughout the operational

period by adding 1M sodium hydroxide or 1M hydrochloric acid when required. The used acetic



acid to ethanol mass ratio (HA:EtOH) was 1:3 in tests where those substrates were employed,
correspondingto 1 g L' and 3 g L of HA and EtOH, respectively. The ratio was selected to
favour the selectivity of HC formation (Wu et al., 2022). All fermenters were kept in agitation to
promote mass transfer and under the darkness to avoid photosynthetic growth. They were
sparged with a gas mixture of CO,:H, (20:80 % v/v, Praxair, Spain) twice a week, leading to an
overpressure of 1 bar to keep an anaerobic environment rich in carbon and reducing power.
However, F3 was once a week fed with pure CO; (99.9 %, Praxair, Spain), alternating the feeding
regime with the CO,:H, mixture to study the effect of different H, partial pressures. All tests

were conducted in duplicate.

2.3 Analyses and calculations
Gas- and liquid-phase samples were taken once or twice a week to track the evolution of the
main reactions. To maintain a steady volume, withdrawn liguid volume was replaced by fresh
medium and pH was restored when needed. Electrical conductivity and pH were measured with
an electrical conductivity meter (EC-meter basic 30+, Crison, Spain) and a multimeter
(MultiMeter 44, Crison, Spain), respectively. The concentration of volatile fatty acids and
alcohols in the liquid phase was determined using an Agilent 7890A gas chromatograph
equipped with a DB-FFAP column and a flame ionization detector. The optical density (OD) was
periodically measured in absorbance units (AU) to control the growth of the microbial
community with a spectrophotometer (CE 1021, 1000 Series, CECIL Instruments Ltd., UK) at a
wavelength of 600 nm. The dry cell weight (DCW) was calculated by performing a regression
line with the total suspended solids (TSS) of different volumes of the inoculum (1 OD = 565.75
mg L), Gas samples were analysed by gas chromatography (490 Micro GC system, Agilent
Technologies, US). The Micro GC was equipped with two columns: a CP-molesive 5A for
methane (CH,4), carbon monoxide (CO), H,, oxygen (O3) and nitrogen (N3) analysis, and a CP-

Poraplot U for CO, analysis, connected to a thermal conductivity detector (TCD).



Gas pressure profiles were quantified by measuring the pressure in the headspace of the
fermenters using a digital pressure sensor (differential pressure gauge, Testo 512, Spain). The

concentrations of dissolved H, and CO; in the liquid media were calculated using Henry’s law

(Eq. 5).

3. Results and discussion

Given the current interest generated by bio-CO; recycling technologies and the production of
MCCAs, the present work aimed to produce elongated compounds, as HC, under the most
suitable conditions. To obtain a Cs elongated product from H, and CO; as the only substrates, a
succession of several reactions was required. First, a thermodynamic model was developed to
study each reaction individually and to investigate whether these conditions allowed the
production of several intermediates up to HC in concomitance. Then, these conditions were
tested experimentally to shed light on how the enzymatic capabilities of the biocatalyst and the

kinetics of the reaction affected this approach.

3.1 Prospects for chain elongation from CO, step by step

HC production from CO; is performed through a series of cascade reactions. The spontaneity of
those reactions is given by the Gibbs free energy, though its standard value is influenced by
environmental conditions. First, the 4&:; values for each intermediate reaction were corrected
by temperature and ionic strength (AGr)) and represented under different scenarios (see
supplementary material). None of these variables substantially modified the spontaneity of the
reactions, although the temperature had a linear effect (R>>0.999) increasing the AG values
between 0.23 and 0.59 kJ mol™ per 1 °C depending on each reaction. HA was by difference the
most thermodynamically favoured compound followed by HC and HB, EtOH, n-hexanol (HexOH)
and n-butanol (ButOH). Otherwise, the ratio of the corrected AGr, to the number of electrons

transferred in each reaction (AGr, Ne!) was calculated to indirectly point out the



competitiveness between pathways (Wu et al., 2018). AGr, Ne™ ratios of most of the chain
elongation reactions were close to each other except for HA formation (see supplementary
material), indicating that the competition between them was noticeable, as their relative
differences diminished. Moreover, the order of the AGr; Ne? profiles changed with respect
from AGr, ones, with HB being more spontaneous than HC and increasing the distance between
EtOH and HexOH profiles. Given that any redox reaction tends to equilibrium, it was expected
that the spontaneity would also be modified by the species concentration. Hence, the effect of
changing pH and concentrations of reactants and products was also considered to correct the

