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1 Introduction

Human induced global warming has caused an increase in the global mean temperature of
0.87 °C relative to pre-industrial levels and is expected to increase to 1.5 °C between 2030
and 2052 (Allen M. R., et al., 2018). An increase of 1.5 °C in the global mean temperature
would have severe consequences for natural systems, as well as for human systems and well-
being (Hoegh-Guldberg, O. et al.,, 2018). Reversing this trend requires an integrated

approached of reducing emissions on a broad scale.

The transport sector corresponds to 15% of greenhouse gas emissions and contributed with
a temperature increase of 0.24 °C (Dhakal, S. et al., 2022). Thus, decarbonizing the transport
sector, which is fossil fuel driven, is key to achieve lower emissions. The invasion of Ukraine
by Russia threw another layer into the use of fossil fuel, requiring policy makers and market
participants to prepare for supply disruptions (IEA, 2022b). One of the ways to decarbonize
and foment the use of local energy sources is the production of biofuels, amongst which
bioethanol has the highest global demand, demand which is expected to grow by 10 billion
litres per year until 2027 (IEA, 2022hb).

Bioethanol is produced globally mainly from corn starch and sugar cane (Sharma et al. 2020)
through the fermentation with yeasts (Tse et al. 2021). However, the use of these edible
feedstocks for fuel production puts pressure on food security (IEA, 2022a). Furthermore, the
carbon in biomass is only partially accessible for ethanol production, since the lignin fraction,
which can amount to 40% of the non-carbohydrate mass in plants (Yoo et al., 2020), is not
used. In this regard, the production of synthesis gas (syngas) from non-edible biomass and its
fermentation with syngas fermenting microorganism is a promising alternative to produce

ethanol and other fuels, with the potential of using all the available carbon in the feedstock.

Acetogenic bacteria are a relevant group of bacteria, capable of producing acetyl-CoA from
two molecules of CO, using the Wood-Ljungdahl pathway. They show a wide spectrum of
organic substrates, but some acetogens gained attention for their capacity to produce alcohols
from CO or H; as electron donors. The first bacterial isolate capable of converting CO and H-
and CO, to ethanol was identified by Barik et al. (1988), and this strain was later named
Clostridium ljungdahlii. Ever since, C. ljungdahlii has been established as a model
microorganism, being extensively studied both from a process perspective, as well as through
genetic modifications. Other clostridial strains have also been isolated, which show a different

product spectrum or higher alcohol productivity. Amongst these, Clostridium ragsdalei has
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been shown to be a promising strain to increase alcohol productions (Bengelsdorf et al., 2016;
Saxena and Tanner, 2011). One of the key challenges in the syngas fermentation is shifting

carbon to alcohol production from acetate formation, the main product of acetogenic bacteria.
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2 Motivation and Scope

The broad use of fossil fuels in energy generation, transportation and industrial activity led to
high emissions of greenhouse gases, which resulted in an increase in the global mean
temperature of 0.87 °C since the pre-industrial era and a further increasing trend (Allen M. R.,
et al., 2018). Such temperature increases are having and will have a great impact in natural
and human systems (Hoegh-Guldberg, O. et al.,, 2018). The transport sector alone was
responsible for an increase in temperature of 0.24 °C (Dhakal, S. et al., 2022), and thus
alternative fuels from renewable sources are key to reducing the net greenhouse gas

emissions from this sector.

Ethanol is a well stablished biofuel, with a global consumption of 106.4 billion litres in 2019
and an increasing trend in use (IEA, 2022b; IEA, 2022a). Its production is, however, in conflict
with the food supply chain, as most of the ethanol produced comes from corn starch or sugar
cane. Even though several industrial units are technologically equipped to convert the
cellulosic and hemi-cellulosic fractions of the feedstock into ethanol, these units still use edible
feedstock for ethanol production. Here, the synthesis gas (syngas) fermentation is a promising
alternative for ethanol production. Syngas from the exhaust in industrial processes or obtained
from the gasification of biogenic residues can be used by acetogens, which are able to convert
the main syngas components CO, H, and CO: into organic acids and alcohols. This way,
through syngas fermentation it is possible to produce a renewable fuel, which substantially
reduces the emissions footprint in the transport sector. Furthermore, in the case of syngas
from industrial exhaust gases, it avoids new emissions by fixating exhaust carbon into usable
fuels. In the case of the fermentation of syngas from the gasification of biogenic residues, it
avoids a conflict with food security by not using edible crops and improves the carbon footprint
by enabling the conversion of the whole carbon in the feedstock to ethanol. Syngas
fermentation has in fact reached commercial scale, with the company LanzaTech operating
three commercial plants attached to manufacturing sites in China and achieving an ethanol

production of 20 million gallons in 2020 (Lanzatech, 2023).

Clostridium ragsdalei is an acetogenic bacterial strain able to grow autotrophically with CO or
H, with CO, (Huhnke et al., 2008). As an acetogen, it uses the Wood-Ljungdahl pathway
(WLP) to convert two molecules of CO; into acetyl-CoA, which then serves as a starting point
for biomass or product formation. It converts acetyl-CoA into acetate, which can be further
reduced to ethanol, or into 2,3-butanediol. C. ragsdalei has a high similarity to the model
acetogen Clostridium ljungdahlii, with a 16S rDNA gene sequence similarity of 99.9% (Huhnke
et al., 2008) and an average nucleotide identity of 95.9% (Lee et al., 2019), putting both strains
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in the same clade, but a DNA-DNA hybridization of 57% (Huhnke et al., 2008), showing that
it is clearly a different strain from C. ljungdhalii. Despite this similarity, the only published
comparison of both strains, conducted in anaerobic flasks under autotrophic conditions,
showed very different process performances: the final cell dry weight of C. ragsdalei was 57%
lower than that with C. ljungdabhlii, but the ethanol concentration increased by 110% and the
ethanol to acetate ratio increased 4.33-fold (Bengelsdorf et al., 2016). This favoured alcohol
formation conveys C. ragsdalei research interest. Nevertheless, this strain has been
substantially less studied than C. ljungdabhlii; a search in the platform Google Scholar® showed
18 publications with the term “Clostridium ragsdalei” in the title since 1988 and 123 with the
term “Clostridium ljungdahlii” in the same period. Therefore, one aim of this work is to assess
the performance of the syngas fermentation with C. ragsdalei regarding biomass and alcohol
formation under the optimal conditions of pH 6.0 and temperature of 37 °C, as reported by the
describing patents (Tanner et al., 1993; Huhnke et al., 2008), in comparison to the model
acetogen C. ljungdahlii and in a more relevant reactor setup of a continuously gassed stirred-

tank reactor.

Besides the main constituents of syngas, other impurities might be present depending on the
fuel employed and the gasification conditions. These impurities might, in turn, change the
outcomes of the syngas fermentation. Thus, when considering an integrated process of
biomass gasification to produce syngas and subsequent fermentation, assessing the effects
of various impurities on the process is crucial to design the proper gas cleanup and
conditioning steps. Considering syngas derived from biogenic residues, fuel bound nitrogen
might be converted to N2, char and tar bound nitrogen, hydrogen cyanide and ammonia (Broer
and Brown, 2016), while sulfur is mostly converted to hydrogen sulfide (H.S) and to a lesser
extent to carbonyl sulfide (COS) (Broer et al., 2015). Therefore, quantifying to which extent
different concentrations of impurities influence the syngas fermentation with C. ragsdalei and
comparing its tolerance to impurities with that of the model acetogen C. ljungdahlii will lead to
a better selection of strains for the syngas fermentation, as well as enable a more precise gas

cleanup focused only on the inhibiting impurities.

Syngas fermentation is considered a promising alternative to produce several compounds,
with ethanol being the most prominent, given its large and well stablished market (Kennes et
al., 2016; IEA, 2022b). However, fomenting alcohol production from syngas is challenging,
since the formation of acetate yields more ATP per mol CO or H; than the formation of ethanol
or 2,3-butanediol (Richter et al., 2016; Schuchmann and Mduller, 2014). Therefore,
investigating which conditions favour alcohol production is key to improve the economic
feasibility of the ethanol formation from syngas. This can be done through very different

approaches, such as manipulating the medium composition, changing the pH, increasing the
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CO content in the syngas and through the genetic engineering of strains (Ramié-Pujol et al.,

2015). Such studies are mostly conducted in anaerobic flasks (Abubackar et al., 2012;

Bengelsdorf et al., 2016; Jack et a., 2019; Saxena and Tanner, 2010; Saxena and Tanner,

2012), which fail to represent a more relevant reactor setup with a better control of process

parameters. Therefore, a thorough and systematic comparison of the effects of key process

parameters on the alcohol, and more specifically, ethanol production is of utmost importance

to the further development of the syngas fermentation as a viable technology. This should be

conducted in the more relevant reactor setup of the continuously gassed stirred-tank reactor,

with an ensured continuous gas supply with higher volumetric power inputs and control of the

parameters of the process.

To achieve these aims, the following approach is planned:

The performance of the syngas fermentation with C. ragsdalei should be compared to
that of the model acetogen C. ljungdahlii under the optimal conditions of pH 6.0 and
37 °C in a continuously gassed stirred-tank reactor in batch mode. Key process
indicators to compare are e.g. specific growth rate, gas uptake rates, and final
concentrations of cell dry weight (CDW) and the naturally produced products acetate,
ethanol and 2,3-butanediol.

Using biogenic residues as feedstock for syngas has the potential to increase the
economic feasibility of the syngas fermentation, given its low or even absent cost
(Kennes et al., 2016). This syngas, however, might contain several impurities, which
can impact the outcomes of the syngas fermentation. Therefore, a comparative
analysis of the tolerance of the strains C. ljungdahlii and C. ragsdalei to several syngas
impurities should be conducted. The impurities chosen are ammonium, nitrate, and
hydrogen sulfide.

To improve the alcohol productivity in the syngas fermentation with C. ragsdalei, a
thorough study on the influence of different process parameters should be conducted.
The chosen parameters are pH, temperature, and CO partial pressure. Furthermore,
besides the individual effect of each change in the parameters, their combination
should be assessed as well. This will lead to identifying broad and ideal conditions to

increase the alcohol production in the syngas fermentation.
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3 Theoretical Background

This chapter describes some characteristics of synthesis gas (syngas) fermenting acetogens,
which give them research and industrial interest. A more detailed description of the autotrophic
metabolism of these microorganisms is described, with focus on the strains used in this work
Clostridium ljungdahlii and Clostridium ragsdalei. The relevance of the synthesis gas
fermentation is presented, as well as the key aspects that influence its conversion to alcohols.

Lastly, key fundamentals of bioprocess engineering relevant to this work are laid out.

3.1 Synthesis Gas Fermenting Acetogens

Acetogens are obligate anaerobic bacteria that use the reductive acetyl-CoA pathway to
produce acetyl-CoA from two molecules of CO, and couple it to energy conservation
(Ragsdale and Pierce, 2008; Schuchmann and Mdller, 2016). They are able to grow with
several substrates, both organic and inorganic. This flexibility conveys the acetogens an
ecological advantage, placing them in several anaerobic food webs (Grethlein and Jain, 1992;
Schuchmann and Mdller, 2016).

3.1.1 Autotrophic Metabolism of Acetogens

The elucidation of the Wood-Ljungdahl pathway (WLP) came with studies with Moorella
thermoacetica, with the observation of the stoichiometric conversion of glucose to acetate,
which would imply the use of reducing equivalents from glucose oxidation in the fixation of the
generated CO, (Ragsdale and Pierce 2008). Later, Kerby and Zeikus (1983) would show that
M. thermoacetica could also grow with H,/CO; and adapt to grow with 100% CO.

Through the WLP, acetyl-CoA is produced by reducing two CO: molecules in two
complementary branches, the methyl and the carbonyl branch. A schematic representation of
the WLP is shown in Figure 1, and the following description of the pathway will be based on

knowledge from C. ljungdahlii or similar strains.

