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This study aimed to systematically investigate the effect of elevated hydrogen partial pressure on mixed
culture homoacetogenesis in the range of 1–25 bar. Seven batch experiments were performed at different
initial headspace pressures, i.e., 1, 3, 5, 10, 15, 20, and 25 bar. The 15 bar batch showed the highest gas
uptake rate (6.22 mol h�1L�1) and volatile fatty acids synthesis (3.55 g L�1) by a final microbial consor-
tium that was found to be largely reduced in complexity compared to the original inoculum culture and
dominated by members of the Pseudomonadaceae and Clostridiaceae. Product distribution shifted from
acetate to C3-C5 acids at a pressure above 15 bar. 15 bar was found to be the optimum elevated pressure
for the used mixed culture fermentation medium and biodiversity used in this study, and pressure above
15 bar inhibited the microbial consortia and resulted in lowered gas uptake rate and product synthesis.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Syngas is a key product of biomass pyrolysis and gasification
processes, contains carbon monoxide (CO), hydrogen (H2) and car-
bon dioxide (CO2) (Grimalt-Alemany et al., 2018). It can be con-
verted to biofuels through bacteria-mediated acidogenesis,
solventogenesis, and methanogenesis or thermochemical pro-
cesses like Fischer-Tropsch (Daniell et al., 2012). Acetate is the
most common metabolic intermediate, further converted to biogas
in an anaerobic digestor (Anukam et al., 2019; Geppert et al., 2016).
Biogas production from syngas is a sustainable approach in the
field of clean biofuel production (Torri et al., 2020). Utilizing syngas
to produce biofuels brings sustainable value addition (Daniell et al.,
2012) and reduces the alternative cost of carbon capture and
storage.

Homoacetogens are a group of acetogenic bacteria that have the
capability to ferment syngas into acids and alcohols (Mohammadi
et al., 2011). Fischer et al. (1932) first reported that the homoace-
togens with capabilities to use CO2 and H2 as carbon and energy
sources, respectively, to produce acetate (Drake, 2012), Equation
(1). However, Wood and Ljungdahl presented the detail reduction
pathway in the late 1980 s. They identified the acetyl-CoA as an
essential intermediate (Diekert & Wohlfarth, 1994). Therefore,
referred to as Wood Ljungdahl Pathway and the acetyl-CoA path-
ways. Moreover, the theory behind the WLP is briefly presented
in section 1.1 to ensure the good flow of understanding.

4H2 þ 2CO2 ! CH3COOHþ 2H2O DG0 ¼ �74:3 kJ=mol ð1Þ
The formation of metabolic intermediates is essentially influ-

enced by the concentration of chemical compounds in the liquid
phase, primarily on mass transfer at the gas–liquid interface
(Cuff et al., 2020; Mulat et al., 2017; Phillips et al., 2017; Yasin
et al., 2019). The solubility of CO and H2 are 60 and 1056 times less
than CO2 (Phillips et al., 2017), respectively. Temperature and par-
tial pressure of the gaseous species are the main parameters that
influence the gas solubility in a liquid medium (Pereira et al.,
2013; Phillips et al., 2017). Temperature and pressure impact syn-
gas fermentation have been studied for many years (Conrad &
Wetter, 1990; Kundiyana et al., 2011; Shen et al., 2020; Stoll
et al., 2019; Van Hecke et al., 2019). However, H2 in the syngas
mixture needs more attention because of its lower solubility. The
H2 utilization rate by bacteria depends on H2 partial pressure, fer-
mentation product concentrations such as Volatile fatty acids
(VFAs) available in the medium, and the mass transfer rates
(Dinamarca et al., 2011).

According to Henry’s law, a rise in partial pressure of H2 in the
headspace increases the gas solubility, referred in Equation (2).
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Fig. 1. The WLP for acetate synthesis; (). adapted from Drake, 2012
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Where CH2 is the H2 concentration (mol L�1) in the liquid medium,
yH2 is the H2 mole fraction (at gas phase), PT is the total headspace
pressure (atm) and HH2 (atm mol�1 L) is Henry’s law constant of
the H2 gas (Kantzow & Weuster-Botz, 2016; Phillips et al., 2017).