Gibbs free energy of each reaction (AGrpn,n)), from now on simplified as AG”.

The production of HA from CO; and H, was inspected as the first step of the chain reaction.
Figure 1 represents the AG’ variation under different conditions of temperature, pH, substrate
ratio of employed gases and product concentration when following the hydrogenotrophic HA
formation (Table 1, R1). The major spontaneity turned out to occur at 25 °C, pH 7 and high

hydrogen partial pressure (Py,). Higher ratios of Pu,:Pco, (3:1 and 1:1) enhanced the reaction

compared to lower ratios (1:3), pointing out the great importance of H,, assumed to be the
electron donor of the reaction. Conversely, a rise in HA concentration considerably decreased
the negative AG’ values, while the effect of pH was even more remarkable (lower AG’ values
when less H" accumulated on the product side). HA formation was favourable for all the
conditions tested, though threshold conditions where a shift in the spontaneity occurred

(positive AG” values) were calculated by the model: 50 °C, pH 5, low Py, and CO; availability

(<0.023 M). Considering HA is one of the main substrates for the production of longer-chain
carboxylates (Angenent et al., 2016), the conditions favoring its formation should be heeded

throughout the process.

Two different reactions were studied concerning EtOH formation, either by employing H, and

CO; as substrates or through HA conversion (Figure 2). AG” values for hydrogenotrophic EtOH



production (Figure 2A) were lower compared to EtOH formation through HA reduction (Figure
2B). This matches with the literature (Baleeiro et al., 2019; Spirito et al., 2014), but after
considering the concentration of reactants and products, none of them were spontaneous for

any of the parameters tested (AG’ > 0), differing from the standard ones (Table 1, R2 and R3).

According to the previously reported by other authors, EtOH is usually the bottleneck of chain
elongation, since it is the main compound required as an electron donor. Even though AG’
values were positive, the most favourable conditions for EtOH were similar to HA formation (25

°Cand high Py, ), though pH 5 decreased AG” values compared to pH 7. Concerning reaction R2,

an EtOH concentration under 10 M was necessary to shift the AG’ to negative values while for
reaction R3 it was not possible until EtOH reached concentrations below 10® M. Nevertheless,

at 50 °C AG’ values could never surpass the spontaneity line.

Since HC is thought to be produced through the intermediate formation of HB, it was also
inspected from different substrates: HA plus EtOH (Figure 3A) and H, plus HA (Figure 3B). The
first reaction studied (Table 1, R4) was thermodynamically feasible under all considered
conditions, being the best combination 25 °C, pH 7 and 1:3 HA:EtOH mass ratio. In this case, the
pH and HB accumulation were revealed to be the most important parameters for its
spontaneity, crossing the limit under pH <5 and [HB] >1M. The second reaction (Table 1, R6) was
not spontaneous provably due to the low solubility of H; that limits its bioavailability in the
liquid phase, though as stated by Liu et al. (2016), low pH slightly diminished AG” values.
Besides, the developed model predicted that under low temperature (25 °C), high H,:HA ratios
(1:50), low amounts of HB (<10°® M) and high amounts of substrates ([H,] > 0.02 M and [HA] >

0.1 M), the hydrogenotrophic HB formation could also become spontaneous.

Coinciding with the literature (Spirito et al., 2014; Wang et al., 2020), HC production was
propitious under both studied situations (Figure 4). The same working conditions (25 °C, pH 7

and high EtOH concentration) thermodynamically prosper both reactions (Table 1, R5 and R7),

