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ARTICLE INFO ABSTRACT

Keywords: Syngas fermentation allows for the conversion of wastes into useful commodity chemicals. To target higher value
Syngas fermentation products, the conditions can be tuned to be favourable for both acetogenic and reverse beta-oxidation pathways
Butyric acid

and produce, in one stage, butyric and caproic acid. Studies in CSTR have shown the crucial role of pH, which
must be low enough to allow for ethanol generation in the acetogenic step while avoiding the inhibition of
reverse fB-oxidation in acidic conditions. However, no studies have investigated the effect of pH in reactor
configurations suitable for syngas fermentation (i.e., allowing for cell retention and exhibiting high mass transfer
rates at low operating costs), such as Trickle Bed Reactors, TBR. In this study, two TBR were used to study the pH
effect on the fermentation of syngas to produce C4 and C6 acids, using undefined mixed cultures. Five pH values
were tested in the range 4.5-7.5, and pH 6 was found to be the most favourable for simultaneous production of
C4 & C6 acids from syngas, which agrees with what was found in suspended growth systems. In addition, the
highest titers in literature so far were achieved in the TRB. 16S rRNA analysis was performed showing Clostridium
and Rummenliibacillus to be the key genus for the efficient process at pH 6. Finally, the experimental methodology
followed, and data collected proved the robustness of mixed culture biofilm reactors in respect to pH changes, as

Caproic acid

Chain elongation
Reverse beta oxidation
Trickle bed reactor

the same reactor performance and bacterial community were achieved regardless of the operation history.

1. Introduction

The sixth Intergovernmental Panel on Climate Change (IPCC) report,
released between 2021 and 2023 [1], stressed that as the global tem-
perature continues rising, extreme events such as floods, fires, and
droughts will increase in frequency and intensity, with some impacts
being already irreversible. To limit the severity of future scenarios, IPCC
urged policymakers to implement massive and immediate cuts in
greenhouse gases emissions. Industries must therefore shift towards
circular economy models, minimizing waste generation and extractive
processes. Syngas fermentation, by combining thermochemical and
biological methods (gasification and fermentation), allows for (1) full
conversion of waste into chemicals, in contrast to direct fermentation
where a recalcitrant waste fraction is usually left unfermented; and (2)
mild operating conditions and resistance to inhibitors and gas feed
composition changes when compared to chemical catalysis [2]. These
properties make it an attractive technology to be used in the context of
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the chemical industry transition. Syngas fermentation has been
commercialized to produce ethanol [3], while pilot scale CO, and syngas
biomethanation has also recently proven successful [4,5]. In recent
years, the production of volatile fatty acids (VFA) with more than two
(2) carbon atoms from syngas through chain elongation has gained
increased attention for their use as platform or commodity chemicals
[6]. However, to compete with the prices of the respective fossil-based
chemicals, fermentation processes should undergo significant cost re-
ductions. Undefined mixed-culture fermentations operate without the
sterilization costs of pure and co-culture fermentations and can be run in
cost-effective continuous fermentations (as opposed to batch). They
have therefore been proposed to be key for next-generation biofuels and
commodity (bulk) chemicals production [7-10]. Therefore, production
of C4 and C6 acids from syngas via chain elongation by mixed microbial
consortia is a very attractive alternative to fossil-based production
processes.

The process to obtain butyric, caproic, and other even-numbered
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carboxylic acids from syngas, consists of two steps. First, syngas is
converted by acetogenic bacteria to acetic acid and ethanol through the
Wood-Ljungdahl pathway; and then ethanol is used by the chain elon-
gating microbes to elongate acetic and the subsequent acids by two
carbons via the reverse B-oxidation pathway. Although some acetogens
can directly convert syngas into butyric acid, very few species have been
reported so far to produce caproic acid from syngas [11], and their yields
are usually low with 20-40 % of carbon in the products present in
butyric and caproic acid [12,13]. Additionally, genetic engineering ap-
proaches have not been able yet to improve the performance of wild
strains for this process [11,14]. On the contrary, defined co-cultures and
undefined mixed cultures benefit from microbes specialized in a single
step of the process and thus have achieved better yields than wild-type
pure cultures. Diender et al. [15] established a synthetic co-culture in
which C. autoethanogenum converted CO to acetic acid and ethanol, and
C. Kluyveri elongated them to butyric and caproic acid, leading to 47 %
of the carbon in the products present in the elongated acids. In another
study, Wang et al. [16] inoculated with a mixed culture a hollow-fiber
membrane biofilm reactor operated in batch mode and reached 75 %
of the carbon present in butyric and caproic acid. Nevertheless, the
optimization of mixed culture fermentations can be more challenging, as
a compromise between the optimal growth conditions for the different
strains involved in the conversion process must be found. Additionally,
in the case of undefined mixed cultures, the conditions chosen must
favour the microbes involved in the conversion as well as inhibit un-
wanted competing reactions [17-19].