CH2 ¼ yH2
PT

HH2
ð2Þ

However, microorganisms also could be sensitive to partial
pressure (Abubackar et al., 2011) and the dissolved gas tension.
Their pressure tolerability could decide the upper limit of partial
pressure that can be applied, depending on the type of microorgan-
isms (Van Hecke et al., 2019).

Even though it is substantiated that rising partial pressure
increases the gas–liquid mass transfer, to the best of our knowl-
edge, there is not enough research in this field conducted over
10 bar H2 headspace pressure on mixed culture homoacetogenesis
process (Stoll et al., 2018; Van Hecke et al., 2019). This is because of
the higher cost of operation and process safety concerns; however,
it has become economically viable in recent years due to the tech-
nological advancement. Therefore, this study is a first attempt to
evaluate the impact of highly elevated H2 partial pressure up to
25 bar on a sludge-based mixed culture homoacetogenic medium.

1.1. The Wood-Ljungdahl pathway

The Wood-Ljungdahl (WLP) pathway has been extensively
studied over several decades because it is an attractive and sus-
tainable way of fixing CO2 to mitigate global warming and produce
valuable chemicals such as acetate and ethanol (Fernández-
Naveira et al., 2017; Hu et al., 2011; Saady, 2013; Stoll et al.,
2018). The carbon in the CO2 molecule is at the highest possible
oxidation state (+4). H2 gas acts as the reducing equivalent/elec-
tron donor and donates electrons to this CO2 fixation process,
which results in acetate as the primary product. Since many pieces
of literature explain the WLP in detail, a brief flow diagram is pre-
sent in Fig. 1 with relevant sequenced chemical reactions (Bertsch
& Müller, 2015; Hu et al., 2011; Liew et al., 2016; Saady, 2013;
Schuchmann & Müller, 2014; Wilkins & Atiyeh, 2011). In brief,
acetate production via the WLP pathway consists of two branches
of reactions, i.e., methyl branch and carbonyl branch. The methyl
branch consists of several reductive steps to reduce CO2 to the
methyl group (–CH3), while the carbonyl branch is a shorter reduc-
tion branch where CO2 is reduced into CO/carbonyl group (C@O) by
two units of reducing equivalent. Methyl, carbonyl groups and
coenzyme merge to form acetyl-CoA, which is further converted
into acetate. The H2 gas oxidation produces reducing equivalents,
facilitated by electron bifurcating hydrogenase enzyme (Bertsch
& Müller, 2015).
Table 1
Content of nutrient base media used to support the growth of homoacetogenic
culture.

Vitamin solution (g/L) Mineral solution (g/L) Salt solution (g/L)

Biotin: 0.02
Folic acid: 0.02
Pyridoxine hydrochloride: 0.1
Riboflavin: 0.05
Thiamine: 0.05
Nicotinic acid: 0.05
Pantothenic acid: 0.05
Vitamin B12: 0.001
p-aminobenzoic acid: 0.05
Thioctic acid: 0.05

MnSO4�H2O: 0.04
FeSO4�7H2O: 2.7
CuSO4�5H2O: 0.055
NiCl2�6H2O: 0.1
ZnSO4�7H2O: 0.088
CoCl2�6H2O: 0.05
H3BO3: 0.05

NH4Cl: 100
NaCl: 10
MgCl2�6H2O: 10
CaCl2�2H2O: 5
2. Material and methods

In this section, culture enrichment, experimental and analytical
methodology, and microbiome analysis procedures are explained
in detail.

2.1. Homoacetogenic culture enrichment

The anaerobe seed sludge was collected from a biogas digester
at Knarrdalstrand wastewater treatment plant, Porsgrunn, Norway.
The sludge went through several pretreatment steps to obtain the
desired fermentation quality. First, a 600 mm sieve was used to
eliminate coarse impurities such as plastic and woody debris. It
was then incubated for seven days at 35 �C for further thickening
and depleted the remaining degradable organic matters. The thick-
ened sludge was heat-treated at 105 �C for 48 h to obliterate
2

methanogens (Sivalingam et al., 2021). While the methanogens
are obliterated, homoacetogens remain in the sludge in the form
of spores. Following the heat treatment process, the sludge was left
to cool down to room temperature and was used as an inoculum.
The treated inoculum density in terms of volatile and total solids
ratio (VS/TS) was 0.41. A salt solution (10 mL/L inoculum), a vita-
min solution (1 mL/ L inoculum), and a mineral solution (1 mL/ L
inoculum) were added to the inoculum to make a nutrient base
for microbial growth. The nutrient base medium was prepared
according to a similar study performed earlier (Dinamarca &
Bakke, 2009; Sivalingam & Dinamarca, 2021). The content of the
nutrient base is listed in table 1.
2.2. Fermentation reactor and experimental methodology