10



favouring its formation over intermediates as HB. However, the product accumulation had more
impact compared to the previous reaction for HB production, and a lower amount (0.45 M) of
HC was enough to switch its spontaneity. HC from HB and EtOH (Figure 4A) was less favourable
than with HA and EtOH (Figure 4B). Those results oppose what is claimed in previous studies
(Cavalcante et al., 2017) but it can be attributed to the ATP needed for EtOH oxidation in the
overall coupled reaction (Wang et al., 2020). Nonetheless, when HB and EtOH worked as
substrates (Table 1, R5), the effect of temperature was lower (0.4 AG” units per °C) compared to
when HA and EtOH were used (Table 1, R7), in which AG” values increased 0.8 units per degree.
Furthermore, reactions R4, R5 and R7 (Table 1) should be considered as H; is on the product

side, so unlike the rest of the reactions, high Pu, negatively affects their spontaneity.

Nevertheless, ButOH and HexOH (see supplementary material), whose emergence would
decrease the selectivity of the process, were not thermodynamically feasible. High reducing
power was needed for both to favour their production (Agler et al., 2011), though the
concentration of their corresponding acids (HB and HC, respectively) turned out to be more
pivotal than the accumulation of H,. Besides low temperature (25 °C), low pH (5) boosted the
two reactions (Table 1, R8 and R9) since an acidic pH favors the direction of the reactions to
move towards the product side to reach equilibrium. Even though AG’ values were positive,
under the same studied conditions HexOH formation was slightly more reinforced compared to
ButOH. However, their thermodynamic behavior among variables followed the same trend.

Obtained results are consistent with previously reported data (Agler et al., 2011).

Altogether, after considering the working conditions, the modified Gibbs free energies were less
favourable compared to the standard ones. The ionic strength of the solution had the lowest
influence on the spontaneity of the reactions. On the other hand, the low solubility of the gases
was the most decisive factor when these were used as substrates, for which HA was the only

thermodynamically favourable compound from H; and CO; (Table 2). All studied reactions were

11



enhanced at low temperatures (like standard conditions), possibly due to their negative
enthalpy increase in the range studied, since an increase in temperature caused an increase in
AG', reducing the spontaneity. Theoretically, 25 °C, pH 7 and high EtOH availability were aligned
for the successive CO, elongation to HC. However, EtOH formation constituted a limitation for
this purpose and the recalculated AG’ values at different operational conditions are only
theoretical, which means that there is no guarantee for microbial reactions to occur. In real
systems, especially those in which biocatalysts are employed, many other factors as energy
losses due to product inhibition and counter ion transport, genome, proteome and reaction
kinetics that influence the microbial activity are involved (Korth and Harnisch, 2019). Yet, if the
circumstances are given and the reactions take place, it should occur under the best
thermodynamic conditions. Therefore, the set of parameters disentangled as optimal for HC

formation was experimentally tested and evaluated.

3.2 Experimental tests to validate the thermodynamic outputs
HA and EtOH were needed as the main substrates to achieve the biological production of HC
from CO,. Different pHs (5, 6, 7) and temperatures (25, 37, 50 °C) were tested with the purpose
to validate the results of the thermodynamic model (see supplementary material). HA was
produced under any of the applied conditions, while EtOH was not. In natural systems, AG’ of at
least — 20 kJ mol™ is required to consider a reaction as spontaneous (Smeaton and Van
Cappellen, 2018). High temperatures may increase the rate of reactions but at the same time,
they may exclude some microbial cultures from the game (Rovira-Alsina et al., 2020). Thus, a

compromise between thermodynamics, kinetics, and biology (pH 7, 50 °C and high Py,) turned

out to be the best combination for a fast HA generation (see supplementary material). On the
contrary, EtOH formation has been reported as a constraint for these systems (Bian et al.,
2020). Even though its production was also tested under 37 °C to favour microbial activity
(Ghysels et al., 2021), no EtOH was obtained either from H; and CO; or from H; and HA (see
supplementary material). However, other studies stated the ability to produce EtOH using

12



different technologies and substrates (Blasco-Gémez et al., 2019), eventually using the route
proposed by de Leeuw and co-workers (2021). Since in the present scenario only HA was
obtained (see supplementary material), EtOH was externally supplied in the following

experiments.