One of the most crucial parameters influencing acetogenesis and
chain elongation is the pH. In the acetogenic step, acetic acid is the
initial product of the Wood-Ljungdahl pathway, while ethanol is sub-
sequently produced from acetic acid with the cost of Fdq and the
reduced form of nicotinamide adenine dinucleotide, NADH [20]. Re-
action 1 refers to acetic acid production from CO, and Hj, while re-
actions 2 and 3 and refer to ethanol production from acetic acid, and CO,
and Hy, respectively. For a more complete set of reactions with acetic
acid and ethanol production also from CO the reader can refer to the
publication of Grimalt-Alemany et al. [21]. Acetic acid is generally a
more favourable product, since it allows for more adenosine triphos-
phate, ATP, production per mol of gaseous substrate consumed. How-
ever, certain conditions such as low pH or high acetic acid
concentrations, have been shown to trigger solventogenesis, i.e. con-
version of acids to alcohols, to avoid undissociated acids to re-enter the
cells and uncouple the proton motive force from ATP generation
[22-24]. Regarding the chain elongation step, several studies have re-
ported the reverse p-oxidation pathway to be promoted by neutral to
high pH (6-7.5) and to usually be inhibited at pH below 5 [25,26]. This
is presumably because the reverse p-oxidation reaction promotes an
increase in the number of acid molecules when ethanol is the electron
donor (reaction 4), and a higher ratio of undissociated acids (as longer
carboxylic acids have a higher pKa), both resulting in higher concen-
trations of undissociated acids. Therefore, for simultaneous acetogenesis
and chain elongation, a pH compromise that satisfies the ethanol pro-
duction requirement (low enough pH), and the chain elongation re-
quirements (high enough pH), must be met [25].[20,27].

2 CO, +4 Hy —» CoH,0, + 2 H,0 @
C,H40, +2 Hy — CoHgO + H,0 ()
2 CO, +6 Hy, —» C,HgO + 3 H,O 3
6 CoHs0 + 4 Co,H405, — 5 C4Hg O, + 4 H,0 + 2 H, @

All studies reviewed dealing with the effect of pH in simultaneous
syngas fermentation and chain elongation were performed in continu-
ously stirred tank reactors (CSTR) [25,28] or serum bottles [29]. How-
ever, these set-ups require high operational costs at industrial scale to
disperse the gas bubbles and reach satisfactory mass transfer rates of the
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gaseous substrates into the liquid. In addition, the low biomass yields of
acetogenic cultures typically result in low biomass concentration and
conversion rates, if no cell retention or recycling is applied. Trickle Bed
Reactors (TBRs), on the other hand, allow the formation of biofilm, thus
increasing biomass retention, and exhibit high gas-to-liquid mass
transfer rate at a very low operational cost [30]. Due to the physiological
heterogeneity in biofilms (which result from gas composition, nutrients,
pH, and other concentration gradients) the characteristics (perfor-
mance, microbial community composition, and response to operational
parameters) of biofilm reactors could be significantly different,
compared to those of suspended growth reactors [31-33]. Despite this,
the pH effect on the performance of microbes in TBRs or other biofilm
reactors has not been investigated yet.

The aim of our study was to elucidate the effect pH has on the TBR
microbial communities (both in suspension and biofilm) and their per-
formance, as well as to investigate whether this effect is independent on
the operational history of the reactor under different pH values. Our
underlying hypotheses were that microbial consortia and their meta-
bolic response will change because of the operating pH, in turn influ-
encing the conversion performance of the TBR. Additionally, it was
hypothesized that microbial community changes caused by different
operating pH, and thus the TBR performance changes, will be reversible
within a certain pH range. Five different pH values were tested (4.5, 5.3,
6, 6.8, and 7.5) in two TBRs fed with syngas, with continuous moni-
toring of the gas consumption and liquid products generation. The pH
range 4.5-7.5 was chosen based on literature knowledge about chain
elongation (i.e., that reverse p-oxidation pathway is known to be pro-
moted by neutral to high pH, 6-7.5, and is usually inhibited at pH below
5) with three (3) more intermediate pH values tested to obtain more
detailed knowledge about the pH effect on chain elongation in TBRs.
Moreover, 16S rRNA analysis was performed, for the suspended and
attached communities at each steady-state pH condition.