The methyl branch reduces CO; in a series of reactions to a protein bound methyl group. The
first reaction step is the reduction of CO, to formate, which is carried out by a formate
dehydrogenase (FDH) complex with an electron bifurcating hydrogenase, using ferredoxin
and nicotinamide adenine dinucleotide phosphate (NADPH). This enzyme complex was
identified by Wang et al. (2013) with C. autoethanogenum, and the genome of C. ljungdahlii

also contains such an enzyme complex (Schuchmann and Miller 2014). Most recent works
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confirm that the CO; reduction into the methyl branch is conducted by this enzyme complex
in C. ljungdahlii (Aklujkar et al. 2017; Hermann et al. 2020). Formate undergoes condensation
with tetrahydrofolate (THF) forming formyl-tetrahydrofolate (HCO-THF) with adenosine
triphosphate (ATP) consumption by a formyl-tetrahydrofolate synthetase. HCO-THF
undergoes cyclization and further reduction to methylene-tetrahydrofolate (CH.-THF) with
NADPH by a bifunctional formyl-tetrahydrofolate cyclohydrolase/methylene- tetrahydrofolate
dehydrogenase. CH2-THF is finally reduced to methyl-tetrahydrofolate (CHs-THF) with an
electron bifurcating methylene tetrahydrofolate reductase, which couples the reduction of CH»-
THF with nicotinamide adenine dinucleotide (NADH) to the endergonic electron transfer from
NADH to ferredoxin (Richter et al., 2016). A methyltransferase transfers the methyl group of
the CHs-THF to the corrinoid iron-sulfur protein (CFeSP). The methyl group is transferred to
the cobalt center of the corrinoid, which is highly reactive. The CFeSP also possesses an iron-
sulfur cluster, which is responsible for the reactivation of the cobalt in case it suffers oxidative
inactivation (Ragsdale and Pierce 2008). The CFeSP bound methyl group corresponds to the
methyl group in the acetyl group of the acetyl-CoA.

The carbonyl branch supplies the acetyl-CoA with the carbonyl group. It reduces CO, to CO
or directly uses CO and incorporates it to acetyl-CoA. This is conducted by a carbon monoxide
dehydrogenase/acetyl-CoA synthase complex (CODH/ACS). C. ljungdahlii also produces an
orphan CODH, which is only involved in the reduction of CO, to CO in growth with Hx/CO-
(Richter et al. 2016). The CODH/ACS complex is key in the WLP and works through the
formation of several organometallic intermediates from CO, methyl, and acetyl with nickel
atoms. The active centers of the subunits of the CODH/ACS contain nickel and iron-sulfur
clusters (Ragsdale 2007, 2008; Ragsdale and Pierce 2008).

The overall formation of acetyl-CoA from the two CO, molecules can be described in a

simplified form by:

CoAHS (3 1)
2C0, + 8[H] + ATP —— Acetyl — CoA + ADP + P; + 3H,0 '

, Where [H] represent the reducing agents.

The WLP consumes ATP and requires the input of a variety of reducing agents to fixate carbon
into acetyl-CoA, which serves as the starting point for anabolism through the production of
pyruvate by the pyruvate:ferredoxin oxidoreductase (PFOR). Therefore, it needs to be coupled

to an autotrophic form of energy conservation.
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Methyl-branch

CO, —— HCOOH - HCO-THF

Y2 Fd?, ATP
> NADPH

Figure 1 — Simplified version of the reductive acetyl-CoA pathway, or Wood-Ljungdahl
pathway (WLP), for the fixation of two CO, molecules into one acetyl group bound to the
coenzyme A (Acetyl-CoA), with the required reducing agents and cofactors. The enzymes
responsible for the individual reactions were excluded from the figure. For a description of the
WLP, see text in subsection 3.1.1.

3.1.2 Energy Conservation of Acetogens

The WLP fixates inorganic carbon with the net use of ATP and reducing agents. These are
provided by the production of acetate, the generation of a membrane gradient, directly from
the electron donors (CO, H) and through redox rebalancing. Each of these aspects will be
described in this subsection, with the description below considering only energy conservation
with the major syngas components CO, H, and CO,. A schematic representation of these

energy conserving processes is shown in Figure 2.

The first two items, acetate production and the membrane gradient, are independent of
electron donor (CO, H») and supply ATP. A phosphotransacetylase converts acetyl-CoA to
acetyl phosphate, which is further converted to acetate by an acetate kinase with the release
of ATP. Considering equation 3.1, since 1 mole of acetate can be produced from 1 mole acetyl-
CoA, the production of acetate from two moles CO. is ATP neutral disregarding further
mechanisms. The stoichiometry of acetate formation from CO or H»/CO; follows (Sun et al.
2019):
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4CO + 2H,0 - CH3COOH + 2C0, AG® = —154.6 k] mol™! (3.2)
4H, + 2C0, - CH3;COOH + 2H,0 AG® = —74.3 kJ mol™? (3.3)

ATP is also produced by the generation of a chemiosmotic gradient, and the coupling of the
WLP and chemiosmosis is the key element in the autotrophic energy conservation of
acetogens. In fact, as late as in 2008 this coupling had not been identified, even though there
were already evidences for it (Ragsdale, 2008b). The mechanisms and enzyme complexes
involved in the generation of this gradient vary for different acetogens: for C. ljungdahlii and
C. ragsdalei, this gradient is generated by the Rnf complex with a proton gradient. The Rnf is
a membrane integral ferredoxin-NAD oxidoreductase enzyme complex, which transfers
electrons from 1 mole of reduced ferredoxin to NAD, whereby translocating 2 protons through
the cell membrane. This gradient, or proton motive force (PMF), is used by a membrane-
bound ATP synthase to generate ATP with a yield of 1 ATP per 3.66 mol protons (Richter et
al. 2016). The equation that governs the Rnf complex coupled with the ATP synthase is:

0.546(ADP + P;) + NAD* + Fd~2 + H* — 0.546ATP + NADH + Fd (3.4)

Reducing agents required for the WLP and chemiosmosis are supplied by the electron donors
and rebalanced by electron bifurcation. Starting with H; as electron donor, C. ljungdahlii has
the genetic potential to encode several hydrogenases (Schuchmann and Miuller, 2014), but
mainly two enzymes play a role in the supply of electrons. A bifurcating hydrogenase complex
HydABC transfers electrons from H to ferredoxin and NAD and a bifurcating iron only
hydrogenase HytA-E/FDH complex which couples the CO. reduction to formate and the
electron transfer from H, to ferredoxin and NADP. The HytA-E is the most abundant
hydrogenase in the proteome of syngas/CO growing cells, and is therefore the most relevant
enzyme in the use of H> (Wang et al. 2013; Richter et al. 2016). Carbon monoxide donates
electrons to ferredoxin by the carbon monoxide dehydrogenase (CODH), as described in
section 3.1.1. The equations that govern the electron transfer from CO and H. (by the HytA-E)

are:

CO+ H,0+Fd - CO,+2H" + Fd™? (3.5)
2H, + NADP* + Fd — 3H* + NADPH + Fd~? (3.6)
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Figure 2 — Schematic representation of the energy conserving mechanisms and the Wood-
Ljungdahl pathway (WLP) in C. ljungdahlii. The hydrogenase HytA-E produces reduced
ferredoxin (Fd*) and NADPH from H, and the carbon monoxide dehydrogenase (CODH),
which is in complex with the acetyl-CoA synthase (ACS), produces Fd? from CO. Acetate is
produced from acetyl-CoA, whereby ATP is produced. Reduced ferredoxin drives the
translocation of proton by the Rnf, a membrane bound ferredoxin-NAD oxidoreductase
enzyme complex, whereby NADH is also generated. The chemiosmotic potential generated
by the proton translocation drives the ATP formation by a membrane bound ATP synthase
(ATPase). The electron-bifurcating transhydrogenase Nfn reversibly rebalances NADH,
NADPH and ferredoxin.

The last aspect of energy conservation in acetogens is the rebalancing of reducing agents.
The WLP requires per mol acetyl-CoA 0.5 mol reduced ferredoxin, 2 mol NADH and 1.5 mol
NADPH, whereas CO as electron donor supplies only reduced ferredoxin and H» supplies
mainly ferredoxin and NADPH in equal quantities with the most abundant HytA-E. Thus, a
rebalancing of the redox cofactors is required depending on electron donor. The Rnf complex
transfers electrons from reduced ferredoxin to NAD, being the main source of NADH in the

cell. The conclusive rebalancing is achieved through an electron-bifurcating transhydrogenase
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Nfn, which reversibly couples the electron transfer from reduced ferredoxin to NADP and the
transfer from NADH to NADP. The key in the Nfn lies in its reversibility, producing net NADPH
with CO as electron donor and producing net NADH with H; as electron donor (Hermann et
al., 2021; Richter et al., 2016). The reaction that governs the Nfn is:

2NADP* + Fd™2 + NADH + H* & 2NADPH + Fd + NAD* (3.7)

Combining these energy conserving mechanisms, the production of acetate with H, and CO-
yields 0.903 mol ATP, whereas acetate production with CO yields 1.503 mol ATP (Richter et
al., 2016, Wiechmann and Miiller, 2019)

3.1.3 Clostridium ljungdahlii and Clostridium ragsdalei

Clostridium ljungdabhlii was first identified by Barik et al. (1988) as an unknown bacterial isolate
from chicken yard waste capable of converting CO and H,/CO, to ethanol. The strain was later
described by Tanner et al. (1993) as strictly anaerobic, spore forming, rod shaped, gram-
positive and motile. It shows a broad substrate spectrum including CO, H»/CO,, ethanol,
pyruvate, fumarate, threose, arabinose, ribose, xylose, glucose and fructose; growth on
formate is poor and malate is metabolized without cell growth. Optimal pH and temperature
for growth are pH 6.0 and 37 °C, with growth possible at an initial pH within the range of pH

4.0 and pH 7.0. It naturally produces acetate, ethanol and 2,3-butanediol.

Clostridium ragsdalei was isolated from sediments of the Duck Pond at the University of
Oklahoma and published by Huhnke et al., (2008). It is rarely motile, rod-shaped, gram-
positive and spore-forming. It is strictly anaerobic, and can grow on CO, CO/H;, pyruvate,
threose, xylose, mannose, fructose, glucose, sucrose, ethanol, 1-propanol, casamino acids,
glutamate, serine, choline and alanine. Optimal pH for growth is between pH 6.0 and pH 6.3
and the optimal temperature is between 30 °C and 37 °C. Optimal pH for CO metabolism lies
between pH 5.5 and pH 6.0.

Both strains belong to the same clade, with an average nucleotide identity (ANI) of 95.9% (Lee
et al. 2019). Despite the high level of similarities, both strains show some key differences,
which were highlighted by a comparative study presented by Bengelsdorf et al. (2016).
C. ljungdahlii contains twenty genes encoding alcohol dehydrogenases, whereas C. ragsdalei
contains sixteen; C. ragsdalei possesses four gene copies coding for an aldehyde:ferredoxin
oxidoreductase, whereas C. ljungdahlii possesses two. These differences were also
demonstrated in the same publication through the performance of each strain in a batch
cultivation in anaerobic flasks with 50% (v/v) CO, 5% (v/v) CO,, 45% (v/v) Hz. The final optical

density of the C. ljungdahlii culture was roughly twofold that of C. ragsdalei, while the acetate
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concentration was almost threefold higher. Interestingly, the ethanol concentration in the

culture of C. ragsdalei was the highest presented in the study.

3.2 Synthesis Gas Fermentation and Alcohol Production

Synthesis gas (syngas) is a term originally used in the petrochemical industry and describes
a gas mixture of CO and Hz, with lower quantities of CH4 and N.. It was produced mainly from
the steam reforming of methane, and the resulting gas was used for methanol synthesis, or
the resulting hydrogen was used for ammonia production (Fowles and Carlsson 2021). The
meaning of the term syngas has been broadened, comprising gas mixtures composed mainly
of CO, H; and CO3, and the sources for syngas production broadened as well, including the

gasification of coal, coke, and biomass.

Interest in syngas fermentation was initially based on the concept of coal gasification, with the
resulting syngas being fermented by acetogens. These microorganisms were known to
produce organic acids or methane from syngas, until the first publication with a bacterial isolate
showed the production of ethanol from syngas (Barik et al. 1988). Since then, focus shifted to
the more valuable alcohol production with syngas fermentation, and the possible sources of
syngas were widened to include industrial exhaust gasses or syngas derived from the

gasification of biomass.

Ethanol is a globally relevant chemical, with the global consumption of 106.4 billion litres in
2019, increasing from 61.7 billion litres in 2010. The biggest consumers and producers of
ethanol are the United States of America (USA) and Brazil, both countries which have policies
to blend ethanol with gasoline (IEA, 2022b). More than 94% of the USA’s production of
bioethanol comes from corn starch, whereas in Brazil, the main feed stock is sugar cane
(Sharma et al. 2020). The general process scheme involves a pre-treatment of the feedstock,
hydrolysis, and fermentation of the sugars, with Saccharomyces cerevisiae being the most

used yeast for industrial ethanol production (Tse et al. 2021).

