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Abstract: Synthesis gas fermentation is a microbial process, which uses anaerobic bacteria to convert
CO-rich gases to organic acids and alcohols and thus presents a promising technology for the sustain-
able production of fuels and platform chemicals from renewable sources. Clostridium carboxidivorans
and Clostridium autoethanogenum are two acetogenic bacteria, which have shown their high potential
for these processes by their high tolerance toward CO and in the production of industrially relevant
products such as ethanol, 1-butanol, 1-hexanol, and 2,3-butanediol. A promising approach is the
coupling of gasification of biogenic residues with a syngas fermentation process. This study investi-
gated batch processes with C. carboxidivorans and C. autoethanogenum in fully controlled stirred-tank
bioreactors and continuous gassing with biogenic syngas produced by an autothermal entrained flow
gasifier on a pilot scale >1200 ◦C. They were then compared to the results of artificial gas mixtures
of pure gases. Because the biogenic syngas contained 2459 ppm O2 from the bottling process after
gasification of torrefied wood and subsequent syngas cleaning for reducing CH4, NH3, H2S, NOX,
and HCN concentrations, the oxygen in the syngas was reduced to 259 ppm O2 with a Pd catalyst
before entering the bioreactor. The batch process performance of C. carboxidivorans in a stirred-tank
bioreactor with continuous gassing of purified biogenic syngas was identical to an artificial syngas
mixture of the pure gases CO, CO2, H2, and N2 within the estimation error. The alcohol production
by C. autoethanogenum was even improved with the purified biogenic syngas compared to reference
batch processes with the corresponding artificial syngas mixture. Both acetogens have proven their
potential for successful fermentation processes with biogenic syngas, but full carbon conversion to
ethanol is challenging with the investigated biogenic syngas.

Keywords: Clostridium carboxidivorans; Clostridium autoethanogenum; syngas fermentation; real syn-
thesis gas; syngas from gasification of biomass; autotrophic alcohol production; carbon monoxide
conversion; oxygen inhibition; catalytic oxygen reduction

1. Introduction

Synthesis gas fermentation has emerged as a promising approach for the production
of alcohols for fuels or platform chemicals from waste gases or renewable resources. The
syngas fermentation process uses gas mixtures, which mainly consist of CO, CO2, H2, and
N2. These gases can be derived from various sources including industrial off-gas streams
such as steel-mill off-gases or from gasification of carbon-rich material such as biomass. In
addition to these main components, a syngas can contain various types of trace components,
such as CH4, O2, HCN, NH3, NOX, H2S, COS, and CS2 [1–7]. The detailed composition can
vary, depending on the composition of the used material for gasification and the applied
gasification conditions, such as oxygen ratio or residence time [1,2,8–10].
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The coupling of the gasification of biogenic residues, such as leaves, green cuttings,
and wood shavings, with the fermentation of the biogenic syngas may be considered as an
ecologically beneficial process by which to produce industrially relevant alcohols for usage
as biofuels [11,12] or platform chemicals [13].

Acetogenic microorganisms can be utilized for the conversion of syngas under strictly
anaerobic conditions by using the reductive acetyl-CoA pathway [14,15]. A number of
microorganisms have shown a large potential for their utilization in syngas fermentation
processes in recent years. Two of these microorganisms are Clostridium carboxidivorans and
Clostridium autoethanogenum, due to their high tolerance toward high CO content in the syn-
gas and for their potential of producing the industrially relevant alcohols ethanol, 1-butanol,
and 1-hexanol [16–19], or ethanol, and 2,3-butanediol [20–22], respectively, with relatively
low acetic acid production [16,23]. The optimum for growth of these microorganisms is
between pH 5.8 and pH 6.0 at 37 ◦C [17,20,24]. The genomes of both microorganisms have
already been completely sequenced and published [25–27]. C. carboxidivorans is most well-
known for its ability to increase the chain length by adding acetyl-CoA to form butyrate
and hexanoate. It is also known for its ability to reuptake already produced acids and the
conversion of these into the corresponding alcohols 1-butanol, and 1-hexanol [16,28]. The
formation of products by C. carboxidivorans is closely connected to the pH, having higher
growth rates and acid production at high pH (pH 6) and alcohol production at lower pH
(pH 5 and lower) [16,29,30]. Therefore, an initial pH 6.0 without pH control in the process
leads to an initial phase with organic acid production, the so-called acidogenesis, and by
the natural decrease of pH, a phase with alcohol production, the so-called solventogene-
sis [16,31]. An uncontrolled pH with the natural decrease of the pH by acid production and
the following conversion to alcohol has been shown to give the best alcohol production
in batch processes with C. carboxidivorans [16]. C. autoethanogenum, on the other hand, is
known for its potential as an ethanol-producing microorganism and has already been made
genetically accessible to increase alcohol production and to form non-natural products such
as 2-propanol, and acetone [13,32,33]. The following chemical equations show the product
formation reactions with their respective Gibbs’ free energies [28,34].