2. Materials and methods
2.1. Growth medium

A modified basal anaerobic (BA) medium was fed into the reactor, to
supply the culture with the necessary nutrients for microbial growth. As
described by Grimalt-Alemany [34], the following stock solutions were
prepared: 1) macronutrients (NH4Cl, 100 g L7%; NaCl, g L7}
MgClp-6H20, 10 g L~} CaCly-2H,0, 5 g LY, 2) dipotassium hydrogen
phosphate solution (KoHPO4-3H,0, 200 g L’l), 3) sodium sulfate solu-
tion (NagSO4, 100 g L™, 4) sodium sulfide solution (NayS, 24.975 g
L_l), 5) vitamin solution (biotin, 10 mg L_l; folic acid, 10 mg LL
pyridoxine HCl, 50 mg L7L; riboflavin HCL, 25 mg L~L; thiamine HCL, 25
mg LY cyanocobalamin, 0.5 mg L~ nicotinic acid, 25 mg LY
p-aminobenzoic acid, 25 mg L™}; lipoic acid, 25 mg L™}; d-pantothenic
acid hemicalcium salt, 25 mg L’l), and 6) modified ATCC 1754 trace
metal (micronutrients) solution (nitrilotriacetic acid, 2000 mg LL
MnSO4Hz0, 1119 mg L7% Fe(SO4)2(NH4)2-6H,0, 800 mg L%
CoCly-6H20, 200 mg L_l; ZnS04-7H30, 200 mg L_l; CuCly-2H30, 20 mg
LY NiCly-6H,0, 20 mg L% NasMoO42H,0, 20 mg L7}
NaySeO3-5H50, 27 mg L’l; Nay;WO04-2H0, 25 mg L’l; H3BO3, 10 mg
L~% AlCl;, 10 mg L™1). To prepare the modified BA medium, these stock
solutions were added to deionized water in the following amounts:
macronutrients, 20 ml L™!; dipotassium hydrogen phosphate solution, 5
ml L™ sodium sulfate solution, 10 ml L™%; sodium sulfide solution, 0.2
ml L™} vitamin solution, 10 ml L™ %; and trace metal solution, 10 mI L.
Yeast extract was also supplemented to the media to a final concentra-
tionof 0.5g L~L. There was only one difference from Ref. [34]: the NayS
stock solution usage was reduced four times, to achieve a final con-
centration of 1 mlL ™! in the media. This was done to avoid precipitation
and darkening of the media and the reactor, which would hinder
monitoring of the biofilm formation and OD measurements. All chem-
icals were purchased from Sigma Aldrich (Germany). Inorganic
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compounds were of ACS grade, vitamins had a purity higher than 98 %
and yeast extract was of microbiological grade.

2.2. Reactor configuration

Two TBRs were conceptualized and custom-built for this study, ac-
cording to the process flow sheet shown in Fig. 1, and based on the re-
actors designed by Asimakopoulos [35], with a few modifications. The
gas flow into the airtight TBR columns was controlled by mass flow
controllers (Bronkhorst, Netherlands). The empty bed volume (EBV) of
the TBR columns was 300 ml. The TBR columns (Figs. 1 and 3) were
filled with polypropylene/polyethylene packing material (BioFLO
9—Smoky Mountain Biomedia, USA) and the liquid working volume of
the TBR system (column and reservoir) was 400 ml (corresponding
mainly to the volume of the liquid reservoir as the liquid retained on the
surface of the packing material in the column was minimal). Liquid was
continuously recirculated from the reservoir to the top of the column
with a peristaltic pump (Watson Marlow, UK). Liquid media was
continuously added to the system by a pump connected to a timer, set to
three feeding pulses per day, and the effluent exited the system through
a liquid level placed at the reservoir., The remaining gas after flowing
through the column was entering the headspace of the reservoir (also
anaerobically sealed), after which it exited the system through the liquid
level, pumped out by the gas pressure inside the reactor. The gas was
then flowing through a gas sampling port and a gas trap before being
vented out inside a fume hood. Gas traps, consisting of an empty sealed
flask between the outlet port and the effluent bottle, were added to the
systems to prevent air from going inside the reactors at points where the
gas consumption increases. A pH control system was added, consisting
of a pH electrode (Mettler Toledo, Switzerland), a pH transmitter (Knick,
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Fig. 1. Flow sheet of the TBRs set-up designed, built, and operated in this
study. The main parts of the configuration are numbered in the figure, and are
(1) syngas mix cylinder, (2) mass flow controller, (3) TBR, (4) liquid media, (5)
liquid inflow peristaltic pump, (6) N2 gas bag, (7) reservoir, (8) liquid tube for
the recirculation (9) liquid recirculation peristaltic pump, (10) level/liquid and
gas outlet tube, (11) gas trap, (12) liquid and gas effluent bottle, (13) liquid
sampling port, (14) gas sampling port, (15) pH electrode, (16) pH controller,
(17) acid and base solutions, (18) peristaltic pumps for acid and base solutions,
(19) water bath and water jacket recirculation, and (20) stirring magnet.
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Germany), and two pumps connected with an acid (0.5 M HCI) and a
base (5 M KOH) solution, which were pumped into the reservoir. Instead
of using a gas flowmeter at the reactor’s gas exit, the gas flow out was
calculated from the Nj percentage in the outlet gas, which proved to be
more accurate (Supplementary Material, S1.1.).

2.3. Start-up and operation of the trickle bed reactors

Once mounted, two reactors (TBR1 and TBR2) were first flushed
with Ny, to ensure anaerobic conditions, and then with the syngas mix
used throughout the whole experiment (45 % Ha, 25 % CO2, 20 % CO,
10 % Ny). The reactors were then filled using effluent from a syngas
fermenting and chain elongating 4-L active volume CSTR fed with 25 ml
min~! syngas and operated at pH 6, 37 °C, and 3 days hydraulic
retention time (HRT). This CSTR was originally inoculated with anaer-
obic sludge from the Lyngby-Taarbak wastewater treatment plant
(Denmark), which was heat pre-treated to remove methanogenic
archaea, by subjecting the sludge to 95 °C for 15 min, while flushing
with No.