Depending on the feedstock, the ethanol production is divided into generations. First
generation ethanol refers to the production of ethanol from starch or sugar rich feedstocks,
such as corn, and sugarcane, respectively. Second generation ethanol utilizes non-edible
feedstocks, such as lignocellulosic materials; in this case, the feedstock needs to be
pretreated and the available cellulose/hemicellulose hydrolysed into usable sugars. The third
generation refers to the use of algal biomass for ethanol production, which requires a different

sort of pretreatment to provide usable sugars for the fermentation step (Tse et al. 2021). With
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this in consideration, ethanol from syngas fermentation lies within the term second generation
ethanol (Kennes et al. 2016).

In this section, key aspects of the alcohol production from syngas are described. Firstly, the
uptake of the different main gas components CO, H; and CO; are discussed and, within the
framework of using syngas from the gasification of biomass, the effect of syngas impurities in
the syngas fermentation are outlined. Secondly, the metabolic pathways involved in alcohol
production and the key factors influencing the production of the alcohols ethanol and 2,3-

butanediol from syngas are described.
3.2.1 CO, CO; and Hzin the Syngas Fermentation

The main components of syngas are CO, CO; and H.. For the autotrophic growth with CO and
H./CO,, the acetogens use the WLP for carbon fixation linked to chemiosmosis and acetate
formation for energy conservation (see subsections 3.1.1 and 3.1.2), whereby CO or H serve
as electron donors to drive these processes. In the context of a coupled gasification/syngas
fermentation process, the concentration of CO, CO; and H; are determined by the gasification
process. Here, not only the gasification conditions, but also the composition of the feedstock
and the reversible conversion of CO to H; and CO: are limits to the final composition of the
syngas (Broer et al. 2015).

The different redox potentials of -558 mV for CO (Hurst and Lewis 2010) and -414 mV for H;
(Wang et al. 2013), under standard conditions, imply that each electron donor supplies the
cells differently with electrons. Given this difference, the uptake of either CO or H: by the cells
is strongly regulated by thermodynamic considerations. Hu et al. (2011) conducted a
theoretical thermodynamic analysis of the electron transfer from CO and H, to NAD and
ferredoxin based on the Gibbs free energy of the electron transfer reactions under common
process conditions (pH, ionic strength, temperature). It was concluded that in none of the
studied conditions the electron transfer from H, to these redox cofactors was more
thermodynamically favourable than that from CO. Moreover, it was also concluded that if the
ratio of reduced redox cofactors to the oxidized redox factor is high, the electron transfer from
H. can be thermodynamically unfeasible, whereas this scenario was not foreseen for CO in
any of the analysed conditions. These conclusions by Hu et al. (2011) are in accordance with
the results presented by Younesi et al. (2005), which showed that with C. ljungdahlii in serum
bottles with a closed atmosphere, the consumption of H, resumed only after CO was
completely depleted from the atmosphere. Additionally, H> consumption was only observed at
the highest studied partial pressures (0,32 atm and 0,36 atm) despite CO depletion, indicating

possibly a thermodynamic unfeasibility under lower hydrogen partial pressures.
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Besides thermodynamic considerations, the inhibitory effects of CO on the activity of
hydrogenases also play a role in the preference of CO over H,. More specifically, it has been
shown that CO inhibits the CO; reduction to formate with ferredoxin and NADPH by inhibiting
the hydrogenase in the HytA-E/FDH complex (Wang et al. 2013), which is the main
hydrogenase for the electron transfer from H; to ferredoxin and NADP and the most abundant
protein in the proteome in C. ljungdahlii (Richter et al., 2016). Wang et al. (2013) concluded
that the inhibition occurred in the HytA subunit and argued that growth is nevertheless possible
with CO since intracellular CO concentrations were assumed to be very low, the HytA-E is

present at very high concentrations and possesses a very high activity.
3.2.2 Synthesis Gas Fermentation: Effect of Impurities

Syngas is not only composed of its main components but, depending on the feedstock used
and the production method, it can contain impurities. In the context of syngas from the
gasification of biomass, a broad spectrum of minor components might be present, such as
aromatics, smaller alkanes, alkenes and alkynes, hydrogen sulfide (H>S) and carbonyl sulfide
(COS), hydrogen cyanide (HCN), ammonia (NHs) and nitrogen oxides (NOy) (Datar et al. 2004;
Oswald et al. 2018; Liakakou et al. 2021). Table 1 contains the concentration for some of these
impurities reported in different references, for different feedstocks.

Table 1 — Concentration of impurities in the syngas obtained from the gasification of different
biogenic feedstocks.

Component Concentration, ppm Feedstock (Reference)

CoH, + CoHa + CoHg 40800 Lignin (Liakakou et al. 2021)
Aromatics 7883

H2S 1165

COSs 31

C2oHz + CoHa + CoHg 10000 - 58000* Switchgrass (Broer et al. 2015)
H2S 170 - 320

COSs 20 - 49

NHs 1270 - 2270

HCN 254 — 454*

NOx 140 - 150 (NO) Switchgrass (Datar et al.,, 2004;

Ahmed and Lewis, 2007)

*interpreted/calculated from graphical representations in the original publication

How each of these components affects the fermentation performance is important when

coupling biomass gasification and subsequent fermentation, since they might impact the
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fermentation negatively. Therefore, it is not surprising that several publications in which
biomass gasification and fermentation were coupled, the syngas went through a gas cleanup
step prior to being supplied to the fermentation, thus avoiding possible negative effects (Datar
et al., 2004; Liakakou et al., 2021; Ramachandriya et al., 2013; Rickel et al., 2022).

Fuel bound nitrogen (FBN) is mainly converted to N2, char and tar bound nitrogen, hydrogen
cyanide and ammonia (Broer and Brown, 2016). Ammonia and HCN combined can mount up
to more than 50% of FBN in the steam gasification of switchgrass (Broer et al., 2015), and
thus could influence the performance of the syngas fermentation, since both components are
soluble in water and would accumulate in a continuously gasified process. At a pH range of
pH 4.0 — pH 6.0, relevant for the syngas fermentation with C. ljungdahlii and C. ragsdalei,
ammonia is present in aqueous solutions fully as ammonium; given its high solubility, a
continuously gassed process would accumulate ammonia in form of ammonium, and thus
possible effects of ammonium in such processes are of interest. Ammonium is present in most
of the cultivation media for syngas fermentation, and concentrations up to 155.2 mM NH4* had
a beneficial effect on the continuously gassed syngas fermentation with C. carboxidivorans
(Ruckel et al., 2021), whereas the increase from 46.75 mM to 116.88 mM NH4" had no
negative effect in the batch syngas fermentation with C. ragsdalei (Saxena and Tanner, 2012).
HCN is in the same pH range as dissolved HCN, and thereby the continuous gassing with a
HCN containing gas would lead to an equilibrium between the gaseous and the liquid phase,
putting a limit in how much HCN can accumulate in the reactor. Oswald et al. (2018)
demonstrated that HCN had an inhibitory effect in batch processes with C. ljungdahlii. This
inhibition was expressed as a prolonged lag-phase for HCN concentrations up to 0.1 mM, after

which cells adapted. No adaption was observed with 1.0 mM HCN.

Sulfur present in the fuel is mostly converted to H,S after gasification (Broer et al. 2015).
Ruckel et al. (2021) investigated the influence of sulfide in the continuously gassed syngas
fermentation with C. carboxidivorans through the addition of thioacetamide and observed that
the equivalent addition of up to 29.4 mM sulfide had a positive effect in biomass growth and
alcohol production. In batch processes with C. ragsdalei, Hu et al. (2010) observed a slightly
negative effect of up to 1.9 mM sulfide on the biomass growth and a slight improvement in the
ethanol production. Negative effects from sulfide are associated with its dissolved
undissociated form, which permeates through the cell membrane and can cause DNA damage

or protein denaturation (O'Flaherty et al., 1998; Ntagia et al., 2020).

Nitrogen oxide (NO) has been shown to have a strong reversible effect on the hydrogenase
of C. carboxidivorans, with complete inhibition occurring with 160 ppm NO (Ahmed and Lewis,

2007). Interestingly, it was also shown that the cells were able to produce ethanol in a batch
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process in which 130 ppm NO was added to the gaseous phase after the fourth day, despite
the almost full inhibition of the hydrogenase. Dissolved NO is in equilibrium with nitrite and
nitrate, and the latter two could also influence the syngas fermentation. Emerson et al. (2019)
investigated the effect of added nitrate in the growth of C. ljungdahlii with H2/CO.. Nitrate could
function as an electron acceptor, bypassing the WLP and receiving electrons from H,, thus
enabling a further functioning of the Rnf/ATP synthase system for ATP generation. 15 mM
nitrate increased the maximal cell dry weight concentration achieved, whereby no ethanol was
built while nitrate was still available, and formate was produced in the exponential growth

phase. With CO/CO; as substrate, the nitrate supplementation had a negative effect.
3.2.3 Pathways for Ethanol and 2,3-Butanediol Formation
Ethanol Production

C. ljungdahlii and C. ragsdalei have the genetic potential to produce ethanol from acetyl-CoA
through two pathways: through the direct reduction of acetyl-CoA to acetaldehyde and further
reduction to ethanol, or through the production of acetate, which is reduced to acetaldehyde
and further to ethanol. The first route involves a NADH using aldehyde dehydrogenase (ALDH)
to produce acetaldehyde. The second route involves acetate production, as previously
described in subsection 3.1.2, and the ferredoxin dependent reduction of acetate to
acetaldehyde by an aldehyde:ferredoxin oxidoreductase (AOR). Once aldehyde was
produced, it is further reduced to ethanol by an alcohol dehydrogenase with NADH as redox
cofactor (Kdpke et al., 2010). The production of ethanol through acetate offers the benefit of
the ATP production related to the acetate formation, and thus is the primary route for ethanol
formation in C. ljungdahlii (Richter et al., 2016).

Ethanol formation from CO or H2/CO; follows the stoichiometry (Sun et al. 2019)

6CO + 3H,0 — C,HsOH + 4C0, AG® = —97.0 k] mol~! (3.8)
6H, + 2C0, — C,H;OH + 3H,0 AG® = —217.4 k] mol™! (3.9)

Acetogens such as C. ljungdahlii and C. ragsdalei produce ethanol as a form to dissipate
energy as the flow of electrons increases (Allaart et al., 2023), whereby further ATP can be
generated with the Rnf complex. The production of acetate from acetyl-CoA and the reduction

of acetate to ethanol with the corresponding ATP vyield follows:

Acetyl — CoA+ ADP + P; - CH;COOH + ATP (3.10)
CH;COOH +2C0/2H,+1/0 H,0 + 0.546/0.273 (ADP + P;) (3.11)
- C,HsOH +2C0,/1 H,0 + 0.546/0.273 ATP



Theoretical Background 17

2,3-Butanediol Production

2,3-butanediol is derived from pyruvate in acetogens, which is formed by the reductive
carboxylation of acetyl-CoA by a pyruvate:ferredoxin oxidoreductase (PFOR). This step is
reversible and it represents the link between the heterotrophic metabolism and the WLP by
the assimilation of CO, from the formation of acetyl-CoA from pyruvate (Ragsdale, 2008b).
Two pyruvate molecules form acetolactate with the release of CO, a reaction catalysed by an
acetolactate synthase. Acetolactate undergoes decarboxylation, releasing CO. by an
acetolactate decarboxylase forming R-acetoin. Acetoin is finally reduced to 2,3-butanediol with
a NADH dependent 2,3-butanediol dehydrogenase (BDH) or a NADPH dependent primary-
secondary alcohol dehydrogenase (CaADH). 2,3-butanediol formation is thought to serve as
a form of deacidification from the accumulation of pyruvic acid and as an overflow mechanism

if the intracellular environment is overly reduced (Kopke et al., 2011).

2,3-butanediol formation from CO or H./CO; follows the stoichiometries (Riickel et al. 2022)
and ATP yields of:

11C0 + 5H,0 = C4Hy,0, + 7C0, AG® = —361.8 k] mol™1 (3.12)
11H, + 4C0, — C4H,40, + 6H,0 AG® = —140.7 kJ mol ™1 (3.13)
4Acetyl — CoA + 3 C0/3 Hy + 1/0 H,0 + 1.055/—0.995 (ADP + P,) (3.14)

- C4Hy00, + 3 C0,/2 Hy0 + 1.055/—0.995 ATP

The pathways to the formation of ethanol and 2,3-butanediol in acetogens are schematically

shown in Figure 3.
3.2.4 Key Influences of Alcohol Formation with Acetogens

Several factors influence the production of ethanol and 2,3 butanediol by C. ljungdahlii and C.

ragsdalei. In this subsection, some of these factors will be described.