Two fermenters were operated in duplicate for HC formation under the best thermodynamic
conditions (pH 7, 25 °C, HA:EtOH of 1 to 3 g L) and sparged with a gas mixture of CO,:H, (20:80
v/v) under 1 bar of overpressure (Figure 5, F1) to keep an anaerobic atmosphere and the
continuous HA generation. During the first 15 days of operation, no production was registered
but the optical density linearly increased, which could be attributed to microbial growth. After
that period, elongated compounds were obtained concomitantly with a higher increase in OD.
HC was the main product, with a maximum concentration of 146.16 + 1.73 mM C and a
corresponding production rate of 12.45 + 11.26 mM C d* (80.40 + 53.42 mmol C g DCW™ d}).
Besides, HB was also observed, reaching a maximum concentration of 19.38 + 11.98 mM C and
a peak production rate of 2.28 + 0.41 mM C d*(27.81 + 15.11 mmol C g DCW™* d). Other
compounds such as ButOH and HexOH were also present at the end of the test, but the sum of
their concentrations was below 5 mM C. Based on the stoichiometry of the proposed reactions
to accomplish HC production (Table 1, R4 and R5 or R7) and considering that EtOH is the only
compound that was consumed but not produced, 2.4 moles were the minimum amount
required to obtain 1 mole of HC. Considering an initial and final concentration of 86 and 15 mM
of EtOH respectively, the maximum theoretical HC that could be produced in this test was 29
mM (176 mM C), meaning that only 30 mM C remained unconverted in the form of other

compounds.

However, a set of conditions was sought to optimize HC production rates that were not only
thermodynamically favourable but also closer to the biological complexity of these systems.

Therefore, a second test at 37 °C was carried out in duplicate (Figure 5, F2). Selected conditions

13



corresponded to the optimum temperature for microbial activity and the second-best model
output. During the first 7 days of operation, most of the EtOH was consumed to produce HB and
HC, while it was fully consumed after 14 days, so 130 mMC extra of EtOH were supplied. It must
be noted that by increasing the temperature the carbon build-up was enhanced. It is likely that
as the thermodynamic model disclosed, the shortage of EtOH together with the high availability
of HB and HC may have caused a shift in the metabolic pathways for the formation of these
acids to the solventogenesis of their corresponding alcohols, decreasing the selectivity of the
final spectrum. Even though they were not thermodynamically feasible, small amounts of
ButOH and HexOH appeared to be produced thereafter. It has also been reported in previous
studies, indicating that few microorganisms have the ability to trigger these reactions, possibly
employing energy obtained in other simultaneous reactions (Pinto et al., 2021). The maximum
concentrations of organic substances reached were as follows: 50.11 + 4.77 mM C of HB, 253.25
+13.82 mM C of HC, 7.74 + 10.95 of ButOH and 46.35 + 55.00 mM C of HexOH. Other
compounds accounted for less than 10 mM C. Nonetheless, HC was the main compound
obtained at a maximum production rate of 25.08 + 7.08 mM Cd™* (137.05+ 1.71 mmol C g
DCW™ d?) and with a selectivity of 67 %. The results matched with expectations as operating
under higher temperatures, higher production rates were anticipated (Rovira-Alsina et al.,
2020). Here, considering an available concentration of 260 mMC of EtOH (initial plus added) and
a non-converted concentration of 55 mM C, 256 mM C of HC could theoretically have been
produced. However, the maximum was reached halfway through the test (day 15) and part of

the HC was oxidized back to shorter compounds or converted to HexOH.