4CO + 2H2O→ CH3COOH + 2CO2 ∆G0 = −154.6 kJ mol−1

6CO + 3H2O→ CH3CH2OH + 4CO2 ∆G0 = −217.4 kJ mol−1

10CO + 4H2O→ CH3(CH2)2COOH + 6CO2 ∆G0 = −420.8 kJ mol−1

12CO + 5H2O→ CH3(CH2)3OH + 8CO2 ∆G0 = −486.4 kJ mol−1

16CO + 6H2O→ CH3(CH2)4COOH + 10CO2 ∆G0 = −656.0 kJ mol−1

18CO + 7H2O→ CH3(CH2)5OH + 12CO2 ∆G0 = −753.0 kJ mol−1

11CO + 5H2O→ C4H8(OH)2 + 7CO2 ∆G0 = −361.8 kJ mol−1

2CO2 + 4H2 → CH3COOH + 2H2O ∆G0 = −74.3 kJ mol−1

2CO2 + 6H2 → CH3CH2OH + 3H2O ∆G0 = −97.0 kJ mol−1

4CO2 + 10H2 → CH3(CH2)2COOH + 6H2O ∆G0 = −220.2 kJ mol−1

4CO2 + 12H2 → CH3(CH2)3OH + 7H2O ∆G0 = −245.6 kJ mol−1

6CO2 + 16H2 → CH3(CH2)4COOH + 10H2O ∆G0 = −341.0 kJ mol−1

6CO2 + 18H2 → CH3(CH2)5OH + 11H2O ∆G0 = −395.0 kJ mol−1

4CO2 + 11H2 → C4H8(OH)2 + 6H2O ∆G0 = −140.7 kJ mol−1

2CO + 2H2 → CH3COOH ∆G0 = −114.5 kJ mol−1

2CO + 4H2 → CH3CH2OH + H2O ∆G0 = −137.1 kJ mol−1

4CO + 6H2 → CH3(CH2)2COOH + 2H2O ∆G0 = −317.0 kJ mol−1

4CO + 8H2 → CH3(CH2)3OH + 3H2O ∆G0 = −334.0 kJ mol−1

6CO + 10H2 → CH3(CH2)4COOH + 4H2O ∆G0 = −540.0 kJ mol−1

6CO + 12H2 → CH3(CH2)5OH + 5H2O ∆G0 = −514.0 kJ mol−1

4CO + 7H2 → C4H8(OH)2 + 2H2O ∆G0 = −221.1 kJ mol−1

A variety of inhibiting components in syngases can affect the syngas fermentation
process and are discussed in detail in review articles [3,5,7,18,21,35,36]. NH3 is an inhibitor
for hydrogenases in C. ragsdalei [3]. H2S is known to inhibit the ascorbate oxidase in
Acremonium sp., rhodanases, and thiosulfate sulfur transferases [37,38]. NO has been
shown to inhibit hydrogenases in C. carboxidivorans at concentrations above 40 ppm NO
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in a syngas [3,35]. NO2 inhibits the formate dehydrogenase in Pichia pastoris and nitrate
reductase in Bradyrhizobium japonicum [39,40]. Nitrate may serve as an alternative electron
acceptor for acetogenic Clostridia like C. ljungdahlii [41] and has been shown to inhibit CO
consumption of C. carboxidivorans [18]. Nitrite is toxic for most bacteria but can be used
as an electron acceptor by some Clostridia like M. thermoacetica [42,43]. However, even low
amounts of 0.1 g L−1 NaNO2 were toxic for C. carboxidivorans [18]. One of the most critical
impurities in biogenic syngases is HCN, which has been shown to have inhibiting and toxic
effects on C. ljungdahlii above 0.027 g L−1 KCN [44]. Other less prominent impurities in
biogenic syngases like COS are noncompetitive inhibitors for the CO dehydrogenase in
Rhodospirillum rubrum [45].

Until now, the influence of oxygen as a trace component in syngas fermentation
has rarely been studied in detail. Oxygen is a crucial component for the metabolism of
strictly anaerobic microorganisms because O2 serves as a strong oxidizing agent. The
limit for anaerobic growth and product formation is closely connected to the enzyme
with the highest critical redox potential, the methylene-THF/methyl-THF redox couple,
which is reported to be in the range between −120 mV and −200 mV depending on the
source [14,46–48]. Thus, an increased redox potential by oxygen in the syngas can affect the
metabolism of anaerobic microorganisms [14,46,49]. Karnholz et al. [50] investigated the
influence of oxygen on acetogenic bacteria, such as C. magnum and A. woodii, in anaerobic
tubes and found considerable differences in the tolerances of different anaerobic microor-
ganisms. However, in these studies the oxygen was not supplied continuously, as is the
case with syngas fermentation processes in stirred-tank bioreactors. Kundiyana et al. [51]
found almost no observable inhibition of C. ljungdahlii by oxygen levels in their reactor head
space between 400 ppm and 26,000 ppm O2 in a batch process in a pilot-scale stirred-tank
reactor. In this study, the oxygen was not a part of the syngas stream, but rather came from
an unidentified leakage in the reactor and was not constant throughout the process [51].

This study presents comprehensive data on batch processes by using the two aceto-
genic microorganisms C. carboxidivorans and C. autoethanogenum in continuously gassed
stirred-tank bioreactors on a 1-L scale. Process performances of these two microorganisms
were investigated with a biogenic and pre-purified syngas from the gasification of torrefied
wood and an artificial syngas mixture of pure gases under identical process conditions to
allow for a direct comparison. The initially high oxygen content in the biogenic syngas was
reduced with a Pd catalyst in a tube reactor before entering the bioreactors to achieve an
oxygen reduction in the syngas. The results were then compared to other results with these
two microorganisms by using artificial syngas and defined gas impurities. Other studies
have mainly investigated the conversion of biogenic syngas by using another acetogenic mi-
croorganism, C. ljungdahlii [4,6]. Despite its close genetic relation to C. autoethanogenum [52],
C. ljungdahlii has shown a lower production of ethanol and higher accumulation of acetate
than C. autoethanogenum [4,6,21]. C. carboxidivorans, on the other hand, has shown the
highest tolerance toward common syngas impurities and is of high interest because of
its unique product spectrum [18]. Therefore, the effects of biogenic syngas on these two
microorganisms are of high interest for industrial applications [13,53]. This study also
presents an outlook on optimal syngas compositions to achieve high syngas conversions
by these microorganisms in industrial-scale bioprocesses applying bubble column or gas
lift reactors.

2. Materials and Methods
2.1. Microorganisms, Media, and Preculture Conditions

The microorganisms utilized were obtained from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ, Braunschweig, Germany) as freeze-dried cultures of C.
carboxidivorans P7 (DSM 15243), and C. autoethanogenum JA1-1 (DSM 10061). The cultivation
medium was previously published by Doll et al. (2018) [16], and the detailed composition
can be found in the supplementary material (Table S1).
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The preculture medium was supplied with 15 g L−1 MES as a pH buffer and adjusted
to pH 6.1 with NaOH. The medium was prepared anaerobically by boiling 2 L of the
medium in a round flask for 20 min and subsequently flushing with N2 for 20 min under
cooling in an ice water bath. The medium was later aliquoted in portions of 100 mL
into anaerobic bottles with 250 mL maximum volume under reducing atmosphere in
an anaerobic glove-box with a gas mixture of 5% H2, and 95% N2. The bottles were
then closed with a butyl-rubber septum and autoclaved for 20 min at 121 ◦C in a steam
sterilization autoclave.

For pre-cultures of C. carboxidivorans, every anaerobic bottle was supplied with 5 g L−1

glucose by a sterile syringe and needle through the rubber septum. Afterward, 2.5 mL of
a cryo-conserved culture were inoculated with approximately 0.05 g L−1 cell dry weight
(CDW) by a sterile syringe and needle through the rubber septum, resulting in a final
volume of 104.5 mL in the bottle. The anaerobic shaken bottles were then incubated at 37 ◦C
and 100 min−1 for 22 h in a shaking incubator (WIS-20, Witeg, Wertheim, Germany).