A stainless steel 640 mL pressure vessel (BR-500, Berghof, Enin-
gen, Germany) was used as the fermentation reactor. The reactor
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comprises a digital manometer (LEO-3, Keller, Winterthur,
Switzerland) connected to the computer via RS485 interface to
log the pressure every 10 min. The Control Center Series-30 from
the Keller software package was used as the automatic pressure
logging platform. A mechanical stirrer (BG 65X50, Dunkermotoren,
Bonndorf, Germany) continuously mixed the fermentation med-
ium at 200 rpm.

The experimental plan is to run seven batch experiments,
where only the initial H2 partial pressure was changed from 1 to
25 bar. First the pressure vessel was filled with 300 mL treated
inoculumwith added nutrient base and sodium bicarbonate, which
leaves 340 mL headspace. Nitrogen gas was purged for 5 min to
push out the air from the inoculum and the headspace; subse-
quently, the residual nitrogen was flushed out with pure H2 gas
for 2 min to ensure the anaerobic environment. Then the reactor
was pressurized to desired values according to the experimental
plan, thus 1, 3, 5, 10, 15, 20, and 25 bar manometric pressure,
respectively in independent batch experiments, using the H2 gas
(H2 gas Laboratory 5.5 = � 99.9995 %, Linde Gas AS, Oslo, Norway).

All experiments were performed at ambient temperature, 25 �C.
Since the study aims to evaluate the impact of the H2 partial pres-
sure, 3.4 g/L sodium bicarbonate (NaHCO3) was added to the inocu-
lum as the dissolved inorganic carbon source (Gardner et al., 2013;
Sivalingam & Dinamarca, 2021). Though the inoculum contains
intrinsic inorganic carbon originated from bacterial biomass decay,
NaHCO3 was added to corroborate appropriate culturing condi-
tions. The initial pH of the inoculum was 8.5, which was neither
adjusted nor controlled throughout the experiments. Such higher
pH ensures that added bicarbonate will remain in the liquid med-
ium at equilibrium with carbonate ion without escaping to the
headspace as carbon dioxide gas (Tchobanoglous et al., 2014).

During each experiment, H2 in the headspace diffuses into the
bulk-liquid. As the inoculum consumes it, the headspace pressure
decreases over time. The experiments were completed when H2

consumption rate becomes significantly low, indicating depletion
of the carbon source, HCO3

�. The 1 bar batch was re-pressurized
two times to reach no further change in pressure, while the other
batches reached this state with one time pressurizing. Because
the research aim is to perform repeated batch process only replen-
ishing the initial H2 partial pressure between batch experiments.

Various analyses were performed on the liquid medium are
described in section 2.3. Experimental conditions were identical
for all seven batch cultivations, except the initial H2 headspace
pressure.
2.3. Analytical methodology

Volatile fatty acids (VFAs), pH, total solids (TS), ammonium and
volatile solids (VS) were analyzed at the beginning and the end of
each batch experiments. The pH was measured by a Beckman 390
pH-meter (Beckman Instruments, Indiana, USA). The fermentation
products/VFAs were quantified by gas chromatography (PerkinEl-
mer, Clarus 500, Massachusetts, USA) equipped with a capillary
column (length 25 m � 0.25 mm diameter � film 0.2 lm) and
Flame Ionization Detector (FID) having H2 as the carrier gas
(45 mL/min). The injector and detector temperatures were 270 �C
and 250 �C, respectively. The initial oven temperature was set at
80 �C and kept constant for 0.7 min, then let it rise by 25 �C/min
until it reached 200 �C. Subsequently, a 20 �C/min ramp-up rate
was assigned to achieve 240 �C. A Spectroquant� Pharo 300 UV/
VIS photometer (Merck KGaA, Darmstadt, Germany) was used to
quantify the ammonium concentration according to the standard
method (2500 A) of the America Public Health Association
(APHA, 1995). Volatile solids were determined according to US
standard 2540 E (APHA, 1995).
3