Following the results of the thermodynamic model, high Py, was expected to favour the

formation of HA (Table 2) while low partial pressures were of interest to obtain HB and HC.
Successive chain elongation steps consume and decrease the H, concentration. Therefore, it
was periodically added in the system sparged together with CO; in previous tests to maintain

available reducing power and a balanced microbial community composition (Paquete et al,,

14



2022). Here, an additional test (Figure 6) was performed under the same conditions as F2 with

the only difference of the periodic modification of the Py, (from 0.60 to 1.80 atm) to optimize all

the stages required for the elongation of HA and EtOH to HC. However, a certain amount was
always kept in the system since its presence is a major selective factor in the microbial

community.

Variable Py, could have accelerated the process since a similar concentration of HC as at the

end of test F2 was obtained in less than 10 days. The maximum concentration and production
rate of HC were 583.52 +17.82 mM C (11.30+0.35g L") and 95.53 +3.19 mM Cd™ (1.85 +
0.12gL*'d? 565.96 + 163.12 mmol C g DCWd™?) respectively, substantially higher than those
of F2, while there was less residual HB. These results are in the range with the theoretical
(maximum of 593 mMC of HC) and competitive with those achieved when performing in-line
extraction (Kucek et al., 2016), as HB can act as an intermediate in favour of the formation of
HC. In addition, some HA was accumulated over time, putatively both by its hydrogenotrophic
formation and by the oxidation of EtOH, also necessary to address chain elongation (De Leeuw
et al,, 2019) but in lower amounts. This test evidenced that the highest HC yields were related

to low Py, (days 8, 38 and 44), while the cases where this was not applicable can be attributed

to a punctual decrease in pH due to the high microbial activity and the consequent
accumulation of acids, that may have caused the solventogenesis of HB and HC into their
respective alcohols (ButOH and HexOH, i.e. days 13 and 21). Nevertheless, HC was the main
compound accounting for over 77 % of the total carbon at the end of the experiment, which
represented an increase in selectivity of 10 % compared to the previous test (F2). The optical
density followed a similar trend to F2, with a remarkable growth early on of the experiment,
which was then presumably limited due to the lack of EtOH (day 8). Despite this, it was able to
rebound to the maximum values acquired so far (> 0.4 AU) together with the maximum HC

production for this study.
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3.3 Implications of the developed approach

The theoretical best operational conditions using the thermodynamic-based model were
assessed experimentally (see supplementary material). HA formation was thermodynamically
feasible under any given conditions and it was experimentally validated, although temperature

ruled out the best theoretical scenario due to its impact on reaction rates. Keeping a high Py,
was crucial since a thermodynamic bottleneck may exist at low Py, where hydrogenotrophic

acetogenesis can be reversible (Ni et al., 2011). On the other hand, EtOH production was not
feasible probably due to not all acetogens are capable to couple EtOH formation with net ATP
gain (Candry et al., 2020). Finally, the parameters for the formation of HC matched except for
the optimal temperature. 37 °C resulted to be better than 25 °C, as higher temperatures
enhance the kinetics of the reactions, but as indicated by Spirito et al. (2014), 50 °C was fatal for
biological chain elongation, hypothesizing enzyme inactivation. Therefore, temperature
adequacy is of vital importance to enhance the desired reactions and ultimately produce

elongated organic compounds.

Some authors suggested that concentrations of HC higher than 7.5 mM can have inhibitory
effects on microbiological communities (Wu et al., 2020). Despite this, the concentration
reached in the present study clearly exceeded this threshold, reaching concentrations more
than 10 times higher (97mM) without compromising its production. This discrepancy could be
attributable to pH, which modifies the equilibrium between the dissociated and undissociated
forms and to strain-specific inhibition thresholds, as postulated by Ramié-Pujol and co-workers
(2015). Furthermore, a kinetic and thermodynamic modeling analysis (Gonzalez-Cabaleiro et al.,
2013) suggested that direct conversion of HA to MCCA by H, was very unlikely to be attainable

even under high Py,. Here, direct HC from Hz and CO; could not be experimentally achieved (see

supplementary material). Though, the indirect generation via sequential pathways in a single
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reactor may also be slowed down by the different conditions required for HA formation, the

kinetics of which depends mainly on the soluble gas.