Medium Composition

The medium composition for syngas fermenting acetogens contains inorganic nitrogen and
phosphate sources, minerals (mainly sodium, calcium, magnesium, and potassium),
commonly yeast extract, trace metals, vitamins and a reducing agent. Detailed studies to the
effect of each individual component in the alcohol formation with syngas fermentation are

scarcely available and hardly comparable since the overall medium composition and the
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experimental setup might differ. Nevertheless, some aspects can be gathered from the

published literature.
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Figure 3 — Pathways to the formation of acetate, ethanol and 2,3-butanediol from acetyl-CoA.
A phosphotransacetylase converts acetyl-CoA to acetyl phosphate (Acetyl-P), which is further
converted to acetate by an acetate kinase with the release of ATP. Acetate is reduced to
acetaldehyde with ferredoxin by an aldehyde:ferredoxin oxidoreductase (AOR). Acetaldehyde
is reduced with NADH to ethanol by an alcohol dehydrogenase. Alternatively, acetaldehyde
can be directly formed from Acetyl-CoA using an aldehyde dehydrogenase and NADH. 2,3-
butanediol formation starts with the formation of pyruvate from acetyl-CoA using ferredoxin
through a pyruvate:ferredoxin oxidoreductase. Acetolactate is formed from pyruvate and
further converted to acetoin, which is finally reduced to 2,3-butanediol by either a NADH
dependent 2,3-butanediol dehydrogenase (BDH) or a NADPH dependent primary-secondary
alcohol dehydrogenase (CaADH)

Saxena and Tanner (2012) investigated the effect of the ions of sodium, calcium, magnesium
and potassium, as well as the ions of ammonium and phosphate, and vitamins in the syngas
fermentation with C. ragsdalei. The processes were conducted in anaerobic tubes with a gas
mixture of CO:N2:CO; (70:24:6). For Na*, Ca?*, Mg?* and K", the changes studied were their
complete removal or a fivefold increase in the concentration. It was observed that the absence
of magnesium ions and the fivefold increase in sodium ions hemmed growth and ethanol
formation, fomenting acetate production; in all other cases with these minerals, no difference
was observed. The complete removal of ammonium and phosphate also hemmed growth and
alcohol formation and fomented acetate production, while their increase to 2.5-fold of the
standard concentration had no influence in the process performance. The removal of the
vitamin solution from the medium also had no influence on growth, ethanol, and acetate

formation.
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The effect of trace metals ions in the syngas fermentation with C. ragsdalei was studied by
Saxena and Tanner (2011). They observed that the ethanol formation and final cell dry weight
concentration were strongly influenced by an individual tenfold increase in the concentrations
of nickel ions (394% and 44.1% increases for ethanol and the specific growth rate,
respectively) and zinc ions (425% and 41.2% increases for ethanol and the specific growth
rate, respectively) and to a lesser extent by the tenfold increase of the tungsten content. The
removal of copper from the medium also had a positive effect in the ethanol formation. Despite
the similar results generated by the increase in the ions of nickel and zinc, their effect on the
activities of the FDH, CODH, hydrogenase and alcohol dehydrogenase were very distinct, with
negligible changes observed with the zinc ion supplementation and strong increases in the

activities of the CODH and hydrogenase with the nickel ion supplementation.

Ricci et al. (2021) studied the influence of medium composition in the formation of 2,3-
butanediol with C. ljungdahlii and C. autoethanogenum. They observed that the 2,3-butanediol
production increased almost twofold with a medium with higher vitamins and iron
concentration. Analysing the publication in more detail, the only component which can be
individually assessed is iron, and its 3.6-fold increase in the medium led to an increase of

roughly 10% in the final 2,3-butanediol concentration.

Cysteine is the most common reducing agent in the syngas fermentation with acetogens. The
effect of cysteine in the syngas fermentation with C. autoethanogenum and C. ljungdahlii was
studied by Abubackar et al. (2012) in serum vials, and Infantes et al. (2020) in continuously
gassed stirred-tank reactors, respectively. Both studies observed little effect of increasing the

initial cysteine concentration in biomass growth and alcohol formation.

pH, Temperature and Acid Crash

The acetate reduction to ethanol can function as a mechanism to avoid intracellular
acidification. As acetate is produced and released into the medium, the external pH decreases
if not controlled. Acetic acid is partially dissociated in aqueous solutions, and the fraction of
dissociated/undissociated acid is governed by the thermodynamic conditions. Assuming that

equilibrium conditions for the dissociation applies, each fraction is determined by:

pK, = pH + log[HA] — log[A~] (3.15)
pK, Dissociation constant for the monoacid
[HA],[A”] Concentration of undissociated (HA) and dissociated acid (A°), M
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pK, of acetic acid at 25 °C is 4.756 (Lide, 2008). Using this relation, as the external pH
decreases due to acetate production, not only the overall concentration of the acetic acid pair
increases, but also the fraction of undissociated acid, as can be seen in Figure 4 by the molar

fractions of undissociated acetic acid and acetate as a function of pH.
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Figure 4 — Molar fractions of undissociated acetic acid (black line) and acetate (dashed line)
as a function of pH, based on a pK, for acetic acid at 25 °C of 4.756 (Lide, 2008)

External undissociated acetic acid can freely diffuse through the cell membrane into the cell.
Internal cell conditions, assumed to be pH 6.0 (Richter et al. 2016), force a dissociation of the
undissociated acetic acid, which lowers internal cell pH. The cells counter this acidic load by
reducing acetate to ethanol. This beneficial effect of a lower pH on ethanol production has
been shown in several publications (Abubackar et al., 2016; Abubackar et al., 2012; Arslan et
al., 2019; Cotter et al., 2009b; Infantes et al., 2020; Richter et al., 2016; Richter et al., 2013).
The effects of pH on the 2,3-butanediol production from syngas fermentation are less well
studied. It has been however hypothesized, that the 2,3-butanediol production could also be

fomented by lower pH as a deacidification mechanism (Kopke et al., 2011).

Inversely, higher pH foments acid production. Maddox et al. (2000) enlisted three common
reasons for failing to trigger solvent production in acetone-butanol-ethanol (ABE)
fermentations with Clostridia: (1) High pH, which is a metabolic regulation of the cells and is
instant; (2) culture degeneration, which occurs over continuous processes with a genetic
change in the population and is very slow; and (3) the acid crash, which occurs fast and is
particular to a fermentation run. Maddox et al. (2000) argued that the reason for the acid crash
is the overly fast accumulation of undissociated acids, and that the strategies for overcoming
it involve slowing acid formation or the overall process. These could be achieved by lowering
the pH, the process temperature, or the yeast extract concentration. Ramié-Pujol et al. (2015)
used these recommendations and compared processes in test tubes with C. carboxidivorans
at 37 °C and 25 °C. The ethanol concentration increased from 1.56 mM to 32.1 mM with the

decrease in process temperature, whereas the formation of the chain-elongated alcohols
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butanol and hexanol were only observed at 25 °C. Shen et al. (2017) pursued a similar
approach as Ramio-Pujol et al. (2015) with C. carboxidivorans, more than doubling the alcohol
production in anaerobic flasks with daily replenishing of the gaseous phase with a temperature
profile of 37 °C for 24 h and 25 °C for another 120 h.

Wang et al. (2011) argued that the reason for the acid crash in ABE fermentation is the
accumulation of intracellular formic acid. This was tested by constructing a recombinant strain
of Clostridium acetobutylicum with formate dehydrogenase activity (FDH) and successfully
countering the acid crash. However, C. carboxidivorans, studied by Ramio-Pujol et al. (2015),
has FDH activity, and thus acid crash does not directly explain the improvement in the alcohol
production. Shen et al. (2020) conducted a comparative transcriptome analysis of processes
with C. carboxidivorans at 37 °C and 25 °C and observed that genes of the WLP were
upregulated at 37 °C, while the lower temperature of 25 °C was more advantageous for the
genes linked to chain elongation. Surprisingly, the expression of genes linked to the
aldehyde:ferredoxin oxidoreductase were equally high at both temperatures, despite the
beneficial effect of the lower temperature on the alcohol formation. Thus, lowering the process
temperature might be beneficial for solvent production more through a metabolic readjustment

than for avoiding an acid crash.

Carbon Source and Redox Balancing

Syngas has variable concentrations of CO, H> and CO,, which are dependent on its source
and production method, and ideally all three components should be converted to the desired
products. However, whether CO or H: is used as an electron donor in the gas fermentation

plays a key role in the production of alcohols.

CO and H: transfer electrons differently, as previously discussed in subsection 3.1.2. CO
transfers electrons solely to the more reduced redox cofactor ferredoxin and H, transfers
electrons to ferredoxin and NADP by the HytA-E. Considering the production of 1 mol of acetyl-
CoA from 2 mol of CO2, 4 mol of CO are oxidized, producing 4 mol of ferredoxin; with H; as
electron donor, 4 mol of H, are oxidized producing 2 mol of ferredoxin and 2 mol of NADPH.
Thus, CO offers a more negative redox potential from the same acetyl-CoA production in
comparison to Hz. This has deep implications for the performance of the syngas fermentation,

both for the biomass growth as well as for the alcohol production.

The cells derive ATP from the chemiosmosis generated by the Rnf complex, which drives the
membrane bound ATP synthase, and from the production of acetate, as previously discussed

in subsection 3.1.2. The Rnf complex uses for this purpose reduced ferredoxin to translocate
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the protons through the membrane, whereby also reducing NAD. A higher availability of
ferredoxin from CO as electron donor would thus enable more ATP production and thus
biomass growth. With H,, less redox potential is available, and the cell compensates the lower
ATP production from the Rnf complex/ATP synthase by producing more acetate, which in turn
deviates carbon from biomass production. Richter et al. (2016) calculated that the ATP
generation per mol acetate with CO is 1.503 mol ATP and with Hz is 0.956 mol ATP.

Furthermore, a lower redox potential from CO would also favor the reduction of acetate to
ethanol, and the reduction of acetoin to 2,3-butanediol. This has been well demonstrated with
C. ljungdahlii by Phillips et al. (1994), which showed in continuously gassed processes in
stirred-tank reactors a 2.5-fold higher final cell dry weight concentration with CO than with Ho,
and a roughly twice higher specific growth rate. Additionally, the biomass related product yield
increased with H> by 4.7 fold, with the acetate to ethanol ratio more than doubling with H,
corroborating the previously discussed necessity to produce more acetate for ATP generation.
Ricci et al. (2021) showed with C. ljungdahlii and C. autoethanogenum that the 2,3-butanediol
production is also deeply impacted by the gas composition. With both strains, no 2,3-
butanediol was produced with H> and CO; as substrates, and the highest 2,3-butanediol final

concetration was obtained with a gas composition of 80% CO and 20% CO,.

3.3 Bioprocess Engineering Fundamentals

In this section, some bioprocess engineering fundamentals are described, which contribute to
the understanding of the processes conducted in this study. When applicable, the connection
to the syngas fermentation will be highlighted. Unless indicated otherwise, the fundamentals
presented here were taken from Weuster-Botz and Takors (2018) and Takors and Weuster-
Botz (2018).

Kinetic for Microbial Growth

Given a cell culture, microbial growth is the increase in the cell mass of the culture. This growth
in cell mass is often correlated to the increase in the cell number, whereby several cases differ
from this assumption, such as hypha-building fungi or microalgae in the lipid accumulation
phase. To support this growth, all nutrients should be available in the cell broth, as well as the

thermodynamic conditions (pH, ionic strength, temperature, pressure) should be supportive.

Given a medium with an initial nutrient concentration ideal for growth and ideal thermodynamic

conditions, upon inoculation, the cell mass undergoes different growth phases in an ideally
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mixed environment. Initially, they adapt to the new conditions without growth; once adaption
occurred, cell growth resumes, increasing until reaching the exponential phase, a phase in
which growth occurs unhindered. As the cell mass growth and the substrates are depleted,
growth slows and subsequently stops. This can occur due to a complete substrate depletion,
the accumulation of toxic (by)products, or growth correlated changes in some thermodynamic
conditions or other reasons. Lastly, in continued exposure to these conditions, the cell mass

decreases. These phases of an ideal batch process are depicted in Figure 5.
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Figure 5 — Growth phases of a cell culture inoculated with a cell dry weight concentration cxo.
1 — lag phase; 2 — first transition phase; 3 — exponential growth phase; 4 — second transition
phase; 5 — stationary phase; 6 — death phase.

Assuming that the cell culture can be described as a homogeneous culture (unstructured),
and neglecting the individual metabolic reactions (unsegregated), the cell growth can be
described by the specific growth rate, defined as

1 de (3.16)
K cy dt

u  Specific growth rate, h

cxy  Cell concentration, g L

t Time, h

The specific growth rate is dependent on the thermodynamic conditions, as well as substrate
concentration, product inhibition and other possible inhibiting factors. It reaches its maximum

in the exponential growth phase, in which it is also constant with time.