For pre-culture preparations of C. autoethanogenum, anaerobic bottles for a first pre-culture
were supplied with 5 g L−1 xylose by a sterile syringe and needle through the rubber septum.
A total of 5 mL of a cryo-conserved culture were inoculated with approximately 0.05 g L−1

CDW by a sterile syringe and needle through the rubber septum resulting in a final
volume of 107 mL in the bottle. The anaerobic shaken bottles were then incubated at 37 ◦C
and 100 min−1 for 60 h in an incubator (WIS-20, Witeg, Wertheim, Germany). In a second
pre-culture step, 10 mL of the first pre-culture was transferred to a new anaerobic bottle
with 100 mL liquid medium, which was supplied with 10 g L−1 xylose and 0.4 g L−1

cysteine hydrochloride, by a sterile syringe and needle through the butyl rubber septum,
resulting in a final volume of 115 mL in the bottle. These bottles were then incubated
at 37 ◦C and 100 min−1 for 22 h in an incubator (WIS-20, Witeg, Wertheim, Germany).

Both microorganisms were harvested by anaerobically transferring the pre-cultures
into centrifugal tubes and centrifuging them at 3260 RCF for 10 min at room temperature.
The tubes were then transferred into the anaerobic glove-box (5% H2 and 95% N2), and the
supernatant was discarded. The pellet was resuspended in 10 mL anaerobic phosphate-
buffered saline (12 mM phosphate) and was then inoculated to the stirred-tank bioreactor
to achieve an initial cell dry weight concentration of 0.05 g L−1 CDW.

2.2. Conditions for Batch Processes in Stirred-Tank Bioreactors

All processes presented in this study were batch processes in a continuously gassed,
stainless steel, stirred-tank bioreactor (KLF2000, BioEngineering, Wald, Switzerland) with a
working volume of 1 L. The bioreactor was supplied with two radially mixing six-blade
stirrers (Rushton turbines), a sampling valve at the bottom, two side entries for a pH-
and a redox-probe, and a lid with a safety valve, the syngas inlet, two inlets for acid and
base, and the exhaust-gas line with a cooler, a sterile filter, and a pressure control valve.
The probes for pH and redox measurements were calibrated before sterilization between
pH 4.0–pH 7.0, and 220–468 mV at 37 ◦C, respectively. The reactor off-gas was cooled
to 2 ◦C to avoid loss of liquid volume by evaporation of water as well as loss of volatile
products like alcohols. 3 M NaOH, and 1 M H2SO4 were used for pH correction. pH was
controlled at pH 6.0 for processes with C. autoethanogenum, whereas the initial pH 6.0 was
not controlled in processes with C. carboxidivorans.

The reactor was sterilized in situ with 1 L of demineralized water and heated to 121 ◦C
at 2.2 bar for 20 min. Afterward, the pressure was slowly released from the reactor to 1.2 bar
during cooling. After cooling down to 65 ◦C, the water was released through the sam-
pling valve at the bottom of the reactor. A total of 1 L of medium was prepared without
vitamins, cysteine, MES, or sugar and autoclaved in a coated 1-L glass bottle with a butyl
rubber septum for 20 min at 121 ◦C. The medium was transferred through a sterile needle
and a sterilized silicone tube to the reactor. After the medium had cooled down to 37 ◦C,
10 mL of the vitamin solution was added sterile to the medium through a syringe fil-
ter with 0.2 µm pore size. The medium was anaerobized in the reactor by purging with
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N2 at 5 NL h−1 for 2 h and afterward with the desired gas mixture or biogenic syngas
at 5 NL h−1 for at least 12 h. A gas supply of artificial syngas mixtures was applied by us-
ing a gas mixing system with four thermal mass flow controllers (P-702CV-6K0R-RAD-33-V,
Bronkhorst, Reinach, Switzerland). A gas supply of syngas from gasification of biomass
was achieved with a mass flow controller for corrosive gases (F-201CV-500-RGD-33-V,
Bronkhorst, Reinach, Switzerland). A total of 10 mL of 40 g L−1 cysteine hydrochloride
solution was added to the reactor immediately before inoculation as a reducing agent. The
volumetric power input by the stirrer was constant at 15.1 W L−1, and the temperature was
constant at 37 ◦C in all presented batch processes.

2.3. Syngas Production and Purification
2.3.1. Biomass Gasification-BOOSTER Test Rig

The biomass pilot-scale entrained flow gasifier (BOOSTER) [1,2] is an autothermal
refractory lined entrained flow gasifier with a thermal biomass input power at the operating
point for the syngas production of 120 kW. In steady-state operation, wall temperatures
of 1450 ◦C are reached in the flame region of the reaction chamber, while temperatures cool
down to around 1150 ◦C at the end of the reactor. Pure oxygen preheated to 300 ◦C with an
oxygen ratio of λ = 0.5 is used as gasification agent. A steam ratio ofϕ = 0.4 kgsteam kgfuel

−1

is used as moderator. The biogenic pulverized fuel, torrefied wood (TorrCoal) with a
particle size < 250 µm, is fed into the reactor via a pneumatic dense phase conveying system
with nitrogen as a dosing medium. The fuel composition is the following (as received):
57.3 wt% C, 5.0 wt% H, 0.3 wt% N, 30.9 wt% O, 1.5 wt% ash, and 5.0 wt% moisture.
Particle residence times are estimated at 120 kW thermal input to around 2–3 s. The sub-
stoichiometric reaction produces a synthesis gas mixture consisting of the components CO,
H2, CO2, and CH4 as well as particles, tars, and trace gas impurities. This gas mixture is
quenched to 50 ◦C with injected water at the end of the reaction zone. More information
about the test rig is found in [1,2].

2.3.2. Syngas Cleaning Test Rig

A partial flow
.