For the TBRs, a start-up phase was conducted to ensure the growth of
all the necessary microbial communities and to reach a steady reactor
performance, which lasted for 39 days. The TBRs were started in batch
operation in respect to the liquid phase, at a pH of 6, a temperature of
37 °C, a syngas flow of 1.5 ml min~?, corresponding to 200 min empty
bed residence time (EBRT, calculated as the TBR column EBV divided by
the flowrate), and a liquid recirculation rate of 81 L LEBlvday’l. During
this period, continuous operation in respect to the liquid phase was
introduced with the HRT being gradually reduced to 3 days, while the
syngas flow was increased to 7.5 ml min~! (corresponding to 40 min
EBRT, or to 33 ml min~! Lgév) and the recirculation rate was increased
to 2133 L Lggy day !, respectively.

The TBRs were operated at five different pH values (4.5, 5.3, 6, 6.8,
and 7.5) during this study. After the start-up phase, the reactors were
run at each one of the different pH set-points until the gas consumption
and product profile reached a steady state, and then the pH set-point was
changed to the next one. To assess the degree of variation between the
reactors, TBR1 and TBR2 were operated as duplicates during the start-up
phase and the first pH condition, pH 6, until they both reached a steady
state. Then TBR1 was tested at pH 5.3 and 4.5 and TBR2 was tested at pH
6.8 and 7.5. At the end of the experiment, both reactors were operated
again at pH 6 to ensure the results obtained at each pH were indepen-
dent of the conditions tested in each reactor. The pressure of the syngas
supplied and the pressure inside the reactors was set to ambient, i.e. at
an absolute value of 1 atm.

2.4. Analytical techniques

Gas outflow composition was determined in a gas chromatograph
(8610C, SRI Instruments, Germany) equipped with a thermal conduc-
tivity detector and two packed columns (6’ x 1/8" Molsieve 13 x column
and 6’ x 1/8" silica gel column) connected in series through a rotating
valve. The columns were kept at 65 °C for 3 min, followed by a 10 °C
min~! ramp till 95 °C, and a 24 °C min "~ ramp reaching 140 °C 50 pl gas
samples were collected and injected with a gas-tight syringe (model
1750SL, Hamilton) [36]. Volatile fatty acids (VFA) and alcohols were
determined through a High-Performance Liquid Chromatograph (Shi-
madzu, USA) equipped with a refractive index detector and an Aminex
HPX-87H column (Bio-Rad, Denmark) maintained at 60 °C. 12 mM
H,SO4 was used as eluent at a flow rate of 0.6 ml min L. The formula for
calculating the e-mol distribution used in this study is detailed in the
Supplementary Material (S1.2.).

The biomass concentration was indirectly monitored by measuring
the optical density at a wavelength of 600 nm (OD600) using a spec-
trophotometer (DR3900, Hach Lange). The OD600 measurements were
then correlated to the Volatile Suspended Solids concentration, or Cell
Dry Weight (CDW) in the fermentation broth, according to standard
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methods [37]. The pH of the broth was measured externally using a
PHM210 pH meter (Hach, USA), recalibrating the internal pH electrode
when necessary.

2.5. Microbial community analysis

For the analysis of the suspended communities, 10 ml liquid samples
were collected at each steady-state; while for the biofilm analysis, plastic
carriers carrying biofilm were collected from the upper half of the
reactor in all but the first steady-state, and the biomass was washed out
of the carrier, by shaking it vigorously into fresh liquid media. All
samples were then centrifuged to remove the supernatant, and frozen at
—20 °C for simultaneous processing at the end of the experiment.

The DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen,
Denmark), and submitted to Macrogen Inc. (Korea) for 16S amplicon
library preparation and sequencing using Illumina Miseq (300 bp
paired-end sequencing). The libraries were constructed according to the
16S Metagenomic Sequencing Library Preparation Protocol (Part
#15044223, Rev. B) using Herculase II Fusion DNA Polymerase Nextera
XT Index Kit V2. Regions V4-V5 of 16S rRNA gene were amplified with
primers 515F (5-GTGYCAGCMGCCGCGGTAA-3") and 926R (5-CCGY-
CAATTYMTTTRAGTTT-3') [38].