To account for substrate limitation, a common description of the specific growth rate is

Cs,i (3.17)

U= Unax " Ks,i ey
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Umax Maximal specific growth rate, ht
cs; Substrate i concentration, g L™

Ks; Saturation constant of substrate i, g L™

Whereby equation 3.17 is often simplified to account for the effect of one limiting substrate.

Some substrates can inhibit growth, as is the case with Clostridium aceticum using CO as
substrate (Mayer et al. 2018). A common mathematical description for substrate inhibition is

Cs (3.18)
C n
Ks+cs+cs-(751)

U= Unax"

n  Sensitivity factor, -

K; Inhibition constant, g L*

The formation of products which are growth coupled can be associated to the specific growth
rate by

de u (3.19)
TpEd—tp:qp'CX: *Cy

Yep.u
r,  Product formation rate, g L™ h*

¢,  Product concentration, g Lt
q, Specific product formation rate, h™*

Yypu (Biomass related) product yield, g gt

The specific product formation rate can also be expanded to include the product formation
independent of growth by

Lok, (3.20)

= Yep,u

k,  Growth independent product formation rate, g L™ h*

Ideally Stirred-Tank Reactor

Bioreactors are equipment in which materials are converted through the action of enzymes,
cells, or microorganisms. The standard bioreactor employed is the stirred-tank reactor, in

which impellers provide the power for homogenizing, suspending, and dispersing. Assuming
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that the reactor is perfectly homogeneous, and thus all conditions are the same within the
whole liquid volume of the reactor, a batch process can be described by
ak - ar Un
m;  Mass of component i in the reactor volume, g

¢;  Concentration of component i, g L*
vV Reactor volume, L

r;  Component i production rate, g L* ht

Applying this mass balance in a reactor with constant volume for the biomass concentration
during the exponential growth phase, in which all nutrients are available, and the cells grow

with a constant maximal specific growth rate, it renders

dc, (3.22)
dat = Umax " Cx

Which upon integration results in the biomass concentration over time

Cx = Cyp - €Hmax't (3.23)

A batch process requires that all nutrients are present at the process start. However, a more
common operation mode is the fed-batch process, in which a certain nutrient is fed to the
reactor as desired. This modus is suitable for several specific cases, for instance to reduce
the formation of byproducts, mitigate substrate inhibition, supply gaseous substrates or
specifically direct the metabolism through the substrate availability. In this case, the mass
balance of the fed-batch stirred-tank reactor is described by

d;,:i _ d(‘ii; i) — Fcni VT (3.24)

F;,  Volume flow of feed, L h*

cin; Concentration of component i in feed, g L*

Gas-Liquid Mass Transport

With gaseous substrates, as is the case in the syngas fermentation, supplying the cells with
sufficient substrate is necessary to avoid a substrate limitation. When considering a gassed
stirred-tank reactor, the molecules in the gaseous phase are transferred from the bulk gas
through the gas-liquid interface to the bulk liquid, and from the bulk liquid through the cell

membrane inside the cell.
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To describe this transport of a gas molecule, some assumptions can be taken. Firstly,
assuming that the reactor is ideally mixed, the dissolved gas in the liquid bulk and the gas
bubbles are homogeneously distributed. Secondly, the transport resistance from the liquid
bulk to the cells can be neglected, since the surface area of the cells can be up to three orders
of magnitude higher than the surface area of the gas-liquid transport (Phillips et al., 2017).
Therefore, the main transport resistance lies in the mass transfer from the gas bulk to the
liquid bulk, which is commonly described by the two-film theory. This theory assumes that a
boundary layer exists on each side of the gas-liquid interface, in which mass transport occurs
diffusively. A schematic representation of the two-film theory is shown in Figure 6.

Gas Liquid
Phase

Interface

Pi, bulk

Pi

Ci, bulk

A E . o - o . .

Figure 6 — Schematic representation of the mass transport phenomenon of component i from
the gas bulk, with a partial pressure p;, to the liquid bulk, with a concentration c;, according to
the two-film theory. Adjacent to the interface are boundary layers on each side with length of
0y and &,for the gaseous and the liquid phase, respectively, in which component i is transferred
through diffusion. On the interface, thermodynamical equilibrium between phases prevails,
with the concentration and partial pressure identified by *.

On the phase interface, the concentrations in the gaseous and liquid phases are in equilibrium,

and thus can be described by the Henry’s law.

Pis = Hi-¢; (3.25)
pis Partial pressure of i on the interface, kPa

H; Henry constant of i, kPa L mol*
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fo Equilibrium concentration of i on the interface, mol L*

The molar flow density of a component on each film can be described as

4t = legi - (cg = Cgs), (3.26)
Q{ =ky;- (Cl,s - Cl)i (3.27)
q; = K- (¢ — ¢p); (3.28)

q; Molar flow density of i, mol m2 s

k

4k, Transport coefficient of the gas (g) and liquid (I) phases, m s™

K;;  Overall transport coefficient, m s*

Combining equations 3.25 — 3.28, the overall transport coefficient can be defined as

1 1 1 (3.29)

+
Kii ki Hitkg

Given that the diffusion coefficient of a component is substantially higher in the gaseous
phase, the transport resistance in the gas phase is substantially lower than in the liquid phase.
Thus, the second term of equation 3.29 is negligible and the overall transfer coefficient equals

the transfer coefficient of the liquid phase (K;; = k; ;).

The relationship described in equations 3.28 and 3.29 for an interface can be extrapolated to
the reactor volume with the introduction of the volumetric surface area, which considers the

surface area for mass transport per reactor volume. Thus, the transfer rate can be described

by

qi =k -a-(c; —cp); (3.30)

a  Volumetric surface area, m? m3

Equation 3.30 enables the interpretation of the transfer rate as composed of three factors: the
concentration gradient (¢; — ¢;);, the available surface area a and the transfer coefficient k;.

Thus, to improve the transfer rate

— the gradient can be increased by e.g. increasing the operating pressure, which
increases the gas solubility;

— the volumetric surface area can be increased by e.g. decreasing the diameter of
bubbles with an appropriate sparger;

— the mass transfer coefficient can be increased by increasing the stirrer speed.
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4 Materials and Methods

In this chapter, the materials, process setup and analytical methods used in this work will be
presented. These include the clostridial strains used, handling and cultivation conditions and
the reactor system implemented, as well as the analytical methods required to assess and
evaluate the processes. A list of the chemicals and equipment used is presented in the

Appendix.

4.1 Bacterial Strains Clostridium ljungdahlii and Clostridium ragsdalei

The bacterial strains Clostridium ljungdahlii (DSM 13528) and Clostridium ragsdalei (DSM
15248) were used in all processes conducted in this work and were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Acquired
C. ljungdahlii was delivered freeze-dried, whereas C. ragsdalei was initially delivered as an

active culture and later in the duration of this work also as a freeze-dried culture.

4.2 Anaerobic Work and Anaerobic Medium Preparation

Handling of both strains and anaerobic medium preparation was conducted entirely under
anaerobic conditions. Working steps, which required an open atmosphere, were conducted in
a flexible polyvinylchloride anaerobic chamber with internal gas recirculation (Coy Laboratory
Products Inc., Grass Lake, USA) and accessed with integrated gloves. The chamber was filled
with forming gas (5% (v/v) H> and 95% (v/v) N2). Invasive oxygen was converted with the
present hydrogen to water on palladium catalysts, and desiccants removed the formed water
from the atmosphere. The catalyst and the desiccants were contained within wire meshes,
which were stacked on the fan box that recirculates the gas phase. The humidity and contents
of oxygen and hydrogen in the atmosphere were monitored, and accordingly the desiccants
were regenerated, or the atmosphere refilled with forming gas. Desiccants were regenerated
in a drying oven overnight at 170 °C. A HEPA-Filter unit was integrated in the chamber to

sterilize its atmosphere.

The chamber contained two adjacent airlocks to transfer objects into the chamber. For this
transfer, the objects were placed inside the airlocks and its atmosphere was emptied using a

vacuum pump (Coy Laboratory Products Inc., Grass Lake, USA) and refilled with forming gas.
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This process was repeated three times and conducted manually. A schematic representation

of the anaerobic chamber is shown in Figure 7.
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Figure 7 — Schematic representation of the anaerobic chamber described in subsection 4.2.

Anaerobic media were prepared either by mixing dried chemicals with anaerobic water inside
the anaerobic chamber, or by previously removing the oxygen from the medium and
subsequently filling up to the end volume with anaerobic water inside the anaerobic chamber.
Anaerobic water/media were produced by boiling it in a heating mantle (Wise Therm WHM
12015, Witeg, Wertheim, Germany) for 20 minutes and subsequently gassing it with N, for 20

minutes in an ice bath.

4.3 Cultivation Medium

The cultivation medium for the processes with C. ljungdahlii and C. ragsdalei was constituted
according to Doll et al. (2018), with its composition based on stocks solutions presented in

Table 2, and the composition of the individual stock solutions in Table 21 in the Appendix.

The magnesium and calcium solutions were stored at room temperature. The mineral and
trace elements solutions were stored at 4 °C. The vitamin solution was stored at -20 °C. The
cysteine solution was anaerobic, placed in flasks with a butyl rubber septum, sterilized and
stored at room temperature. Sterilization was conducted with vertical floor standing autoclaves
at 121 °C for 20 minutes.
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Table 2 — Composition of the cultivation medium according to Doll et al. (2018), based on
stock solutions. The compositions of the stock solutions are presented in Table 21 in the
Appendix.

Component Concentration Unit
Mineral Solution 30 mL L
Magnesium Solution 60 mL L?
Calcium Solution 60 mL L*?
Trace Elements Solution 10 mL L?
Vitamin Solution 10 mL L?
Yeast Extract 1 gL?
2-(N-morpholino)ethanesulfonic acid (MES)* 15 gLt
Cysteine-HCI Solution 8 mL L?

* MES (buffer) was only used in anaerobic flasks.

The mineral, magnesium, calcium, trace elements and vitamin solutions, the yeast extract and,
if applicable, 2-(N-morpholino)ethanesulfonic acid were combined and the volume was
adjusted with deionized water. The pH of the solution was adjusted to pH 6.0 with the addition
of 10 M NaOH. In the case of anaerobic flasks, the solution was anaerobised and transferred
into the anaerobic chamber. There, its volume was completed with anaerobic water and the
final solution was divided in coated flasks to a volume of 100 mL. These flasks were sealed
with butyl rubber septa and sterilized at 121 °C for 20 minutes. For media for continuously
gassed processes in stirred-tank reactors, no buffer was added and the pH was not adjusted
prior to sterilization. In this case, pH control and oxygen removal were conducted in the

reactor.

The cysteine solution was added accordingly prior to inoculation with the use of single-use

syringes and sterile cannulas.

4.4 Culture Handling

Acquired freeze-dried cells from the DSMZ were reactivated and used to produce frozen cell
stocks. These came in glass ampules, which were opened in the anaerobic chamber and the
dry content was resuspended initially in 1 mL growth medium with fructose. This inoculum was
transferred to 8 Hungate-tubes with 5 mL growth medium. The Hungate-tubes were placed in

a shaking incubator at 37 °C with 100 rpm.

Once growth was observed, the cell culture was transferred to anaerobic flasks with 200 mL

medium with 5 g L fructose. These were also placed in the shaking incubator at 37 °C with
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100 rpm. In the end of the exponential growth phase, one flask was transferred into the
anaerobic chamber. There, sterilized glycerine was added as anti-freeze protection up to
10% (v/v) of the cell suspension and subsequently transferred to Hungate-tubes in 5 mL

aliquots. These cell stocks were stored at -80 °C.

Active cultures of C. ragsdalei were received from the DSMZ in Hungate-tubes. The cell
suspension was transferred to 500 mL anaerobic flasks with 100 mL cultivation medium and
gassed with 1.2 bar CO, 0.4 bar H, and 0.4 bar CO.. The flasks were kept at 37 °C with
100 rpm in a shaking incubator. The cell suspension was transferred twice a week with an
inoculum volume of 1% v/v. This active cell maintenance was kept for 12 weeks, after which

a new active culture would be acquired.

4.5 Preculture Preparation

Precultures of C. ljungdahlii were produced from the frozen cell stocks. Those of C. ragsdalei
were produced from the active culture maintenance, and for the results in section 5 (A Closer
Look into CO and H» as Electron Donors) and for two replicates of the reference process

(pH 6.0 and 37 °C), the precultures were produced from frozen stocks as well.