Vsyngas = 9.8 ± 3.1 L min−1 of the produced syngas after the quench
is fed into the downstream syngas cleaning test rig. The remaining syngas stream is
sent to the flare. The following cleaning stages were applied: particle impurities > 2 µm
separated with a heated ceramic cartridge filter. Water-soluble trace gas impurities and
particles < 2 µm were removed in a countercurrent packed absorption column with water
as a solvent (

.
Vsolvent = 3.0 ± 0.03 L min−1 at Tsolvent = 5.8 ± 0.1 ◦C). In addition, 3.8%

CO2 is scrubbed by the water from the total syngas stream. Afterward, the gas stream is
cooled to 4.2 ± 0.6 ◦C in a glycol-cooled heat exchanger, and the water contained in the
gas condenses. The final adsorptive purification step consists of four heated fixed-bed
adsorption columns. Adsorption column 1 is operated at 45.2 ± 0.8 ◦C with activated
carbon to separate hydrocarbons. For adsorption column 2, the adsorbent Al2O3 is ap-
plied at a temperature of 159.0 ± 5.0 ◦C to remove halogens. Adsorption column 3 runs
at 151.1 ± 4.8 ◦C with ZnO for the removal of sulfur components. Adsorption column 4
is operated at 43.2 ± 0.9 ◦C with a catalytic activated carbon for the reduction of nitrogen
oxides and as a “police filter”. The gas hourly space velocity (GHSV) at the operating point
in all adsorption columns is GHSV = 3614 ± 1106 h−1.

The purified syngas is buffered in a nitrile-coated gas bag and filled into standard T50
tanks by using an electrically driven and dry-running syngas compressor (HAUG.Neptune 33G,
HAUG Sauer Kompressoren AG, St. Gallen, Switzerland). A syngas composition of
CO = 34.1%, H2 = 22.7%, CO2 = 13.8% is achieved at the operating gasification point
used. The additional nitrogen input due to dosing and purge gases (e.g., flame camera)
is N2 = 10.6%. During this filling process, additional nitrogen N2 = 18.5% and oxygen
O2 = 0.3% are entering the syngas by purging processes and safety valves.
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2.3.3. Catalytic Oxygen Reduction in a Tube Reactor

Additionally, for processes with reduction of oxygen from the syngas, a tube reactor
was filled with 30 g Pd-catalyst (Actisorb O3, 3–5 mm diameter, Clariant, Muttenz, Switzer-
land) and 10 g silica gel beads (silica gel orange, 2–5 mm diameter, Carl Roth, Karlsruhe,
Germany). The metal catalyst allows for the reduction of the oxygen in the syngas with
the hydrogen to form water. The water is then adsorbed into the silica gel beads to avoid
condensation in the tube reactor or at the hydrophobic surface of the gas inlet sterile filter
of the bioreactor. The tube reactor was made entirely of commercially available standard
parts—a tube of 1.4571 stainless steel with a length of 1 m and an inner diameter of 10 mm,
cutting ring fittings made of 1.4571 stainless steel, and a sieve at the bottom of the tube
made of 1.4401 stainless steel (all stainless steel parts, Landefeld, Kassel, Germany). The
stainless steel tube reactor was equipped with polyurethane tubing at the inlet and outlet
to allow a modular connection to the gas supply system of the stirred-tank bioreactor. The
tube reactor was heated by a water-filled silicone tube heating coil with a thermostat (Ju-
labo, Seelbach, Germany), which was used to heat the gas stream to temperatures of 25 ◦C,
40 ◦C, or 50 ◦C, respectively. Temperatures higher than 50 ◦C were not applied to avoid an
increase of possible side reactions such as the formation of methane. The oxygen content
of the syngas after the tube reactor is shown in Figure 1 as a function of mean hydraulic
residence time at varying temperatures. The mean hydraulic residence time in the tube
reactor was 56.5 s to achieve the desired gas flow rate of 5.0 NL h−1 in the stirred-tank
bioreactor. A temperature of 50 ◦C was chosen for syngas fermentation processes to reduce
the oxygen content in the syngas from 2459 ppm to 293 ppm O2.
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Figure 1. Oxygen reduction from a biogenic syngas from entrained flow gasification of biogenic
residues (torrefied wood, TorrCoal) by a plug flow reactor (inner diameter 10 mm; length 1000 mm)
filled with 30 g Pd-catalyst particles and 10 g silica beads at temperatures of 25 ◦C (white diamonds),
40 ◦C (dark grey square), and 50 ◦C (light grey triangle) as a function of the mean hydraulic residence
time in the plug flow reactor. pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar, pN2 = 390 mbar. Error
bars indicate the standard deviation of a minimum of 10 measurements per data point.

2.4. Analytical Methods
2.4.1. Liquid Product Analysis

Liquid samples were collected through an outlet valve at the bottom of the bioreactor
and were measured for optical density at 600 nm (OD600) in a spectrophotometer (Genesys
10S UV–Vis, Thermo Scientific, Neuss, Germany). Samples with optical densities higher
than OD600 0.3 were diluted with PBS to achieve an OD600 between 0.1 and 0.3. All samples
for optical density measurements were measured in triplicates. The optical densities were
then used to estimate cell dry weight concentrations by the previously determined linear
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correlation factors of 0.46 g L−1 OD−1 for C. carboxidivorans, and 0.38 g L−1 OD−1 for C.
autoethanogenum, respectively [16,18,21].

Products were measured with an HPLC instrument (LC-2030C, Shimadzu, Kyoto,
Japan), which was equipped with a refractive index detector (RID-20A, Shimadzu, Kyoto,
Japan) and a cation exchange separation column (Aminex HPX-87H, Bio-Rad, Munich,
Germany). Elution conditions were isocratic 5 mM H2SO4 with a flow rate of 0.6 mL min−1

and a column temperature of 60 ◦C. All measurements carried an individual standard series
of at least five different concentrations of the target components. The concentrations of the
dilution series were between 0.1 g L−1 and 5.0 g L−1 for formic acid, ethanol, 1-butanol,
butyric acid, hexanoic acid, and 2,3-butanediol. The concentrations of the standard series
were between 0.2 g L−1 and 10.0 g L−1 for glucose, xylose, and acetic acid. All samples with
1-hexanol were concentrated before the measurement by extraction with ethyl acetate. A
standard series of 1-hexanol with concentrations from 0.08 g L−1 to 2.0 g L−1 was prepared
and likewise extracted. Therefore, 300 µL ethyl acetate was added to 900 µL of the sample in
a safe-lock vessel and shaken in a shaking mill (MM200, Retsch, Haan, Germany) at 25 s−1

for 15 min. The vessels were then centrifuged in a bench-top centrifuge at 13,000 min−1

for 3 min to improve phase separation, and 125 µL of the organic phase was transferred to
a glass vial for HPLC measurement. The measurement was then conducted identically to
the other samples.