2.4. Microbiome analysis by 16s rRNA gene metabarcoding

Total metagenomic DNA was extracted from the pellet of vari-
ous amounts of the samples using the Quick DNA-Fecal/ Soil
Microbe DNA Miniprep Kit (Zymo Research) according to the man-
ufacturer’s protocol. Sequencing amplicon libraries were generated
by PCR following the ‘‘16S Metagenomic Sequencing Library Prepa-
ration, Preparing 16S Ribosomal RNA Gene Amplicons for the Illu-
mina MiSeq System” protocol (Illumina part number 15044223
rev. B). Internal parts of the 16S ribosomal RNA (rRNA) gene, cov-
ering variable regions V3 and V4, were PCR-amplified with the
KAPA HiFi HotStart ReadyMix (KAPA Biosystems) and the primers
50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG-30 and 50-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCC-30 and purified with the Agencourt
AMPure XP kit (Beckman Coulter). The Nextera XT Index Kit was
used to add sequencing adapters and multiplexing indices by
PCR, and the products were purified by Agencourt AMPure XP fol-
lowed by quantification on a Qubit v2 using the Qubit dsDNA BR
Assay Kit (Thermo Fisher Scientific). Pooled DNA libraries were
sequenced on an Illumina MiSeq sequencer using the MiSeq
Reagent Kit v3 in the 2x�300 bp paired-end mode. After
sequencing, raw sequencing reads were demultiplexed, filtered,
combined, and taxonomically classified by the Metagenomics
Workflow within MiSeq Reporter v. 2.5.1 (Illumina), generating
abundance tables and biodiversity indices like Phylogenetic diver-
sity and Shannon index, which were further processed in Microsoft
Excel.
3. Results and discussion

3.1. H2 gas consumption and product formation

Fig. 2 presents 7 time series plots for different start pressures,
i.e., 1, 3, 5, 10, 15, 20, and 25 bar. Only the 1 bar batch’s pressure
reached close to zero during incubation and was then repeatedly
re-pressurized to 1 bar until the gas consumption stopped. For
16.7 h, pressure remained approximately unchanged for the 1, 3,
and 5 bar experiments, while higher pressure batches showed an
immediate reduction in headspace pressure. The impact of ele-
vated pressure could be the reason for such instant pressure reduc-
tion; according to equation (2), the increase pressure-gradient,
consequently, increase the H2 molar transfer rate that results in
the headspace pressure reduction. However, equation (2) does
not explain the impact of the constant pressure observed at the
beginning of every batch, almost the first 10 h. It could be the
lag phase of the microbial community. The one bar experiment
took around 13 days to reach the saturated gas consumption level,
while other batches took only 4 – 5 days. In order to evaluate the
amount of total consumed H2, cumulative consumed H2 graphs
are presented in Fig. 3.

The one bar batch cultivation showed a cumulative H2 con-
sumption of 39 mmol after 300 h. The other batch cultivations
all reached maximum cumulative H2 consumption much earlier
by 120 h. Up to 15 bar, the total amount of dissolved H2 gas con-
sumed increased with the partial pressure applied, thus 21.1 mmol
in 3 bar, 32.18 mmol in 5 bar, 36.56 mmol in 10 bar and
47.24 mmol in 15 bar batches. The consumed H2 in the 15 bar
batch was approximately five times higher than the 1 bar batch
cultivation. The 20 and 25 bar batches consumed respectively
43.27 and 47.75 mmol H2, which do not comply with the observed
trend in pressure versus consumed H2 from 1 bar to 15 bar batches.
This result indicates that the partial pressure improves gas solubil-
ity and uptake rate until 15 bar, while further increase apparently
affects the uptake rate negatively.



Fig. 2. Headspace pressure time series.
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However, the changes in pressure gradients (gas uptake rate)
are not clearly seen in Fig. 3; therefore, the gas uptake rates are
presented separately in Fig. 4. Increasing gas solubility by elevating
partial pressure is always possible if it is considered as the physical
process only. However, the increasing dissolved H2 tension may
negatively impact the microbial gas uptake rate.