For frozen stocks, a two-step cultivation was conducted. The frozen stocks were thawed at
room temperature and used to inoculate 500 mL anaerobic flasks with 100 mL sterile
cultivation medium and gassed with 1.2 bar CO, 0.4 bar H, and 0.4 bar CO.. Inoculum volume
was 2.5 mL and the flasks were kept at 37 °C with 100 rpm. After 48 h to 72 h, 2 mL of cell
broth were transferred to another equally prepared anaerobe flask. The cells were harvested
after 44 — 48 h.

For harvesting, the flasks with cells in the end of the exponential growth phase were purged
with N2. This was done by three sequential cycles alternating the gassing of the flasks with N>
to 2 bar and the release of the gas to the exhaust, normalizing the pressure. The pressure
was measured with a manual manometer. The gas phase was accessed with sterile cannulas
attached to the gassing pipe, the manometer, and the pipe to the exhaust. Afterwards, the
flasks were transferred to the anaerobic chamber, where the cell suspension was transferred
to 50 mL polypropylene tubes with screw cap. The tubes were transferred out of the anaerobic
chamber and centrifuged in a floor-standing centrifuge for 10 minutes at room temperature
and 4500 rpm. The centrifuged cells with supernatant were re-transferred into the anaerobic
chamber, where the supernatant was discarded and the cell pellet resuspended with an

anaerobic phosphate saline buffer (PBS, pH 7,4, composition in Table 22). The volume of PBS
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used was such, that a 10 mL resuspended inoculum would achieve an initial optical density

(wavelength of 600 nm) of 0.1 in the reactor.

4.6 Autotrophic Batch Processes in Continuously Gassed Stirred-Tank Reactors

A 2-L stirred glass tank reactor (Infors HT, Bottmingen, Switzerland) was used for the
continuously gassed batch processes. The double jacketed reactor was equipped with two
Rushton impellers for stirring and 3 baffles. Gassing was conducted through a gassing frit,
placed under the Rushton impellers. The inlet gas was previously sterile filtered through a filter
integrated in the inlet gas pipe. A temperature sensor monitored the temperature in the reactor,
and the temperature was controlled with a recirculating pump using water as cooling/heating
agent. The pH was monitored with a pH probe and controlled with the addition of 3 M NaOH
or 2 M H,SO4, conducted with integrated peristaltic pumps. Redox of the culture was
monitored with a redox probe. The software (Iris V5.3, Infors HT, Bottmingen, Switzerland)
carried out the control of the pH and temperature based on the desired set point. A flowchart

of the reaction system is shown in Figure 8.

Independent mass flow controllers (WMR 4000, Westphal Mess-und Regeltechnik GmbH,
Ottobrunn, Germany) modulated the gassing of the reactor with CO, H;, N and CO:
individually. The exhaust gas was cooled to 2 °C with a reflux condenser and analysed for
CO, COy, Hz, and H;S, combining a mass flow meter (Wagner Mess- und Regeltechnik GmbH,
Offenbach, Germany) and a micro-gas chromatograph (490 Micro GC System, Agilent
Technologies, Santa Clara, USA). The micro GC was equipped with three channels with
individual separation columns (channel 1: molecular sieve, carrier gas argon, 80 °C, 250 kPa,
for the separation of Hz, N2, and CO; channel 2: PlotPQ, carrier gas helium, 80° C, 150 kPa,
for the separation of CO2, NH3, and NOy; channel 3: CP-Sil 5, carrier gas helium, 45 °C, 100
kPa, for the separation of CO,, and H.S). Every channel used an individual thermal

conductivity detector.

Prior to a process, the reactor was cleaned, filled with 1 L water and the calibrated pH and
redox probes were attached to the reactor. The pH and redox probes were calibrated prior to
every process with a two-point calibration. The reactor and medium without cysteine and
vitamins were sterilized in a floor-standing autoclave (121 °C, 20 minutes). After sterilisation,
the reactor was emptied, and medium transferred to the reactor with a peristaltic pump
(Watson Marlow, Cornwall, United Kingdom) through a sterilized hose. The pH and
temperature were adjusted with the reactor system, and the vitamin solution was sterile filtered

and added through a septum on the reactor top. The reactor was gassed overnight with the
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desired gas mixture, to ensure anaerobic conditions and a steady state on the moment of
inoculation. On the day of inoculation, cysteine was added to the reactor from the anaerobic
stock solution with a sterile syringe and cannula through the septum on the reactor top, the
cells were harvested, and the reactor inoculated with a sterile single-use syringe and cannula
equally through the septum on the reactor top. Inoculation was so, that the initial optical density
at 600 nm was 0.1. Processes were conducted with a temperature of 37 °C, pH 6.0, stirrer
speed of 800 rpm (volumetric power input of 3.5 W L), no overpressure and a gas flow of 1.0
NL h* Hz, 1.0 NL h* CO- and 3.0 NL h* CO, unless otherwise mentioned.
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Figure 8 — Flowchart of the reaction system described in subsection 4.6. The double-jacketed
reactor was gassed with sterile filtered and individually adjustable volume flows of CO, COx,
H. and N.. The exhaust gas was cooled, and the volume flow was measured with a mass flow
meter, as well as the gas composition quantified with a gas chromatograph (uGC). The
temperature of the reactor was controlled with a loop with water in the double jacket, and the
pH was controlled with the addition of 3 M NaOH or 2 M H.SO4 through peristaltic pumps.

4.7 Analytical Methods

To evaluate the conducted processes, several analytical methods were employed, which will
be described in this subsection. For the analysis of the liquid phase, samples were taken from
the reactor with a single-use sterile syringe and a sterile cannula through the septum of the

reactor top.
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Cell Dry Weight Concentration and Optical Density

The optical density (ODsoo) at a wavelength of 600 nm was used to assess the biomass growth
in the processes. The ODsoo Was correlated to the cell dry weight concentration (CDW) for
both C. ljungdahli and C. ragsdalei. The optical density was quantified with a
spectrophotometer (Genesys 10S UV-Vis, Thermo Scientific)

To attain this correlation, cells were cultivated as a preculture (see section 4.5). Once
achieving the end of the exponential growth phase, the cells were concentrated to an ODegqo
of 10 with the same process as the cell harvesting, described in section 4.5. A dilution series
was performed with this concentrated cell suspension, and the corresponding ODegoeS Were
measured. Each dilution was also placed 1.5 mL polypropylene (PP) microtubes and
centrifuged (13000 rpm, 10 min) in a table-top centrifuge. The PP microtubes were previously
dried (80 °C, 24 h) and weighed. The supernatant was discarded and the microtubes with the
cell pellets were dried in the drying oven at 80 °C until the weight stabilized. The difference
between the weight of the empty microtubes and the weight of these tubes with the dried cell
pellet, with the known volume of the cell suspension, quantifies the CDW concentration, which

can be correlated to the OD as follows:

CX =a- 0D600 (41)
a OD-CDW concentration factor, g L*
Cx Cell dry weight concentration, g L*

ODgyo Optical density at 600 nm

The quantified correlation factors used in this work were 0.41 + 0.01 g L* for C. ljungdahlii and
0.42 £ 0.03 g L for C. ragsdalei.

Product Concentration with HPLC

The guantification of acetate, ethanol and 2,3-butanediol in the cell broth was conducted with
high-performance liquid chromatography (HPLC), using a chromatograph (Finnigan Surveyor,
Thermo Fisher Scientific) with an ion exchange column (Aminex-HPX-87H, Biorad) and a
refractive index detector (Finnigan Surveyor RI Plus Detector, Thermo Fisher Scientific). Prior
to the measurement, samples were sterile filtered (0.2 ym) and stored in crimp vials at 4 °C.
5 mM H,SO. was used as an eluent at 0.5 mL min™! in isocratic mode and a column

temperature of 60 °C was employed.
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Measurements were conducted with external standards, in which the concentration of the
desired component were known. The areas under the peaks obtained in the chromatogram
were used to determine the concentration of components, based on the calibration curve
obtained with the external standards. The software Agilent EZChrom Elite was used to
determine these areas. Aside from the main products, sugars and other organic acids could

also be quantified with this method.

Exhaust Gas Analysis and Gas Uptake Rates

The exhaust gas was analysed combining the gas composition obtained from the micro-GC
and the volume flows from the mass flow meter. Analogously to the quantification of products
in the liquid phase, the quantification of the molar fraction of each gas in the exhaust was
performed with a calibration curve derived from standards, which correlated the area under
each peak in the chromatogram and the known gas composition. For this purpose, the micro-
GC was periodically calibrated with different gas compositions for CO, CO; and Ha, set with
the mass flow controller. For H,S, calibration was conducted with acquired gas bottles with
100 ppm, 250 ppm and 500 ppm of H,S.

The exhaust volume flow was adjusted for its composition with an empirical correlation derived

from the individual gasses with

Fexhaust = Zlv_i " Frneasured (4-2)
G;
F Gas volume flow, NL ht
v; Component i molar fraction
G; Component i conversion factor

The component conversion factor was empirically determined correlating the set volume flow

of a component and the measured volume flow with the mass flow meter.

With the known exhaust volume flow of each component and the input volume flow, the volume
uptake was quantified. This was converted to a molar uptake rate considering the ideal gas

law and the reactor volume.

Dissolved Nitrite

Nitrite was measured on sterile filtered samples with the spectrophotometric method from

Garcia-Robledo et al. (2014). The reagent employed was the Griess reagent, which consists



36 Materials and Methods

of equal volumes of a sulphanilamide solution and a N-(1-naphthyl)-ethylenediamine
dihydrochloride (NED) solution. The sulphanilamide solution was prepared by dissolving 5.0 g
of sulphanilamide in 50 mL of a solution of 12 N HCI, and after dilution completing the total
volume to 500 mL with deionized water. The NED solution consisted of 0.5 g of NED in 500

mL deionized water.

Samples were diluted with deionized water to render 1 mL of diluted sample. 50 yL of Griess
reagent was added to the diluted sample and let react at room temperature for 20 min. After
the reaction time, reacted samples were measured with a spectrophotometer at a wavelength
of 540 nm. Quantification of nitrite was conducted with the measurement of standards with

known nitrite concentrations.

Dissolved Sulfide

Dissolved sulfide was quantified using the method based on Cline (1969) using sterile filtered
samples immediately after sampling. 500 pL of appropriately dissolved sample was mixed with
20 uL of a 4 g L't N-N-dimethyl-p-phenylene diamine sulfate (DMPD) solution and 20 uL of a
6 g L FeCls solution. Both solutions were prepared in 50% (v/v) hydrochloric acid and stored
at 4 °C. Samples with reagents were incubated for 20 min at room temperature and the
absorbance was measured at 670 nm with a spectrophotometer. Final quantification was
conducted with a calibration curve derived from a series of standards with Na»S dissolved in

deionized water.

Quantification of Cysteine

The cysteine concentration was measured with sterile filtered samples through the
quantification of free thiols by a modified method based on Aitken and Learmonth (2009).
Samples from the reactor were immediately analysed after sampling. 300 pyL of phosphate
buffer, 300 pL of diluted sample, and 12.5 yL of Ellman’s solution were mixed and left to
incubate for 5 min at room temperature before the measurement of the absorbance at 412 nm
with a spectrophotometer. The phosphate buffer consisted of 33.79 g L™t K;HPO4, 0.79 g L™
KH,PQO,4, and 3.59 g L™ EDTA dissolved in demineralized water. The Ellman’s solution
consisted of 4.0 g L™ 5,5"-dithiobis-( 2-nitrobenzoic acid) dissolved in phosphate buffer and
was stored at 8 °C to avoid degradation. Anaerobe growth medium without cysteine
hydrochloride was used for dilutions and as a reference. A new set of standards, which
consisted of growth medium with varying cysteine hydrochloride concentrations, was

produced and measured for every process. Measurements were conducted in duplicates.
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The method was proven adequate for the cysteine measurement, given its high sensitivity,
non-responsiveness to yeast extract (data not shown) and lower sensitivity to sulfide. This can
be seen in Figure 9, which shows measurements of the cysteine and Na,S concentrations in
growth medium, showing that the method is more sensitive to cysteine than sulfide, given the
higher slope for Na.S, and works within a broad absorption range, shown by the high

coefficients of correlation.
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Figure 9 — Cysteine and sodium sulfide (Na,S) measurement, as well as the slope and
coefficient of correlation of the linear regression of the concentration and the absorption at the
wavelength of 412 nm. Measurements were conducted in growth medium (subsection 4.3)
with varying cysteine and Na»S concentrations.