Overall, chain elongation reactions represented favorable thermodynamics for all carboxylates
despite alcohols, usually with a lower energy gain when H; was present. Experimentally, the
best configuration to obtain HC could be the formation of its main substrates and its
subsequent elongation in two separate steps (Romans-Casas et al., 2021). The integration of the
knowledge obtained through the model and its inference to perform experimental tests helped
to define and apply the most favorable conditions for each reaction, thus obtaining the highest
concentration of HC so far from simple compounds. Besides, this approach provides insights on
the importance of merging key factors to study biological processes and consider them as a

complex network of constantly changing interactions.

4, Conclusions

The present work addresses some concerns for the screening of operating parameters in chain
elongation processes. Thermophilic conditions reinforced HA formation, EtOH production was
the limiting step and longer carbon compounds were only obtained at mid temperatures.
Particularly, HC was boosted under 37 °C, pH 7 and 1:3 (HA:EtOH) ratio, especially with

intermittently Py, decrease. This study enlightens the differences between thermodynamic

projections and experimental results, which enabled to optimize the working parameters and to
obtain the highest HC concentration from single substrates. However, given the intrinsic
characteristics of each compound, further investigation is required to maximize the target-

product selectivity.
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Tables and figures

(kJ mol?)

Py, Peo,

3:1 #-1:1 -e-1:3

37

R1:4H, + 2CO, > CH,COO" + H* + 2H,0

Figure 1. Gibbs free energy variation (AG’) for hydrogenotrophic acetic acid (HA) formation. Different

conditions of pH, temperature (T; °C), substrates ratios (Pu, and Pco,; H, and CO; partial pressures

respectively, in atm) and product concentration ([HA] in mM) were tested.
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37

37
R2: 6H, + 2CO, > CH,CH,OH + 3H,0 R3: CH,CO0" + H* + 2H, > CH,CH,OH + H,0

Figure 2. Gibbs free energy variation (AG’) for hydrogenotrophic ethanol (EtOH) formation (A) and acetic

acid (HA) conversion to ethanol (B). Different conditions of pH, temperature (T; °C), substrates ratios (Pu,
and Pco,; Hz and CO; partial pressures respectively, in atm, or HA and H, in M) and product concentration

([EtOH] in mM) were tested.
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HA:EtOH H,: HA

1:11 612 13 1:30 -o-1:40 —+-1:50
37 37
R4: 6CH,CH,OH + 4CH,CO0" - 5CH,(CH,),CO0" + H* + 2H, + 4H,0 \ \ R6: 2H, + 2 CH,COO" + H* = CH,(CH,),CO0" + 2H,0

Figure 3. Gibbs free energy variation (AG’) for n-butyric acid (HB) production from HA and EtOH (A) or HA
and H; (B). Different conditions of pH, temperature (T; °C), substrate ratios in molar (M) units, and

product concentration ([HB] in mM) were tested.
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(kJ mol?) (k) mol?)

HB:EtOH HA:EtOH

1:1 -o-1:2 --1:3 1:11-e-1:2-e1:3
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RS: 6CH,CH,OH + 5CH;(CH,),C00> 5CH;(CH,),CO0" + CH,COO + H* + 2H, + 4H,0 | | R7: 12CH,CH,0H + 3CH,C00" > 5CH,(CH,),CO0" + 2H* + 4H, + 8H,0

Figure 4. Evolution of Gibbs free energy (AG’) for n-caproic acid (HC) formation from EtOH and HB (A) or
HA (B). Different conditions of pH, temperature (T; °C), substrate ratios (M) and product concentration

([HC] in mM) were tested.
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Figure 5. Evolution of carbon compounds in the first (F1) and second (F2) fermentative tests. F1 was
operated under the most suitable conditions unraveled by the thermodynamic model to trigger caproic

acid production. F2 was performed with the aim to optimize chain elongation considering biological
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- 0,2
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factors. HA: acetic acid, EtOH: ethanol, HB: n-butyric acid, HC: n-caproic acid, ButOH: n-butanol, HexOH:

n-hexanol and OD: optical density. The red inverted triangle points out extra ethanol addition.
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Figure 6. Evolution of carbon compounds in the third fermentative test (F3) working under the same

operational conditions as F2 but periodically varying the H, partial pressure. HA: acetic acid, EtOH:

ethanol, HB: n-butyric acid, HC: n-caproic acid, ButOH: n-butanol, HexOH: n-hexanol, OD: optical density,