The characteristics and state of the microbial inoculum could
represent a key limiting factor, as the assemblage may be sensitive
4

to factors such as pressure, pH, temperature, and other physio-
chemical parameters. However, in this systematic experimental
approach, only the H2 partial pressure was the parameter changed
throughout all the batches indicates the pressure as the critical
parameter for H2 gas consumption. This is in line with previous
studies that earlier showed that acetogens are very diverse and pri-
marily respond to inoculum (Van Hecke et al., 2019). Increasing
pressure on microorganisms produce changes cell structures and



Fig. 3. Cumulative consumed H2 gas profiles.
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cell functions, sometimes cause for inhibition or cell death (Mota
et al., 2013); however not many detail studies have been available
particularly about how acetogens behave in different pressures.

The one bar batch reached the maximum gas uptake rate
(1.78 mol h�1L�1) after 125 h, while the other batches reached
their maxima after 70 – 80 h, except for the 10 bar batch that took
around 100 h. The 15 bar experiment achieved the highest uptake
rate (6.22 mol h�1L�1) among all seven batches. Overall, from 1 bar
to 15 bar batches, we can see a clear upward trend in maximum
uptake rate, consistent with pressure increment. However, the 20
and 25 bar batches showed contradictory behavior. At 20 bar
batch, the maximum uptake rate dropped slightly to 5.05 mol h�1-
L�1 and decreased nearly half of the 15 bar test’s uptake rate at
25 bar test (3.79 mol h�1L�1). This remarkable reduction in the
gas uptake rate explains that pressure above 15 bar inhibits the
gas uptake rate, which could be due to microorganisms are inhib-
ited by high dissolved gas tension. As shown in Fig. 2, the pressure
time series for 20 and 25 bar batches indicate that the final pres-
sure of the batches at the end of experiments was above 15 bar,
i.e., 17 and 21.5 bar, respectively. This is a clear evidence that
our inoculum is sensitive to pressures higher than 15 bar.
3.2. Fermentation product synthesis

The acetic acid and total VFAs concentrations with relevant
pressures for all seven batches are presented in Fig. 5. The total
VFAs concentration grew along with pressure from 1 bar to
15 bar, followed a gradual downward trajectory at 20 and 25 bar
tests. The total VFAs consisted of 90 % acetic acid. From 1 to
15 bar, the balance 10 % was contributed by propionic acid, except
3 bar batch, for which only acetic acid could be detected as the fer-
mentation product. Among the seven batches, the highest concen-
tration of the acetic acid (3 g/L) was observed in the 15 bar batch,
for which also the highest concentration of total VFAs (3.55 g/L)
was detected. This fermentation product analysis confirms that
15 bar is the optimum pressure for this particular mixed culture
fermentation, yielding both the highest gas uptake rate and the
highest VFA product yield, primarily limited by the added inor-
ganic carbon (bicarbonate salt) in the fermentation medium. The
depletion of bicarbonate was ensured stoichiometrically (Equation
(1)), which shows that the consumed H2 and produced acetic acid
are more than the available bicarbonate stoichiometric ratio.

In addition to acetic and propionic acid synthesis, the 20 and
25 bar batches showed in addition small amounts of isobutyric
and isovaleric acid production. However, all these medium-chain
5

VFAs contributed less than 5 % of the total VFAs production. Etha-
nol production was observed only for the 25 bar batch and in very
small amounts (less than 1 %). All these VFAs concentration are
presented in FigureS1 under supplementary section. Although the
concentrations of medium-chain VFAs are significantly lower than
the short-chain VFAs, this result indicates that elevated headspace
pressure can change microorganisms’ metabolism, resulting in a
different fermentation product spectrum. A similar study per-
formed by Oswald et al. (2018), noticed that increasing partial
pressure of H2 and CO2 on Clostridium ljungdahlii shifted the pri-
mary fermentation product acetate to formate (Oswald et al.,
2018). However, in this study, acetate shift from formate was not
observed; this could be due to different fermentation mediums.
Oswald et al., used the pure Clostridium ljungdahlii culture, while
mixed culture is used in this study which is dominated by Pseu-
domonadaceae and Clostridiaceae.

3.3. Physiochemical analysis

pH was measured at the beginning and the end of each experi-
ment, tabulated in Table 2. Overall, an increment in pH from 8.5 to
9.1 – 9.6 was observed. Even though all seven batches produced
significant amounts of VFAs, none of them showed a pH reduction.
The possible reasons for such a rise in pH are discussed in general.