2.4.2. Synthesis Gas Analysis

Exhaust gas was analyzed with a combination of mass flow measurement and gas
composition measurement. Mass flow was analyzed with a thermal mass flow meter
(F-101D-RAD-33-V, Bronkhorst, Reinach, Switzerland) for artificial syngas mixtures and
with a special mass flow meter for corrosive gas (F-111B-500-RGD-33-V, Bronkhorst,
Reinach, Switzerland) for the biogenic syngas. Micro-gas chromatography (micro GC 450,
Agilent Technologies, Waldbronn, Germany) measurements were applied to measure the
concentrations of the main syngas components CO, CO2, H2, and N2 and of the trace com-
ponents O2, CH4 NH3, H2S, HCN, and NOX. The µGC was supplied with three channels
for simultaneous measurement of the different syngas components in three individual
thermal conductivity detectors (TCD) and three individual separation columns (Channel 1:
molecular sieve, carrier gas argon, 80 ◦C, 250 kPa, for the separation of H2, O2, N2, CH4,
and CO; Channel 2: PlotPQ, carrier gas helium, 80 ◦C, 150 kPa, for the separation of CO2,
NH3, HCN, and NOX; Channel 3: CP-Sil 5, carrier gas helium, 45 ◦C, 100 kPa, for the
separation of CO2, and H2S). Gas consumption and production rates for the main syngas
components CO, CO2, and H2 were estimated by multiplying the individual gas partial
pressure measured by µGC with the exhaust gas flow rate measured by the mass flow meter.
The total consumption of each gas component was measured by numerically integrating
the gas uptake rate with a time step of 10 min.

3. Results
3.1. Batch Process Performances of C. carboxidivorans with Artificial and Biogenic Syngas

Batch processes with C. carboxidivorans were conducted with an artificial syngas
mixture and a syngas from the gasification of biogenic residues (TorrCoal). The original
syngas was used directly for two batch processes and was additionally used for two
batch processes with oxygen reduction in the tube reactor with Pd catalyst (Actisorb
O3). The detailed composition of the artificial syngas and the biogenic syngases with or
without oxygen reduction is given in Table 1. The results with C. carboxidivorans of three
independent reference batch processes are depicted in Figure 2 compared to the processes
with biogenic syngas.
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Table 1. Composition of artificial syngas and real syngas from entrained flow gasification of biogenic
residues (torrefied wood, TorrCoal) without reduction of oxygen, and with reduction of oxygen by
a plug flow reactor (inner diameter 10 mm; length 1000 mm) with 30 g Actisorb O3 and 10 g silica
beads at a temperature of 50 ◦C.

Syngas Component Artificial Syngas Biogenic Syngas after
Syngas Cleaning

Biogenic Syngas after Syngas Cleaning
with Additional Oxygen Reduction

N2 36.7 ± 0.3% 34.4 ± 2.9% 30.2 ± 3.8%
CO 30.1 ± 0.4% 30.3 ± 1.7% 31.6 ± 3.4%
CO2 10.3 ± 0.2% 9.4 ± 0.7% 10.0 ± 1.1%
H2 18.5 ± 0.1% 22.2 ± 0.4% 21.9 ± 1.7%

CH4 <<0.1% 0.46 ± 0.009% 0.51 ± 0.034%
O2 <<50 ppm 2459 ± 122 ppm 293 ± 5 ppm

NH3 <1 ppm 3099 ± 181 ppm 766 ± 344 ppm
H2S <1 ppm <50 ppm <50 ppm
NOX <1 ppm <1 ppm <1 ppm
HCN <1 ppm <1 ppm <1 ppm

The processes with C. carboxidivorans using biogenic syngas without oxygen reduction
led to drastically reduced growth and product formation with no observable alcohol
production in the entire process time (Figure 2) and also no gas uptake of CO or CO2
(see supplementary material Figure S2). The redox potential steadily increased by the
oxygen content in the syngas and reached critical levels of −200 mV (see supplementary
material Figure S1). In the following batch process, the redox potential was controlled
by the addition of 2 g L−1 cysteine hydrochloride after 32 h and 78 h (see supplementary
material Figure S1). However, even after keeping the redox potential below −250 mV, the
growth and the production of alcohols stayed low. A total amount of 2 g L−1 cysteine
hydrochloride was necessary to keep the redox potential below −250 mV throughout the
entire process.

In additional batch processes, the biogenic syngas was led through a tube reactor
with a Pd catalyst (Actisorb O3) to reduce the oxygen content of the syngas from 2459 ppm
to 293 ppm O2. The two batch processes performed with oxygen-reduced biogenic syngas
show a higher deviation compared to the three reference batch processes. However, the
average concentration of cell dry weight, acetate, and ethanol are in the same order of
magnitude as the reference batch processes. The concentrations of 1-butanol, and 1-hexanol
were slightly reduced with the biogenic syngas, but reached the same maximum concentra-
tions. Despite the high reproducibility of the concentrations of cell dry weight, acetate, and
ethanol, there was a high deviation of the measured 1-hexanol concentrations in the two
processes with biogenic syngas, which could not yet be explained.

The carbon balance recovery for the reference batch process with C. carboxidivorans
was 93.9 ± 0.4%. The processes with biogenic syngas from gasification of biomass with
oxygen reduction resulted in carbon balance recoveries of 93.2% and 89.7%. Carbon
balances are not fully closed, probably because of unconsumed carbon sources provided
initially in the medium (yeast extract and cysteine) and the evaporation of alcohols. Further
details on gas uptake rates, total gas consumption, and carbon balance recovery can be
found in the supplementary material (Tables S2 and S3, Figures S1 and S2).
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Figure 2. Autotrophic reference batch processes with C. carboxidivorans with artificial syngas (white
circle, dark grey dashed line), batch processes with real syngas from entrained flow gasification of
biogenic residues (torrefied wood, TorrCoal) (light grey square, light grey dash-dot line), and batch
processes with biogenic syngas with oxygen reduction by a Pd catalyst (Actisorb O3) (black diamond,
black solid line). Reaction conditions were constant at T = 37 ◦C, P V−1 = 15.1 W L−1, Fgas = 5 NL h−1,
pHinitial = 6.0 (uncontrolled unless > pH 6.4); pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar,
pN2 = 390 mbar. Error bars indicate standard deviations of three individual reference batch processes
with artificial syngas, and the respective minimum and maximum values of two individual batch
processes with the biogenic syngases. pH values depict the curve of one representative batch process.
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3.2. Batch Process Performances of C. autoethanogenum with Artificial and Biogenic Syngas