Ph,: hydrogen partial pressure. Inverted triangles indicate external ethanol addition.
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Table 1. Standard Gibbs free energy (AG®°) change for gas fermentation and chain elongation

reactions. For chain elongation reaction with ethanol oxidation, the overall coupled reaction is

shown and used for the calculations below.

. i L
Reaction Source
(kJ mol?)
R1 Hydrogenotrophic acetogenesis 94.96 (Spirito et al., 2014)
Gas 4H; +2C02 & CH3COO" + H* + 2H,0
fermentation Hydrogenotrophic solventogenesis .
R2 -105.00 (Baleeiro et al., 2019)
6H2 +2C0O; = CH3CH,0H + 3H.0
Acetate reduction to ethanol with H» .
R3 -10.50 (Spirito et al., 2014)
CH3COO" + H* + 2H2 & CH3CH,0H + H.0
Ethanol-acetate elongation to n-butyrate
R4 -28.75 (Wang et al., 2020)
6CH3CH,0H + 4CH3COO" - 5CH3(CH2)2CO0O" + H* + 2H2 + 4H,0
Ethanol-butyrate elongation to n-caproate .
R5 -36.7 (Spirito et al., 2014)
6CH3CH20H + 5CH3(CH),CO0 > 5CH3(CH2)sCOO0" + CH3COO  + H* + 2H; + 4H,0
Chain Hydrogenotrophic acetate elongation to n-butyrate .
. R6 -48.20 (Baleeiro et al., 2019)
elongation 2H2 + 2 CH3COO + H* = CH3(CH,).CO0" + 2H,0
Ethanol-acetate elongation to n-caproate
R7 -57.60 (Wang et al., 2020)
12CH3CH20H + 3CH3COO™ > 5CH3(CH)sCOO" + 2H* + 4H, + 8H,0
n-butyrate elongation to n-butanol
R8 -6.46 (Agler et al., 2011)*
CH3(CH2)2CO0" + H* + 2H; = CH3(CH,)30H + H20
n-caproate elongation to n-hexanol
R9 -10.33 (Agler et al., 2011)*

CH3(CH2)4COO" + H* + 2H; = CH3(CH2)sOH+ H.0

AG °activities equaltolandpH 7
* Recalculated from AG values at 37°C
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Table 2. Compilation of the thermodynamic analysis outputs for the formation of each compound.

Spontaneous reactions are colored in green, while non-spontaneous ones are colored in red.

Optimal thermodynamic conditions

Compound Energy requirements
pH T(°C) Substrate
Acetic acid H, + CO, (R1)  Spontaneous 7 25 High Py,
H, + CO R2 High Py
Ethanol ? ? (R2) Requires Energy 5 25 I
H, + HA (R 3) High HA
HA + EtOH (R4) Spontaneous 7 High EtOH
n-Butyric acid - 25 TNy 2
HA + H, (R6)  Requires energy 5 High Py,
o HB + EtOH (R5) .
n-Caproic acid Spontaneous 7 25 High EtOH
HA + EtOH (R7)
n-Butanol (R 8) Requires energy 25 High HB
n-Hexanol (R9) Requires energy 25 High HC

25



E-supplementary data for this work can be found in e-version of this paper online.
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Highlights

- The potential procurement of elongated compounds from CO; was studied and tested.
- The thermodynamic analysis revealed ethanol was the bottleneck for chain elongation
- Experimental tests allowed fine-tuning of the operating conditions

- The integration of thermodynamics and biology intensified caproic acid production

- The highest caproic acid titter (> 11 g L'*) was obtained from simple substrates
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