According to inorganic carbon species equilibrium and pH
dependence (Dodds & Dodds, 2002), pH above 8.5 ensures that
there is no CO2 exchange between the headspace and the fermen-
tation medium in our reactors, but the bicarbonate and carbonate
species will be in equilibrium (Eq. (3)).

HCO�
3 $ CO2�

3 þHþ ð3Þ
During the fermentation, process bicarbonate is consumed by

the homoacetogens at the expense of H2 (Equation (4))
(Angelidaki et al., 2011) gas which causes a subsequent leftward
shift in equation (3). Such bicarbonate consumption causes a
reduction in protons, resulting in an increase in pH.

4H2 þ 2HCO�
3 þHþ ! CH3COO

� þ 4H2O ð4Þ
Sodium ions (Na+) are freely available in the fermentation med-

ium due to NaHCO3 added at the beginning of each experiment.
The produced acetic acid (pKa = 4.7) will be in the carboxylate
ion form (de-protonated) due to the high pH of the fermentation
medium (>8.5). Half of the acid will be de-protonated at the pH
of pKa, and more will be de-protonated while the pH increases
above 4.7 (Trček et al., 2015). Therefore, the de-protonated acetic



Fig. 4. H2 gas uptake rate time series. (Maximum H2 gas uptake rate (HURMax) is denoted in blue. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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acid (CH3COOH–) and the free sodium ion could form sodium acet-
ate (CH3COONa). Sodium acetate is a conjugated base, which could
trap protons (H+) from the water and leaves hydroxyl ion (OH–).
The increment in the OH– concentration could be one possible
cause of the pH rise.

Ammonia (NH3) is usually produced during the anaerobic diges-
tion process due to the breakdown of proteins molecules (Yenigün
& Demirel, 2013), which consequently increases the pH by captur-
6

ing protons from water molecules and leaves hydroxyl ions in the
liquid medium. A slight increment in ammonium concentration
was observed in our experiments. The ammonium concentration
of the inoculum at the start of the experiments was
573 ± 20 mg/L and increased slightly up to 609 ± 22 mg/L towards
the end of experiments (Table 2). This shows that protein break-
down and utilization of the amino acids as carbon source could
be another possible reason for the observed pH increment.



Fig. 5. Acetic acid and total VFAs concentration variations in all seven batches.

Table 2
Initial and final values of pH, ammonium concentration of the liquid medium, and VS/TS

Parameters Raw medium Pressure (bar)

1 3

pH 8.5 ± 0.5 9.1 9.3
VS/TS 0.41 ± 0.004 0.46 0.44
NH4

+ (mg/L) 573 ± 20 600 610

Fig. 6. Changes in the microbial assemblage upon gas fermentation at 15 bar. A: Ch
composition at Family level towards a few families known to comprise acetogenic anaero
P, Pseudomonadaceae, C, Clostridiaceae, T, Tissierellaceae. For details on Families covere
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However, more control experiments are needed to figure out the
individual contributions of above discussed processes.

The volatile solids (VS) and total solids (TS) ratio (VS/TS) was
quantified (Table 2) at the beginning and at the end of each batch
to evaluate the biomass growth. The fresh fermentation medium’s
VS/TS was 0.41 and remained approximately in the same range
(±0.03) for the pressure batches from 3 to 15 bar. The one bar batch
showed a slightly higher ratio than other because this batch was
operated for the longest time (13 days). The batches with 20 and
25 bar showed a remarkable VS/TS ratio reduction, respectively
0.37 and 0.34. This observation adds value to our arguments that
microorganisms are inhibited (less biomass synthesis) by elevated
pressure above 15 bar. The less biomass synthesis coincides with
lower product formation at relevant batches (Fig. 5).

Moreover, the overall stoichiometric equation includes energy
and synthesis for acetate synthesis from CO2 and H2 is derived
(Equation (5)) based on approach presented in (Rittmann and
McCarty, 2020), therein stoichiometrically possible ammonium
consumption and biomass synthesis were evaluated.
ratio at all seven batches.