The results of three individual reference batch processes with artificial syngas are
compared to one batch process with biogenic syngas after oxygen reduction with Pd
catalysts in the tube reactor (Figure 3). Reproduction of the batch process with biogenic
syngas was not possible due to the total consumption of the biogenic syngas available from
this gasification campaign.
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Figure 3. Autotrophic reference batch processes with C. autoethanogenum with artificial syngas (white
circle), and batch processes with real syngas from entrained flow gasification of biogenic residues
(torrefied wood, TorrCoal) after oxygen reduction by a Pd catalyst (Actisorb O3) (black diamond).
Reaction conditions were constant at T = 37 ◦C, P V−1 = 15.1 W L−1, Fgas = 5 NL h−1, pH = 6.0
(controlled with 3 M NaOH and 1 M H2SO4); pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar,
pN2 = 390 mbar. Error bars indicate standard deviations of three individual reference batch processes
with artificial syngas. The batch process with biogenic syngas was carried out once.

Despite the similar composition of the biogenic and the artificial syngas (Table 1),
the batch process with biogenic syngas having a reduced oxygen concentration led to an
increase in specific growth rate and the maximum concentrations of alcohols. The final
ethanol concentration was increased by 31% from 2.74 g L−1 to 3.60 g L−1 and the final
2,3-butanediol concentration by 104% from 0.52 g L−1 to 1.06 g L−1 after six days. The
maximum acetic acid and cell dry weight concentrations achieved with the biogenic syngas
were not different from the three reference batch processes. The increased alcohol formation
with the biogenic syngas is clearly beyond the standard deviation of the three independent
reference batch processes.

The carbon balance recovery for the reference batch process with C. autoethanogenum
was 89.4 ± 11.4% with a relatively high standard deviation. The carbon balance of one
of the batch processes could only be closed partly due to unknown reasons (73.9%). The
process with biogenic syngas from gasification of biomass with oxygen reduction resulted
in a carbon balance recovery of 92.1%. Carbon balances are not fully closed, probably
because of unconsumed carbon sources provided initially in the medium (yeast extract and
cysteine) and the evaporation of alcohols. Further details on gas uptake rates, total gas
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consumption, and carbon balance recovery can be found in the supplementary material
(Table S4, Figures S1 and S4).

4. Discussion
4.1. Influence of Oxygen Impurities on Syngas Fermentation Processes with C. carboxidivorans

Oxygen as a strong oxidizing agent has an increasing effect on the redox potential.
Despite its low water solubility of 22.98 µmol O2 mol−1 at 25 ◦C and 1013 mbar [54], the
oxygen input of a syngas with 2459 ppm was too high for anaerobic growth of C. carboxidi-
vorans. The oxygen led to increasing redox potential, exceeding critical values for anaerobic
metabolism of−200 mV [14,47,48]. However, the controlled reduction of the redox potential
by addition of cysteine hydrochloride is economically unviable because of the high price of
cysteine and the low added value of the syngas fermentation process [53,55]. The reduction
of the oxygen content of the biogenic syngas with a Pd-catalyst to 293 ppm enabled bio-
genic syngas fermentation processes with both C. carboxidivorans and C. autoethanogenum,
comparable to artificial syngas without oxygen. A more sophisticated statistical analysis of
the obtained fermentation results is challenging because of the low number of reproduc-
tions for the processes with biogenic syngas, whereas the reference batch processes with
synthetic syngas have been reproduced three times (see Figures 2 and 3). The biogenic
syngas in this study was obtained in an entrained flow gasification campaign, which didn’t
provide sufficient amounts of syngas for another reproduction with identical syngas from
the identical fuel (TorrCoal). Therefore, the processes with C. autoethanogenum with biogenic
syngas in particular should be repeated with biogenic syngas from another longer-lasting
gasification campaign in the future. However, the results in this study showed successful
syngas fermentation processes with both microorganisms using the biogenic syngas.

4.2. Comparison to Other Syngas Fermentation Processes with Pure and Biogenic Syngas

Compared to batch processes with artificial syngas in earlier studies, slightly lower
maximum cell dry weight, and ethanol concentrations were measured due to the lower
CO content in the artificial syngas in this study. Batch processes in the same reactor system
with a gas mixture of 800 mbar CO and 200 mbar CO2 and with additions of ammonium
and hydrogen sulfide have resulted in higher maximum alcohol concentrations of up
to 3.2 g L−1 ethanol, 1.1 g L−1 1-butanol, and 0.29 g L−1 1-hexanol, respectively, with C.
carboxidivorans [18]. C. carboxidivorans is known for its preference toward high CO contents
with an optimum between 40% and 80% CO [7,16,19]. C. autoethanogenum has also shown
higher final biomass and alcohol concentrations of 0.67 g L−1 cell dry weight, 4.45 g L−1

ethanol, and 1.94 g L−1 2,3-butanediol, respectively, with syngas mixtures of 600 mbar CO,
200 mbar CO2, and 200 mbar H2 in a stirred-tank reactor with continuous gassing [21].

C. ljungdahlii has already been successfully applied for the conversion of biomass-
derived syngas in batch processes [4,6]. The autotrophic conversion of a syngas from
the gasification of beech wood (28.5% CO, 19.1% CO2, 22.7% H2, 9.9% CH4) resulted
in a higher production of acetic acid (15.6 g L−1, factor 9.75) and lower production of
ethanol (1.6 g L−1, factor 2.25) compared to the results achieved with C. autoethanogenum
in this study [6]. However, higher alcohol concentrations usually are beneficial because
of their higher added value compared to organic acids and their application as fuels or
fuel additives [11,53]. Furthermore, longer-chain alcohols and bifunctional alcohols have a
generally higher added value because of their usability as solvents and platform chemicals.
In particular, 2,3-butanediol is relevant for its possible usage as an educt for the production
of 1,3-butadiene as an important comonomer for the production of duroplastics [56]. A
high final alcohol-to-acid ratio is also an important aspect for downstream processing in
the purification of the produced alcohols [53,57].