Raw reads were merged, quality-filtered, and denoised, using the
DADA2 algorithm within the Qiime2 pipeline, to obtain amplicon
sequence variants (ASVs) [39]. Taxonomic assignment was then per-
formed using a classify-sklearn algorithm, together with a classifier
trained on the Greengenes2 (2022.10) database. Further downstream
analysis was performed using phyloseq and ggpubr packages in R. The
raw sequences obtained in this study are available in the NCBI SRA
database with BioProject accession number PRINA1077219.
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3. Results and discussion
3.1. TBR performance at different pH conditions

The two TBRs were run continuously, to test five different pH values
from 4.5 to 7.5. Fig. 2 summarizes the analysed liquid effluent compo-
sition (A, B) and the gas effluent composition (C, D) profiles throughout
the experiment. During the whole study, the main products were ethanol
(below pH 6), acetate, butyrate, and caproate, accounting together for
more than 95 % of the total e-mol in all the measured products.

The e-mol distribution in the products and the mmol day™! con-
sumption of the gaseous substrates during steady-state operation of the
reactors were summarized into Fig. 3A and B, respectively. A pH of 6
appeared to be the most efficient for syngas fermentation to butyric and
caproic acid. At this pH, the target products (butyric and caproic acid)
accounted for 60-61 % of the total electrons in the products (Fig. 3A),
and the consumption of Hy and CO, 121.9 and 60.1 mmol day?,
respectively, were also the highest measured in this study (Fig. 3B). In
contrast, at pH 6.8 and pH 5.3, the chain elongation yield in the target
products dropped sharply, to 31 % and 7 % e-mol, respectively, and
continued decreasing at pH 4.5 and pH 7.5. These results illustrate the
great impact of pH in simultaneous syngas fermentation and chain
elongation processes.

The product distribution seen across the pH range applied (Fig. 3A)
illustrates that for efficient production of butyric and caproic acid from
syngas, a pH compromise must be found between low pH conditions,
which favours ethanol production, and high pH conditions, which fa-
vours chain elongation. In this study, the most favourable pH value
among the 5 values tested was found to be pH 6. Accordingly, operation
at lower pH values showed very little chain elongation activity, and
accumulation of unconverted ethanol; while the steady-states at higher
pH conditions also showed a reduction in chain elongated products, in
this case likely due to the lack of ethanol production in the acetogenic

A - TBR 1 B - TBR2
gL} gLy
18 ]| Acetate || pH 5.3 pH4.5 |pH6 18 |7 Acetate pH 6
161 —— Butyrate 161 —e— Butyrate
—— Ethanol —— Ethanol
149|—=— Caproate 14|—— Caproate
124 pH 6 124 pH 6
10
8 -
6 -
44
] m if
0 L T T - T T T T T T
0 50 100 150 200 250 300 Days 150 Days
mmol C - TBR 1
day' o day
180 - pH 5.3 pH 6

160 4

T T T
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R WO
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Fig. 2. Concentrationin g L' of the main extracellular compounds (A and B) and overall consumption in mmol day’1 of the provided gaseous substrates (C and D) in
TBR 1 (A and C) and TBR2 (B and D). The different pH set are indicated in the graph, and the timeframe considered for the steady-state calculations is highlighted in
yellow. The inflow rates of gaseous substrates are indicated by the color-coded dotted lines in the gas consumption plots. To derive volumetric consumption rates of
gas substrates and productivities of liquid products, the 0.3 Lggy and 3 days HRT must be used, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 3. Averaged e-mol distribution in the extracellular products (A) and consumption of the gaseous substrates in mmol day* (B) for each of the pH conditions
tested. In plot B, the total provided gases is given in a stripe pattern, while the consumed portion is shown in a solid pattern. The e-mol distribution at pH 6 is the
average of the 4 steady states reached (TBR1 and TBR2 at the beginning of the experiment and TBR1 and TBR2 at the end of the experiment), while at other pH values
the average of the steady state values for each TBR is calculated. To derive volumetric gas consumption rates, the 0.3 Lggy must be used.

step (Fig. 3A). Similar pH conditions have been reported in the literature
for simultaneous syngas to C4 & C6 acids conversion: pH 5.5-6.5 for a
C. authoethanogenum and C. kluyveri co-culture [29], and pH 5.7-6.4 for
a C. ljungdahlii and C. kluyveri co-culture [28]. On the other hand,
Ganigué et al. [25] reported that for simultaneous syngas fermentation
and chain elongation using an undefined mixed culture, without pH
control, the chain elongation activity was only inhibited when the pH of
the fermentation dropped below 4.5-5. However, lower concentration
of C4 & C6 acids were obtained in the study of Ganigué et al. (maximum
of 0.8 g ™! caproic acid) compared to the present and the two literature
studies cited above, and this probably allowed the pH to drop to a lower
value before the undissociated acid fraction reached an inhibitory value.
Presence of chain elongation activity at lower pH conditions, as showed
in the study of Ganigué et al. [25], could be beneficial to boost ethanol
production even more and potentially increase C4 & C6 acid yields and
productivities; however, this would entail keeping C4 & C6 acid titers
low with in-line extraction tools to avoid inhibition.