5 10 15 20 25

9.2 9.4 9.3 9.7 9.6
0.43 0.41 0.41 0.37 0.34
610 601 618 572 654

anges in Phylogenetic diversity and Shannon entropy. B: Changes in community
bic taxa that are well-known for the observed metabolic conversions and products.
d, see Supplementary Figure S2.
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0:1359CO2 þ 0:5H2 þ 0:114HCO�
3 þ 0:0073NHþ

4

! 0:1067CH3COO
� þ 0:0073C5H7O2Nþ 0:3859H2O ð5Þ

Since the ammonium ion is the nitrogen source for the biomass
synthesis, the concentration should drop in the fermentation med-
ium, but contradictorily the concentration increased, which eluci-
dates that hydrolysis processes of the remaining organics could
be the reason. However, the calculated biomass growth associated
with homoacetogenesis is thirty times magnitude lower than the
measured VS concentration; therefore, the changes in VS/TS could
be a stochastic variation and challenging to correlate with the
hydrolysis process. Future studies could investigate the association
with hydrolysis, VS and ammonium release in detail.
3.4. Microbiome analysis

In order to assess the changes in microbial community structure
and complexity, we performed 16S rRNA gene amplicon sequenc-
ing of the original raw sludge sample (before the pretreatment)
used as inoculum for all seven batch cultivations at different pres-
sures and the final microbial assemblage of the best performing
batch culture at 15 bar. Fig. 6 clearly shows both the reduction of
community complexity by means of a reduced phylogenetic diver-
sity and Shannon entropy (Fig. 6A) and the overall change in com-
munity composition at family level (Fig. 6B). While the inoculum
featured a multitude of families with significant shares in the over-
all microbial assemblage, the final consortium was with approx.
65 % dominated by Pseudomonadaceae and Clostridiaceae, while
membersof the Tissierellaceae, Porphyromonadaceae,Erysipelotricha-
ceae, Peptostreptococcaceae, Eubacteriaceae, and Ruminococcaceae
held distinguishable shares within the remaining 35 % (Fig. 6B).
Species within the two dominating families, Pseudomonadaceae
and Clostridiaceae, were annotated as unknown genera of
Pseudomonadaceae-2 and or unknown species of Natronincola-
Anaerovirgula, respectively. Both families and predicted genera/
species comprise known, spore-forming anaerobes that play central
roles in biogas production and the formation of VFAs (Buettner et al.,
2019). Inparticular, among theClostridiaceae,many species are cap-
able of fixating carbon dioxide in the presence of H2 as the energy
source using the WLP and performing acetogenesis.
4. Conclusions

To our knowledge, this study represents the first attempt to sys-
tematically assess the effect of highly elevated H2 headspace pres-
sure on mixed culture homoacetogenesis, demonstrating a
remarkable impact on gas uptake rate and VFAs synthesis. The
gas uptake rate and the amount of synthesized fermentation prod-
ucts increased with increasing headspace pressure from 1 to 15 bar
by 250 %, while higher pressures of 20 and 25 bar had the opposite
effect. At 15 bar, an optimum H2 gas uptake rate of 6.22 mol h�1L�1

and the highest concentration of VFAs (3.55 g/L) were determined.
Though the consumed amount of H2 was directly proportional to
the elevation in pressure, the reduction in gas uptake rate and pro-
duct synthesis at pressures higher than 15 bar suggests that the
microorganisms were inhibited by elevated pressure (>15 bar).
The fermentation medium turned out more alkaline throughout
the experiments (pH > 9.3). Higher buffer capacity and higher fer-
mentation medium pH let the bicarbonate to behave as an acid.
Therefore, the consumption of bicarbonate increased the pH.

The primary fermentation product was acetate (90 %) in all
batches. However, for pressures above 15 bar, the presence of C3-
C5 acids were enhanced but the acetic acid is still the major prod-
uct. In addition to C3-C5 acids, limited ethanol production was
observed at 25 bar. Microbial consortium analysis revealed a sig-
8

nificant reduction in the microbial assemblage’s complexity
obtained through cultivation at 15 bar, with members of the Pseu-
domonadaceae and Clostridiaceae, families well-known to include
many anaerobic acetogens, representing the majority of OTUs
determined by 16S rRNA gene metabarcoding. These observations
also provide evidence that elevation in H2 headspace pressure
impacts fermentation metabolic pathways. The results show that
15 bar is the optimum headspace pressure for the used mixed cul-
ture fermentation inoculum (Knardalstrand municipal wastewater
treatment plant’s anaerobic sludge) to accomplish the highest gas
uptake rate and enhanced VFAs production. Future research will
examine the impact of pH and provide a more detailed analysis
of the microbial community’s metabolic potential to elucidate
these initial findings further.
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