4.3. Challenges and Opportunities on High Syngas Conversion in Industrial Scale Bioreactors

A high conversion of the supplied biogenic syngas components CO, H2, and CO2
into the desired product is a crucial economic aspect of syngas fermentation processes.
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However, most acetogenic microorganisms show a high preference to CO toward CO2/H2
as the gaseous substrate [7,16,21]. The more negative Gibbs’ free energy of the reactions
with CO makes them thermodynamically preferable compared to CO2 and H2 [28]. The
generation of electrons from CO is particularly preferred compared to electron generation
from H2 under any circumstances [58]. Therefore, conversion of CO2 and H2 by acetogens
is observed most often only when the concentration of dissolved CO decreases under a
very low threshold value. As an example, simultaneous conversion of CO and CO2/H2
was observed at a CO partial pressure of 20 mbar with a syngas composition of 2% CO,
23% CO2, and 65% H2 with C. autoethanogenum in a continuously operated stirred-tank
reactor at a dilution rate of 0.5 d−1 [59].

Syngas fermentation on an industrial scale is performed in bubble column or gas-
lift reactors [53,60]. The utilization of bubble columns instead of stirred-tank reactors is
important due to the lower power input and more efficient syngas conversion at high liquid
heights [61]. In an industrial scale stirred-tank bioreactor, the power input by the stirrer
to increase the gas–liquid mass transfer rates is typically the main expense factor of the
operating costs. Because the market price of the main syngas fermentation product ethanol
is still rather low, cost efficiency plays a major role in syngas fermentation processes. In a
typical bubble column reactor with a liquid height of 30 m, the hydrostatic pressure of the
water column allows for higher solubilities of the syngas components at the bottom [62].
Conversion of CO by the acetogens decreases the CO content in the rising gas bubbles over
the height of the reactor, and thus, a well-designed bubble column reactor will enable high
conversion of the CO in the lower part of the reactor followed by the conversion of CO2
and H2 in the upper part of the bubble column.

The stoichiometry for the sole autotrophic conversion of CO leads to the release
of 1 mol CO2 per 2 mol CO for acetate production and 1 mol CO2 per 1.5 mol CO for
ethanol production [28]. Therefore, the CO2 content of the rising gas bubbles will increase
in the bubble column reactor. To achieve high conversion of CO2 and H2, the ratio between
these gas components has to be in the range of H2:CO2 of 2:1 (for acetate production)
to 3:1 (for ethanol production) [14,28]. As a consequence, the ideal stoichiometric ratio of
H2:CO in the syngas for total conversion of both components in a bubble column or gas-lift
bioreactor would be 2:1 for sole ethanol production, and 1:1 for sole acetate production.

A biogenic syngas with the composition in this study would result in a gas stream
with 34.2% CO2, 24.5% H2, and 41.3% N2 after the first part of the reactor assuming full
conversion of CO and exclusive ethanol production. Under the assumption of total con-
version of the H2 and the sole production of ethanol in the second part of the reactor, a
gas composition of 38.7% CO2, and 61.3% N2 would remain in the reactor off-gas. How-
ever, the total off-gas stream would decrease to 39.7% of the initial syngas stream. The
biogenic syngas would need a higher H2 to CO2 ratio to ensure a high CO2 conversion.
As autotrophic CO conversion results in CO2 release, an ideal syngas from gasification of
biomass would have as little CO2 as possible. The majority of N2 and O2 in the investigated
syngas came from the bottling process by dosing amounts, purging processes, and safety
valves. Therefore, a directly coupled industrial process would result in lower N2 content
and lower to almost no O2 content in the biogenic syngas [1,2]. The high CO2 concentration
in the investigated syngas mainly results from the low product gas temperature at the end
of the reactor (thermal losses and non-ideal quench geometry), the high O content and
non-ideal particle size distribution of the biomass. An ideal entrained flow gasification
process in the given gasification rig could achieve a CO2 content of 5% CO2 [1,2]. The N2
in the given syngas could be reduced by direct coupling of the gasification plant to the
bioreactor to avoid N2 input by dosing and purging. However, a remaining content of 10%
N2 in the given gasification rig is a realistic limit [1,2]. With an optimally achievable CO2
concentration of around 5% in an ideal biogenic syngas and with a reduced N2 content
compared to this study, a composition of 23.3% CO, 5.0% CO2, 61.7% H2, and 10.0% N2
would theoretically enable full conversion of the syngas components CO, CO2, and H2 in
an ideally operated bubble column reactor.
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4.4. Optimizing the Composition of Syngases from Gasification of Biomass

An entrained flow gasification process should aim to reach a viable composition of
the resulting syngas by keeping CO and H2 content high and the CO2 content low. The
typical elemental composition of wood residues (TorrCoal) on a molar basis is 38.0% C,
44.6% H, and 17.0% O, 53.1% (w/w) C, 5.2% (w/w) H, and 31.7% (w/w) O) [1]. Therefore,
the high optimal H2:CO ratio of 2:1 cannot be achieved with classical entrained flow
gasification. Possibilities to increase the H2 content in a syngas can be the addition of steam
to the gasification agent, but might not be sufficient to reach 2:1 [63]. Plasma entrained
flow gasification with steam as gasification agent could possibly achieve the necessary
H2:CO ratio, but is still at a rather low technology readiness level [64–66]. Additionally,
hydrogen addition to the syngas from other sources such as chloralkali electrolysis, polymer
electrolyte membrane electrolysis (PEM) or a subsequent water–gas shift reactor could be
applied to achieve the necessary H2:CO ratio. The latter would result in a loss of CO2. The
desired high CO:CO2 ratio on the other hand could be achieved, especially by increasing
the reactor temperature and optimizing oxygen–fuel ratio, residence time, or addition of
reforming catalysts [1,2,9,10,63,67]