Some of the transient states seen in the production profile of TBR1
(Fig. 2A), can also help in understanding the dynamics between the
simultaneous processes of acetogenic and reverse p-oxidation. Particu-
larly, around day 75 of TBR1 operation, a sharp increase of ethanol
production happened together with the reduction of chain elongated
products (and the increase in acetic acid production), when the pH was
changed from 6 to 5.3. Ethanol productivity reached a maximum of 1.03
g L7! day~! with an ethanol concentration of 3.1 g L™}, and then
decreased progressively until a constant productivity was achieved
around 0.13 g L™ day ! at an ethanol concentration of 0.4 g L™!. Based
on the stoichiometry of the chain elongation reaction, and assuming
similar stoichiometries for acetic and butyric acid elongation [40], the
ethanol produced by the acetogenic culture and simultaneously used in
the reverse p-oxidation can be calculated as 1.2 mol ethanol per mol of
butyric acid plus 2.4 mol ethanol per mol of caproic acid present. In the
current study, the stoichiometric productivity of ethanol amounts to an
average of 1.69 g L™ day ! (5.1 g L™ 1) at pH 6. It could be hypothesized
that, when the pH was changed from 6 to 5.3, the inhibition of chain
elongation resulted in a transient accumulation of acetogenic products,
since they were suddenly not consumed in the chain elongation re-
actions. Interestingly, the culture adapted to this situation by reducing
the production of acetic acid, and especially ethanol, which was
decreased more than 10 times. Similarly, in a co-culture study [15], the
introduction of a chain elongating strain to an acetogenic pure culture
producing mainly acetic acid, switched the acetogenic metabolism to-
wards a more solventogenic state, and thus resulted in the ultimate

production of chain elongated acids. This switch was caused by the
removal of ethanol by the chain elongating strain, and it shows the
potential synergistic effects of combining acetogenesis and chain elon-
gation. Ultimately, the latter could also enhance gas consumption rates
by removing the acetogenic products from the media.

The gas consumption was also affected by the pH (Fig. 3B) and was in
fact highest at a pH of 6 when the acetogenic — reverse p-oxidation
synergy took place in TBR1 (for gas consumption efficiencies, refer to
Table S1 in Supplementary Material). Specifically, reducing the pH from
6 to 5.3 seemed to have a significantly negative impact on the gas
consumption, which was decreased by 70, 42, and 97 % compared to the
consumption at pH 6 for Hy, CO, and CO, respectively, and remained at
similarly low levels when further reducing the pH to 4.5. In the TBR2,
the increase in pH from 6 to 6.8 caused a milder gas consumption
decrease of 33, 13, and 36 % compared to the consumption at pH 6 for
Hpy, CO, and CO,, respectively. However, increasing the pH further to
7.5, caused the gas consumption to increase again to values similar to
the ones obtained at pH 6 for Hy and CO consumption, while CO, con-
sumption at pH 7.5 was 51 % higher than that at pH 6. As it will be
elaborated in the next section, different microbial communities were
responsible for the acetogenic conversions at pH 6 and pH 7.5, and this
could be responsible for the two most favourable pH conditions found
regarding gas consumption.

To the best of our knowledge, this study resulted in the highest titers
of butyric and caproic acid in a continuous syngas fermentation process
(Table 1). The main reasons for it may be (1) a correct choice of pH,

Table 1

Titers (g LY and productivities (mmol L' day’l) of the main acid products at
the different pH values. For pH six, the values are given as an average =+ standard
deviation of the four steady-states achieved.

pH  Acetic Acid Butyric Acid Caproic Acid
gL gL gL gL gL gL
day™! day™! day!
4.5 6.5 + 218 + 0.3 + 0.09 + 0.0 + 0.00 +
0.3 0.10 0.0 0.00 0.0 0.00
5.3 9.7 + 3.23 £ 0.5+ 0.16 + 0.0 + 0.00 £
0.3 0.11 0.0 0.01 0.0 0.00
6 8.3+ 2.76 + 3.5+ 1.17 + 29+ 0.97 +
1.2 0.38 0.3 0.10 0.2 0.05
6.8 104 + 3.48 £ 21+ 0.72 £ 0.7 £ 0.25 +
0.2 0.07 0.1 0.03 0.0 0.02
7.5 17.2 £ 5.75 + 1.4 + 0.47 + 0.1+ 0.05 +