Specific Growth Rates and Production Rates

The specific growth rates were calculated in the exponential growth phase using equation
3.23. This was done by the linear interpolation of the natural logarithm of the measured OD
divided by the initial OD and the time. The specific growth rate was the slope of the line in the
interval identified as the exponential growth phase. The errors reported in this dissertation with
the values of the specific growth rates correspond to the standard errors from the linearization,
which was conducted with Microsoft Excel 2016 (Microsoft, Redmond, Washington, USA).

To determine the consumption/production rates of CDW, products and cysteine, the measured
concentrations were estimated based on a nonlinear regression of the form:

22 (4.3)

C(t) =at as - e—as(t-as) 4 Qg

c Concentration, g L

a; Empirical coefficients
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This equation leads to a S-shaped curved with a horizontal asymptote and has no biological
background. In cases that the concentration profile was S-shaped with a linear asymptote, the

describing equation was expanded to:

a, (4.4)

C(t) = a7 +t- a1 + a3 - e_a4-'(t_a5) n a6

The empirical coefficients were identified for each process by minimizing the residual sum of
squares (RSS) changing the empirical coefficients a; (Microsoft Excel 2016, Microsoft,
Redmond, Washington, USA). With the nonlinear regression, it is possible to calculate the
consumption/production rates by taking the derivative of equations 4.3 and 4.4 with respect to

time. The results are:

©® dc; Ay as - a, e (t=as) (4.5)
T; = — -
t dt (a3 -e—as(t-as) 4 a6)2

o dc; ay - [ag + as e Ea) . (q, -t + 1)] (4.6)
1 = —=

: dt 4 (a3 . e_a4'(t_a5) + a(,)z

Figure 10 shows two examples of this nonlinear regression on the ethanol concentration of
two different process: one using the S-shaped curve with the horizontal asymptote following
equation 4.3 and one using the S-shaped curved with upwards linear asymptote following

equation 4.4. The production rates are also shown, following equations 4.5 and 4.6.
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Figure 10 — Exemplary nonlinear regression of the ethanol concentration of two different
processes with the S-shaped curve with the horizontal asymptote from equation 4.3 (left chart)
and the S-shaped curved with upwards linear asymptote from equation 4.4 (right chart).
Ethanol concentration (black squares, primary axis); nonlinear regression of the concentration
(dotted line); ethanol production rates rewon (black line, secondary axis) based on equation 4.5
(left) and 4.6 (right). The residual sum of squares (RSS) from each regression is given on top
of each chart.
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5 Fermentation of Artificial Syngas

This chapter reports and discusses the performance of the continuously gassed batch syngas
fermentation with C. ragsdalei in comparison to the model acetogen C. ljungdahlii. To assess
the different process performances, batch processes were conducted with a syngas
composition of 60% (v/v) CO, 20% (v/v) CO, and 20% (v/v) Hz, gas flow of 5.0 NL h, working
volume of 1 L, temperature of 37 °C and a constant pH 6.0 in a continuously gassed stirred-
tanked reactor. The processes with C. ljungdahlii were conducted in duplicate and those with
C. ragsdalei were conducted in triplicate. The cell dry weight (CDW) concentration, acetate,
ethanol and 2,3-butanediol concentrations, as well as the CO uptake rates, and the inline

measured redox potentials (RP) of the cell culture are graphically shown in Figure 11.

The batch process profiles of each strain are strongly distinct. C. ljungdahli CDW
concentration increased throughout the whole process, with a specific growth rate of 0.02 +
0.0004 h' and a late adaption phase between the 16" and 33™ process hours. C. ragsdalei
CDW concentration increased with a specific growth rate of 0.10 + 0.006 h* until the 33"
process hour, after which it decreased until the end of the process. This led to final CDW
concentrations of 0.65 g L™* and 0.45 g L™ for C. ljungdahlii and C. ragsdalei, respectively.

This CDW concentration profile is reflected in the CO uptake rates, which reached a maximum
at the 32" process hour of 15.37 + 1.35 mmol CO L* h (centred moving average with five
values) with C. ragsdalei, after which it sharply decreased. In contrast, the CO uptake rate
increased steadily with C. ljungdahlii to 12.4 mmol CO L* h? at the end of the process. No
hydrogen was consumed in any of the processes. The RP of the culture showed an inverse
relationship to the CDW concentration for both strains, in the process interval in which the
CDW concentration was increasing. The RP decreased steadily reaching its minimum of -500
mV at process end with C. ljungdahlii, whereas the minimum with C. ragsdalei was -504 mV,
achieved at the 37" process hour, at a phase at which the CDW concentration was at its
highest.

Acetate, ethanol and 2,3-butanediol were produced in all batch processes, with C. ragsdalei
forming more acetate (7.48 g L) and ethanol (2.33 g L), while C. ljungdahlii formed more

2,3-butanediol (1.75 g L). A summary of these key process parameters is shown in Table 3.
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Figure 11 — Cell dry weight (CDW) concentration, CO uptake rate (rco), CO partial pressure in
the exhaust (pco, dashed lines, right axis), ethanol, acetate and 2,3-butanediol concentrations
and redox potential (RP) of autotrophic batch processes with C. ljungdahlii (grey squares, grey
lines) and C. ragsdalei (black diamonds, black lines). Processes were conducted with pH 6.0,
37 °C, working volume of 1 L, volumetric power input of 3.5 W L (800 rpm), gas flow of 5.0
NL ht with a gas composition of 3:1:1 (CO:H2:CO,). C. ragsdalei processes were conducted
in triplicate and error bars represent the standard deviations. C. ljungdahlii processes were
conducted in duplicate. For the rco and RP, values represent the mean without standard
deviation.

To investigate how to counter the low specific growth rate of C. ljungdahlii, batch processes
were conducted with lower CO partial pressures of 200 mbar and 100 mbar. The aim was to
assess if carbon monoxide might have an inhibitory influence in C. ljungdabhlii, as has been
previously observed with other clostridial strains. Carbon monoxide partial pressure was
chosen as the variable to change, since the patent describing C. ljungdahlii already stablished
ideal pH and temperatures, and the medium composition used has been also extensively used
in published studies. The courses of the CDW and product concentrations of these processes,
as well as the CO and H, uptake rates are shown in Figure 12. To account for the effect of CO

on growth, data will be shown to the 50th process hour.
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Table 3 — Final cell dry weight (CDW), specific growth rate at the exponential growth phase,
acetate, ethanol and 2,3-butanediol concentrations, and maximal CO uptake rate (centered
moving average with five values) in the batch processes with C. ljungdahlii and C. ragsdalei
depicted in Figure 11. Errors in the concentrations correspond to the standard deviation of
replicates.

C. ljungdahlii C. ragsdalei

CDW, g L? 0.65 + 0.09 0.45 +0.03
Specific growth rate, h? 0.02 + 0.0004' 0.10 + 0.0061
Acetate, g L 1.34 +£0.02 7.48 £ 0.98
Ethanol, g L 1.3+0.41 2.33+0.43
2,3-butanediol, g L 1.75+0.43 0.71+0.18
CO max. uptake rate, mmol L't h't 12.47 15.3 +1.35?

Errors represent the standard error of the linear regression to obtain the
specific growth rate.

2Values represent the mean of the five uptake rates around the maximum
value, and error represent their standard deviation.

The biomass formation was strongly favoured with the lower CO partial pressure of 100 mbar,
whereas the reduction from 600 mbar to 200 mbar led to a mild improvement at a first glance.
In none of the batch processes with lower CO partial pressures did a lag phase occur, and the
specific growth rates increased to 0.046 + 0.009 h with 200 mbar CO and 0.066 + 0.0016 h*
with 100 mbar. Analogue to the specific growth rate, the CO uptake rate also increased with
decreasing CO inlet partial pressures, from 1.09 mmol L** h't with 600 mbar CO to 6.97 mmol
Lt ht with 200 mbar and 12.86 + 0.09 mmol L h** with 100 mbar. With a 100 mbar inlet CO,
H. uptake was observed with a maximal rate at the 38" process hour of 22.14 +
0.34 mmol L h?,

Lowering the CO patrtial pressure to 100 mbar also benefited product formation, with emphasis
on the strong acetate formation of 10.06 g L. With 200 mbar, while low quantities of acetate
were formed, ethanol was the main product formed within the analysed process time. A

summary of the key results of these processes is shown in Table 4.
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Figure 12 - Cell dry weight (CDW), 2,3-butanediol (2,3-BD), ethanol, and acetate
concentrations, CO and H, partial pressure in the exhaust (pco, puz2) and CO and H, uptake
rates (rco, rr2) of autotrophic batch processes with Clostridium ljungdahlii with inlet CO partial
pressures of 600 mbar (black diamonds, black lines), 200 mbar (light grey triangles, light grey
lines) and 100 mbar (grey squares, dark grey lines). Processes were conducted with pH 6.0,
37 °C, working volume of 1 L, volumetric power input of 3.5 W L (800 rpm), gas flow of 5.0
NL hl. The processes with the inlet CO partial pressure of 600 mbar and 100 mbar were
conducted in duplicate, and the error bars correspond to the standard deviations. For the
uptake rates, values represent the mean without standard deviation.

Discussion

Using a CO-rich artificial syngas, C. ragsdalei was able to outperform C. ljungdabhlii by fixating
CO faster, while producing more ethanol and acetate. Moreover, C. ljungdahlii required an
adaption phase until the 33" process hour before CO uptake resumed. The specific growth

rate of C. ragsdalei of 0.10 h** was similar to the one reported on the patent first describing
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C. ragsdalei (0.099 h1, Huhnke et al., 2008). Comparatively, Maddipati et al. (2011) reported
with a medium with 1 g L yeast extract a specific growth rate of 0.059 h*, which could be
increased to 0.076 h by replacing the yeast extract with 20 g L™ corn steep liquor. The specific
growth rate obtained with C. ljungdahlii is lower than literature results. Hermann et al. (2020)
reported in continuously gassed stirred-tank reactors specific growth rates of 0.058 + 0.004 h*
with a gas mixture of 39% (v/v) CO, 4% (v/v) COz and 57% (v/v) Ar and 0.043 + 0.007 h* with
a gas mixture of 55% (v/v) CO, 30% (v/v) Hz, 5% (v/v) CO2 and 10% (v/v) Ar.

Growth with C. ljungdahlii could be strongly increased upon reducing the CO inlet partial
pressure, and the specific growth rates obtained with 200 mbar and 100 mbar inlet CO are
similar or higher than those reported by Hermann et al. (2020). A possible reason for the
discrepancy might lie in the different reactor configurations, since the published processes
were conducted in a CSTR with 1.5 L working volume, 500 rpm stirrer speed and 1 six-blade
Rushton impeller, whereas within this study batch processes were conducted with 1 L working
volume, 1200 rpm stirrer speed and 2 six-blade Rushton impellers. With the latter
configuration, a more efficient CO gas-liquid mass transfer is achieved, increasing dissolved
CO concentration, and consequently increasing inhibitive effects, finally leading to lower

specific growth rates.

Table 4 — Final cell dry weight (CDW) concentration, specific growth rate at the exponential
growth phase and acetate, ethanol and 2,3-butanediol concentrations, and maximal CO and
H. uptake rates (centered moving average with five values) in the batch processes with
C. ljungdahlii depicted in Figure 12. Errors in the concentrations correspond to the standard
deviation of replicates.

CO inlet partial pressure, mbar 600 200 100

CDW, g L? 0.18+0.04 0230 0.58 + 0.03
Specific growth rate, h* 0.023 + 0.0004* 0.047 +0.009* 0.066 + 0.00161
Acetate, g L 0.3£0.09 058x0 10.06 £ 0.15
Ethanol, g L 0.1+0.02 05+0 0.6 +0.11
2,3-butanediol, g L 0.04 £ 0.03 0+0 0.17 £ 0.07

CO max. uptake rate, mmol L'* ht  1.09 6.97 12.86 + 0.092
H, max. uptake rate, mmol Lt h? - - 22.14 + 0.34?

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

There is precedent for CO inhibition in syngas fermenting clostridia. Mayer et al. (2018)
showed that an inlet CO partial pressure of 20 mbar led to the highest specific growth rate

with Clostridium aceticum, with the value decreasing by 74% when the CO partial pressure
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was increased to 300 mbar. The mechanism of the CO inhibition is not completely clear. Wang
et al. (2013) assessed the CO inhibition of the hydrogenase/formate dehydrogenase complex
HytA-E/FDH of C. autoethanogenum, a strain closely related to C. ljungdahlii, and observed
that of all subunits of the HytA-E/FDH, only the hydrogenase HytA was inhibited by CO, and
that the reduction of NADP and ferredoxin was inhibited by CO, but neither the reduction of
methyl viologen with formate or with NADPH were. This indicates that the hydrogenase
subunit HytA is involved in the electron transfer from ferredoxin and NADPH to formate, and

consequently is the link to CO inhibition on the process.