4.5. Outlook on Future Syngas Fermentation Research

The novelties of this study are (i) the combination of entrained-flow gasification with
subsequent purification of the biogenic syngas and syngas fermentations applying C. carbox-
idivorans as well as C. autoethanogenum at well-defined reaction conditions in fully controlled
stirred-tank bioreactors; (ii) the effects of traces of oxygen in a biogenic syngas on syngas
fermentation processes with C. carboxidivorans; and (iii) in the comparison of the process
performances of two highly promising acetogens under comparable process conditions in
an identical bioreactor system with an identical biogenic syngas. The results of this work
may serve as a basis for the transfer of syngas fermentation processes to an industrial scale.
The entrained-flow gasification system with subsequent gas purification provided a syngas,
which could successfully be used as a substrate for syngas fermentation processes with C.
carboxidivorans and C. autoethanogenum. The identified critical and acceptable concentrations
of traces of oxygen in real syngas could serve as a basis for detailed identification of the
oxygen threshold concentration. Future studies on biogenic syngas fermentation processes
with the acetogens under study could make use of syngas with higher contents of the other
syngas impurities to identify their threshold concentrations, especially in combination. The
modular syngas purification rig applied in this study could abandon one or more of the
four fixed-bed adsorption columns to leave certain impurities in the syngas. This would
also support the industrial application of processes converting biogenic syngas, because
an economic industrial scale syngas fermentation process may require gas purification
cost savings due to the low added value of the fermentation products. The detailed gas
composition of the biogenic syngas could be adjusted to allow for a better ratio of the
individual gas components and, thus, a higher conversion of the syngas components. Ad-
ditionally, future research could apply pilot scale bubble column bioreactors to mimic more
closely the conditions in an industrially applied syngas fermentation process [61]. Syngas
fermentation remains a promising technology for the production of fuels and platform
chemicals from renewable sources by using acetogenic microorganisms. Lastly, future
research could investigate recombinant strains of the acetogenic microorganism to either
increase the robustness toward certain impurities, to increase the alcohol productivity of
the microorganisms, or to produce other, nonnatural products.

5. Conclusions

The results of this study indicated that the autotrophic conversion of a biogenic syngas
with C. carboxidivorans and C. autoethanogenum showed comparable process performances in
batch processes with continuous gassing in stirred-tank bioreactors compared to reference
batch processes with artificial syngas. It was further confirmed that oxygen can be a crucial
trace component in syngas fermentation processes. A total of 2459 ppm O2 was found to
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be inhibiting the autotrophic growth of C. carboxidivorans and no alcohol formation was
observed, even if cysteine was supplied as a reducing agent to the reactor. Reducing the
oxygen content to 293 ppm in the biogenic syngas applying Pd catalysts enabled batch
process performances as in the reference batch processes with C. carboxidivorans. Both
acetogens under study have proven their potential for successful fermentation processes
with biogenic syngas. Based on theoretical considerations, full carbon conversion to ethanol
is challenging with biogenic syngas. An ideal syngas from gasification of biomass should
have as little CO2 as possible.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8090465/s1; Table S1: Composition of the liquid
cultivation medium previously described by Doll et. al. (2018) [16] for anaerobic pre-cultures in anaer-
obic shaken bottles and for batch processes in the 1L stirred-tank bioreactor with C. carboxidivorans
and C. autoethanogenum; Table S2: Total gas uptake of CO, CO2, and H2, carbon in products, biomass,
and medium, and carbon balance recovery of the reference batch processes with C. carboxidivorans
in three individual reference batch processes, in processes with real syngas from gasification of
biomass without redox control, and with redox control by supply of cysteine hydrochloride solution;
Table S3: Total gas uptake of CO, CO2, and H2, carbon in products, biomass, and medium, and
carbon balance recovery of the reference batch processes with C. carboxidivorans in three individual
reference batch processes and in two processes with real syngas from gasification of biomass with
oxygen reduction in a tube reactor with Actisorb O3 as Pd catalyst; Table S4: Total gas uptake of
CO, CO2, and H2, carbon in products, biomass, and medium, and carbon balance recovery of the
reference batch processes with C. autoethanogenum in three individual reference batch processes, and
in one process with real syngas from gasification of biomass with oxygen reduction in a tube reactor
with Actisorb O3 as Pd catalyst; Figure S1: Comparison of redox potential of syngas fermentation
batch processes with C. carboxidivorans (A,C,E) and C. autoethanogenum (B,D) in reference batch
processes (A,B), using biogenic syngas with oxygen reduction (C,D), and without oxygen reduction
(E) without regulation of redox potential (E black line) and with controlled redox potential to < −250mV
by 40 g L−1 cysteine hydrochloride solution (E light grey line). Reaction conditions were constant
at T = 37 ◦C, P V−1 = 15.1 W L−1, Fgas = 5 NL h−1, pH = 6.0 (uncontrolled for C. carboxidivorans),
pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar, pN2 = 390 mbar; Figure S2: Comparison of
gas consumption of CO (black line), CO2 (dark grey dashed line), and H2 (light grey dashed line)
for three autotrophic reference batch processes using C. carboxidivorans with artificial syngas (A–F)
having two batch processes with real syngas from entrained flow gasification of biogenic residues
(torrefied wood, TorrCoal) without regulation of redox potential (G and H) and with controlled
redox potential to < −250 mV by 40 g L−1 cysteine hydrochloride solution (I and J). Reaction
conditions were constant at T = 37 C, P V−1 = 15.1 W L−1, Fgas = 5 NL h−1, pHinitial = 6.0 (un-
controlled unless > pH 6.4), pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar, pN2 = 390 mbar;
Figure S3: Comparison of gas consumption of CO (black line), CO2 (dark grey dashed line), and
H2 (light grey dashed line) for three autotrophic reference batch processes using C. carboxidivorans
with artificial syngas (A–F) having two batch processes with real syngas from entrained flow gasi-
fication of biogenic residues (torrefied wood, TorrCoal) with reduction of oxygen by a plug flow
reactor (inner diameter 10 mm; length 1000 mm) with 30 g Actisorb O3 and 10 g silica beads at a
temperature of 50 ◦C (G–J). Reaction conditions were constant at T = 37 ◦C, P V−1 = 15.1 W L−1,
Fgas = 5 NL h−1, pHinitial = 6.0 (uncontrolled unless > pH 6.4), pCO = 300 mbar, pH2 = 220 mbar,
pCO2 = 90 mbar, pN2 = 390 mbar and Figure S4: Comparison of gas consumption of CO (black
line), CO2 (dark grey dashed line), and H2 (light grey dashed line) of three autotrophic reference
batch processes using C. autoethanogenum with artificial syngas (A–F) having one batch process
with real syngas from entrained flow gasification of biogenic residues (torrefied wood, TorrCoal)
with reduction of oxygen by a plug flow reactor (inner diameter 10 mm; length 1000 mm) with 30 g
Actisorb O3 and 10 g silica beads at a temperature of 50 ◦C (G–H). Reaction conditions were con-
stant at T = 37 ◦C, P V−1 = 15.1 W L−1, Fgas = 5 NL h−1, pH = 6.0 (controlled with 3 M NaOH),
pCO = 300 mbar, pH2 = 220 mbar, pCO2 = 90 mbar, pN2 = 390 mbar.
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