0.4 0.12 0.1 0.03 0.0 0.01
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which is a decisive parameter for the whole process; (2) the presence of
biofilm, acting as cell retention, which is crucial to address the low
growth rates and biomass yields of gas fermenting microbes; (3) the high
gas-to-liquid mass transfer which characterizes TBRs, and ultimately
enables a high flow of carbon and electrons from the syngas to the final
products and last but not least (4) a Hydraulic Retention Time that
allowed accumulation of acids in the system irrespectively of the gas
flow rate and volume of the active TBR column. Only one study
reviewed obtained higher productivities (2.6 g L™! day ! butyric and
1.23 g L™! day™! caproic acid) than the present study [28], using a
co-culture of C. ljungdahlii and C. Kluyveriin a CSTR, maybe thanks to the
integration of in-line extraction methods with the fermentation process,
which could pull from the chain elongation reaction by extracting the
products; or the use of a more reduced and CO rich syngas mix and
higher syngas flows. Nevertheless, the lower HRT (1 day) used by
Richter et al. [28], resulted also in lower butyric and caproic acid titers
(2.7 gL 'and 1.3 gL™!) and yields (18 % carbon present in butyric, and
9 % present in caproic acid, vs 26 % and 25 %, respectively, in the case of
the present study). All other studies reviewed for continuous syngas
fermentation processes stayed at titers below 1.5 g L™! butyricand 1 g
L~! caproic acid, and productivities below 0.75 g L-1 day butyric and
0.5 g L-1 day-1 caproic acid [15,41,42]. It is important to mention that
the present study focuses solely on the pH effect, so that further opti-
mization of the process may reach even higher titers and productivities
of C4 & C6 acids. The TBR set-ups and operational conditions can be
further optimised for mass transfer, while it is anticipated that experi-
ments at bigger scale will further enhance productivities, due to the
improved mass transfer [43,44]. Additionally, data from the pH 7.5
condition (Table 1) shows the potential of TBR for the production of
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acetic acid from syngas, which could be further enhanced by tuning pH,
HRT, temperature, and syngas composition.

Despite the conversion of syngas to butyric and caproic acid was
maximized at pH 6, around 40 % of the reducing equivalents were still
found in acetic acid, one of the intermediate products. Acetic acid is one
of the main products of acetogenesis, and in order to be converted into
chain-elongated products, it needs ethanol. (reaction 4). Ethanol is
produced via the Wood-Ljungdahl pathway directly from syngas or via
reduction of acetic acid. In our process, ethanol is presumably simulta-
neously produced from syngas, and consumed to produce butyric and
caproic acid. Here, a low ethanol-to-acetate ratio produced in the ace-
togenic step could be the reason for the reducing equivalents found in
acetic acid. Therefore, strategies targeting an improvement of this ratio,
such as more reducing syngas mixtures, should be the next rational step
to improve the yields of butyric and caproic acid. Alternatively, external
ethanol addition to syngas fermentation processes has already been
proved successful in co-culture studies, achieving concentrations of
butyric and caproic acid of 7 and 8.2 g L™! in batch reactors [45].
Nonetheless, external ethanol addition could prove more challenging in
mixed culture studies, since ethanol could also be directed to competing
routes [46] such as acetogenesis [47] and sulfate reduction [48].

3.2. Microbial community analysis

The bacterial community was analysed at each of the steady-states
reached, with samples coming from both suspended and attached mi-
crobes. The diversity of the bacterial community proved to be very
constrained, as a total of merely 578 ASVs (amplicon sequence variant, i.
e. each distinct DNA sequence in the 16S rDNA analysis) were obtained
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in the analysis. These were merged into 203 genera, out of which the 19
most abundant were plotted in Fig. 4. All conditions were dominated by
one or two genera. From pH 4.5 to pH 6, the cultures were dominated by
Clostridium spp., while at pH 7.5, Acetobacterium was the main genus. At
pH 6.8 the community was the most diverse, with both Clostridium and
Acetobacterium having a significant abundance (Fig. 4).

The biofilm samples did not show a notably different community
than the suspended samples (Fig. 4), although a small increase in di-
versity was seen in some conditions (i.e. Reactor 1, final pH 6; Reactor 2,
pH 6.8). This could be due to biofilm stratification, i.e. the existence of
different functional guilds in the biofilm resulting from the heteroge-
neity of the conditions (e.g. pH, nutrients, and gas concentration gra-
dients) [31]. Additionally, at pH 6, Rummeliibacillus was the second most
abundant genus in the suspended growth samples, while in the biofilm
samples it was replaced by PP17-6a, an unclassified genus within the
Clostridia class.

Interestingly, although decreasing the pH from pH 6 to pH 5.3 and
4.5 did not have a significant effect on the bacterial community (Fig. 4,
Reactor 1), it did impact both the product distribution and gas con-
sumption of the TBRs (Fig. 2 A and C, and Fig. 3). It was, in fact, the same
ASV which was the dominant through the whole pH 4.5 to pH 6 range.
Therefore, the inhibition of chain elongation, the appearance of ethanol
as a final product, and the drop in gas consumption, seen when lowering
the pH, seemed to respond to intracellular metabolic regulation, more
than to a change in the dominant microbes. Nevertheless, lowering the
pH reduced significantly the relative abundance of Rummeliibacillus, a
genus which has been associated with chain elongation and caproic acid
production [49,50], and could therefore also have influenced the reactor
performance. On the other hand, increasing the pH above pH 6 did have
a significant effect in the microbial community distribution and this
could therefore have been the main driver of the changes seen in the
performance at this pH. pH 6.8 exhibited a decrease of Clostridium
relative abundance, and the increase of genera such as Acetobacterium,
Oscillibacter, and Petrimonas, while increasing to pH 7.5, decreased the
Clostridium genus relative abundance even further and Acetobacterium
became the dominant genus. pH 6 seemed therefore to be the most
favourable pH for the Clostridium species present in this study, which
was likely responsible for the overall conversion of Hy, CO, and CO» to
acetic acid and ethanol, and subsequently to butyric and then caproic
acid (together with Rummeliibacillus). In turn, pH 7.5 appeared to be the
most favourable pH for the growth of Acetobacterium on syngas, though
higher pH conditions than the ones tested in this study could potentially
be more favourable, with the concomitant production of, predomi-
nantly, acetic acid.

Certain genera, known for their chain elongating potential, i.e.
Caproiciproducens and Caprocibacter were also identified, at very low
abundances. The response of their abundance was very similar to the
response of Rummeliibacillus, i.e. it decreased with lowering pH, while
operation at the higher pH of 7.5 exhibited the same effect. Reverting
the operation to pH 6.0 restored the abundances of these chain elon-
gating strain as well.

3.3. Robustness and reproducibility of trickle bed reactors

All the results shown, comparing the performance of TBRs at
different pH conditions, were tested in two different reactors, so that
different pH conditions were tested in each reactor, without replicates.
Moreover, the different conditions tested were run sequentially by
changing the set pH of the reactor, instead of starting each experiment
with a new inoculum. Therefore, to ensure the robustness and repro-
ducibility of the results, both reactors were started at a pH of 6, and after
all the different pH conditions were tested, they were both returned to
pH 6 again. In this way, the initial resemblance of the two reactors can
be assessed, so pH conditions tested in different reactors can be
compared as if they were tested in the same reactor. Additionally, by
comparing the performance and the community at pH 6 at the beginning
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and the end of the study, for both reactors, it can be verified whether the
performance of the reactor at a specific pH is independent of the pH
conditions tested before in the reactor.

Fig. 5 illustrates the performance of the TBRs 1 and 2 at the pH 6
steady-states at the beginning and end of the study. The high similarity
between reactors 1 and 2 at the beginning of the experiment, both in
terms of the e-mol equivalents distribution in the products (Fig. 5A) and
gas consumption (Fig. 5B), demonstrates both reactors started the
experiment as duplicates. This is also observed in the production and
consumption profile both reactors followed in the first 60 days of
fermentation (Fig. 2). This similarity was again restored at the end of the
study, in spite of the fact that TBR1 had been subjected to pH 5.3 and pH
4.5, while TBR2 had been running at pH 6.8 and pH 7.5.

A similar pattern was seen when comparing the microbial commu-
nity in both reactors at the starting and ending pH 6 conditions (Fig. 4).
Both reactors reached initially a community dominated by Clostridium
genus, followed by a minor presence of Rummeliibacillus. As commented
earlier, TBR1 did not exhibited a significant change in community when
the pH was lowered to 5.3 first and then to 4.5 (besides the disappear-
ance of Rummeliibacillus), while in TBR2, at pH 7.5, Acetobacterium
outcompeted Clostridium, which ended up representing less than 10 % of
the total microbial abundance. However, after they were set back to pH
6, both reactors converged again to the same original community, with
similar Clostridium and Rummeliibacillus relative abundances.

Overall, these results highlight the robustness of mixed-culture in-
dustrial fermentations, and demonstrate that, to a certain extent, the
performance of these processes, can easily be recovered after adverse
events greatly impacting the reactor. Further studies should determine
whether this characteristic is exclusive of biofilm reactors, which can
potentially maintain higher microbial diversities due to the wide spec-
trum of conditions existing within the biofilm, or on the other hand it is
extendable to all suspended and attached mixed culture fermentations.

4. Conclusions

TBRs and undefined mixed culture fermentations proved to be a
relevant approach for the conversion of syngas to C4 & C6 acids. The
highest productivities and titers reached were 1.17 + 0.10 g L™* day !
and 3.51 = 0.29 g L™! for butyric acid and 0.97 + 0.05 g L' day ™! and
2.9 + 0.15 g L™ for caproic acid, respectively, at pH 6, which are the
highest achieved to date in gas fermentation processes. At pH 6, 40 % of
the available electrons in the products were found in acetic acid, while
butyric and caproic acid comprised 29 % of the electrons each, meaning
58 % of the consumed electrons ended up in the target products. The 16S
rDNA analysis showed that, at that pH, the acetogenic and chain elon-
gating community was dominated by a single Clostridium species, fol-
lowed by a species from the Rummeliibacillus genus. This study
highlighted the role of pH in the simultaneous conversion of syngas to
elongated acids in biofilm reactors, as the efficiency of the process
dropped sharply at pH values of 5.3 and 6.8, aligning with studies per-
formed with defined and undefined suspended mixed cultures. Lastly, all
steady states achieved at pH 6 were identical in terms of microbial
community, conversion efficiencies, and production profile regardless of
whether they were reached directly after the reactors’ start-up or after
pH 4.5 or 7.5 operation, demonstrating thus the robustness of biofilm-
based, mixed-culture fermentations in respect to pH changes.
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