The difference in the CO-rich processes with both strains is strongly affected by the lower
biomass growth achieved with C. ljungdabhlii. It can, additionally, be seen that the CO uptake
rate with C. ragsdalei increased until the 32" hours, whereas that with C. ljungdabhlii increases
throughout the whole process. Therefore, it is interesting to compare both processes with
respect to the phase of increased activity i.e. in which the CO uptake rate increased. This is
shown in Figure 13 by plotting the CDW, acetate, ethanol and 2,3-butanediol concentrations

against the increasing CDW concentration within this phase.

As the CDW concentration and the CO uptake rate of the culture increased, C. ragsdalei
formed mainly acetate and ethanol. C. ljungdahlii, differently, produced all three products
equivalently. How both strains differently directed fixated carbon can be visualized by the CDW
concentration of 0.56 g L' with C. ljungdahlii and 0.55 g L with C. ragsdalei, which is
represented with the dashed line in Figure 13. At this point, C. ljungdahlii produced 1.13 g L
acetate, 0.90 g L*ethanol and 1.28 g L™ 2,3-butanediol, while C. ragsdalei produced 2.45 g L*
acetate, 0.78 g L"*ethanol and 0.08 g L 2,3-butanediol, representing 1.45 g carbon fixated in
the 3 products by C. ragsdalei and 1.61 g carbon fixated by C. ljungdahlii. Thus, while
C. ljungdabhlii fixated 0.54 g carbon less in acetate, it fixated 0.06 g more in ethanol and 0.64 g
in 2,3-butanediol. Since the ethanol formation relative to biomass production was remarkably
similar for both strains, the difference between both strains in the phase of increasing CO

uptake lies in that C. ljungdahlii managed to strongly shift carbon to 2,3-butanediol formation.

Acetate and 2,3-butanediol are both derived from acetyl-CoA. The ATP generation per mol
acetate with CO is 1.503 mol ATP (Richter et al., 2016), or 0.376 mol ATP mol* CO, and thus
the ATP generation per mol acetyl-CoA from CO is 0.503 mol ATP, or 0.126 mol ATP mol*
CO (equation 3.10). Using this relationship and combining equations 3.4, 3.5, 3.7, 3.14 and
3.12, the theoretical ATP generation per mol 2,3-butanediol from CO is 2.285 mol ATP with
NADPH and 2.558 mol ATP with NADH as the reducing agents of the acetoin reduction,
respectively. These values represent 0.208 mol ATP mol* CO and 0.233 mol ATP mol* CO,
and thus the ATP yield on CO with acetate formation is 1.80 — 1.61-fold higher than that with
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2,3-butanediol. Therefore, to support growth and 2,3-butanediol formation, more CO needs to

be consumed, to supply both concurring processes.
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Figure 13 — Concentrations of acetate, ethanol and 2,3-butanediol vs. the cell dry weight
(CDW) for the batch processes depicted in Figure 11 with C. ljungdahlii (grey squares) and
C. ragsdalei (black diamonds) during the phase of increasing CO uptake rate. The dashed line
represents the CDW value of 0.56 g L for C. ljungdahlii and 0.55 g L for C. ragsdalei. Error
bars represent the standard deviations.

The results are insufficient to conclusively pinpoint the reason for the different product spectra,
but plausibly the high C. ragsdalei activity curbed the formation of the alcohols. An increased
acetate extracellular concentration increases the diffusion of acetic acid into the cell, which
uncouples the proton motive force from ATP generation and increases the ATP costs for the
cell activity (Valgepea et al. 2017). The reduction of acetate to ethanol or the production of
2,3-butanediol would deviate reducing agents required to maintain ATP generation, thus
acetate is further produced in a self-reinforcing system. As acetate formation with C. ljungdabhlii
occurred at lower rates relative to biomass formation, no imbalance in the proton motive force
occurred and reducing agents could also be employed in the production of more reduced

products.

In most of the reported processes, only CO was consumed as gaseous substrate, but with C.
ljungdahlii with an inlet CO partial pressure of 100 mbar, H, consumption was observed. H-
uptake resumed at an outlet CO partial pressure of 42.8 mbar, after which the CO outlet partial
pressure decreased to a minimum of roughly 11.5 mbar. The highest H, uptake rate achieved
was 22.14 + 0.34 mmol L h? (average of the five values around the maximum), which is
clearly higher than the maximal CO uptake rate achieved by C. ragsdalei of 15.37 mmol L* h't.
This reflects the high hydrogenase activity of the most abundant protein in the proteome HytA-
E (Wang et al., 2013; Richter et al., 2016).

The uptake of hydrogen did not strongly influence biomass formation, as can be visually

identified in the plotted results (Figure 12). Its most clear influence lies in the increased acetate
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production, which clearly accelerated as H, uptake resumed. The ATP generation from H>
relative to one mol acetate is 36.4% lower than that with CO (Richter et al., 2016), and thus to
keep a same level of cell activity the cells need to produce more acetate. In fact, given the
ATP generation per mol acetate of 0.956 (Richter et al., 2016), and given that the acetate
production from acetyl-CoA produces one mol of ATP, this results in a negative ATP
generation per mol acetyl-CoA from CO of -0.044 mol ATP. Thus, with H; the cells need to
produce acetate to support activity.

It could be demonstrated that C. ragsdalei performs better than C. ljungdahlii with a CO-rich
syngas (600 mbar CO), achieving peak activity after 33 hours of batch process. Product
formation in this case was shifted towards acetate, with an alcohol to acetate ratio of
0.406 g g*. C. ljungdahlii showed much slower growth in these conditions, however shifting
carbon positively to alcohols, with an alcohol to acetate ratio of 2.28 g g, being 2,3-butanediol
the product with the highest final concentration. The growth of C. ljungdabhlii could be increased
almost threefold, regarding the specific growth rate, by reducing the CO inlet partial pressure
to 100 mbar. This process also enabled the consumption of Hz, which showed higher uptake

rates than CO and strongly shifted carbon to acetate production.

A Closer Look into CO and H; as Electron Donors

As syngas is composed mainly of CO, H> and CO., it is of interest to consume all three
components in the syngas fermentation. However, the data showed that C. ragsdalei was not
able to consume H under the studied experimental setup, whereas the data with C. ljungdahlii
indicated that H, was consumed once the outlet CO partial pressure was under 50 mbar. This
motivated a more detailed study into the conditions which allow H, uptake in the presence of
CO, and furthermore what are the implications for product formation. For such, batch
processes were conducted with C. ragsdalei with a gas flow rate of 10 NL h'* (working volume
of 1 L) and a gas composition of 5% (v/v) CO, 47.5% (v/v) CO; and 47.5% (v/v) H.. The CO
concentration was chosen such that H, could be possibly directly used from process start, and
the higher gas flow rate was chosen to technically allow the implementation of the desired CO
inlet partial pressure, since CO volume flows lower than 0.5 NL h** were not possible with the
equipment available. Additionally, the stirrer speeds of 800 rpm (3.5 W L) and 1200 rpm (11.7
W L) were implemented to evaluate if the CO threshold observed was due to gas-liquid mass
transfer limitations. Three processes will be described in this section in more detail, two with
stirrer speeds of 800 rpm and one with 1200 rpm. The CDW and product concentrations, as
well as the CO and H; uptake rates in these processes are shown in Figure 14 up to the 60

process hour, since H, consumption was only observed within this process interval.
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The CDW concentration evolved to similar maxima at the 33™ process hour of 0.49 g L™ and
0.42 g L (obtained through linear interpolation) with 800 rpm and 0.46 g L™* with 1200 rpm.
In one of the processes with 800 rpm, the CDW decreased after the 33" hour, but no reason
for this behaviour could be found. Acetate was the main product in all processes, reaching
concentrations in the range of 8 g L. Ethanol was also similarly built to concentrations in the
range of 0.45 g L?; the ethanol concentration scattered in one of the batch processes with

800 rpm, but the reason for the scattering could not be found. Furthermore, negligible 2,3-
butanediol was produced.
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Figure 14 — Cell dry weight (CDW), CO uptake rate (rco), ethanol concentration, H, uptake
rate (ru2), acetate and 2,3-butanediol concentrations of autotrophic batch processes with
C. ragsdalei with stirrer speed of 800 rpm (black diamonds, black lines; grey squares, grey
lines) and 1200 rpm (white circles, light grey lines). Processes were conducted with pH 6.0,
37 °C, working volume of 1 L, gas flow rate of 10 NL h'* and a gas composition of 5% (v/v)
CO, 47.5% (v/v) CO;2 and 47.5% (v/v) Ha..

CO was initially consumed in exclusion of H; in all processes from process start. H, uptake
resumed roughly in the 10™ process hour in all processes, as the outlet CO partial pressures
were 46 mbar and 47 mbar with 800 rpm and 49 mbar with 1200 rpm. A more detailed
depiction of the H, uptake is shown in Figure 15, in which the H, uptake rates and the CO
partial pressure in the exhaust are shown.
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Discussion

The batch processes depicted in this subsection confirmed the capacity of C. ragsdalei to shift
from CO uptake to its concomitant uptake with H». It also clearly showed that CO is initially the
preferred electron donor, with H, uptake resuming when the outlet CO partial pressure was
within the range of 46 — 49 mbar, as previously observed with C. ljungdabhlii. This concomitant
uptake has been little discussed in available literature. Whereas several publications show the
consumption of both electron donors in processes with C. ljungdahlii and C. ragsdalei
(Acharya et al., 2019; Devarapalli et al. 2017; Infantes et al., 2020; Liakakou et al., 2021;
Maddipati et al., 2011, Richter et al., 2013), gassing and stirring conditions are very different,
which hinders a closer look into the concomitant uptake of CO and H,. Younesi et al. (2015)
showed in anaerobic flasks that H, consumption occurred after CO was depleted from the
gaseous phase, and only at H, partial pressures equal or higher than 0.32 atm. However,
sampling occurred every 12 hours in the publication by Younesi et al. (2015), so the shift to
H. uptake could not be adequately observed. The results here are consistent regarding the
outlet CO partial pressure threshold, showing that sufficiently low CO partial pressures support
H. uptake. Indeed, within this doctorate studies, 14 processes were conducted in which this

shift was observed, which rendered a CO threshold of 47.1 + 4 mbar for H, uptake.

The results also demonstrate that this CO threshold in not determined by mass transfer
limitations, as no difference could be observed from the threshold observed with both studied
stirrer speeds. A higher stirrer speed increases the mass transfer coefficient (Weuster-Botz
and Takors, 2018), and thereby increases the mass transfer rate. Supporting this logic is the
fact that the outlet CO partial further decreased and analogously the CO uptake rate further
increased after H, uptake resumed, which would be inconsistent with a scenario of transfer
limitation. This can be demonstrated by balancing the gas phase for the CO in the reaction

system:

d(nco) (5.1)
dt = I'in " Cinco — Fout * ¢cco — COTR

neo CO quantity, mol
COTR CO transfer rate, mol ht
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Figure 15 — Hydrogen uptake rate (ru2, grey lines) and CO partial pressure in the exhaust (pco,
black lines) of the processes shown in Figure 14. The stirrer rate of each process is identified
above each graph. The black arrows represent the point in which H, uptake resumed and the
corresponding CO partial pressure. The values represent this threshold CO partial pressure
in bar.

When the CO partial pressure in the exhaust decreases, the difference in the molar flow of
CO (Fin " cinco — Fout * cco) increases. However, in this case, the relationship d(ngp)/dt <0
applies. For this to occur, the CO transfer rate must further increase. Therefore, it can be
concluded that no mass transfer limitations occur at the CO threshold concentration to H»
uptake.

As previously discussed, the hydrogenase HytA-E transfers electrons from H, to drive the
WLP, and this enzyme is strongly inhibited by CO (Wang et al., 2013; Richter et al., 2016). It
can thus be assumed that the observed 47.1 + 4 mbar CO in the used reactor setup
corresponds to the liquid bulk CO concentration that enabled a sufficiently low intracellular CO
concentration to permit measurable hydrogenase activity, and thus H, uptake. Wang et al.
(2013) reported that the CO inhibition occurred in the formate reduction with ferredoxin and
NADPH and hypothesized that growth with CO was still possible since the HytA-E/FDH is the
most abundant protein in the proteome of C. autoethanogenum. However, considering the
data on C. ragsdalei with a CO-rich gas (600 mbar), the specific growth rate (0.10 + 0.006 h?)
was unaffected by the higher CO partial pressure, since with a lower inlet CO partial pressure
of 50 mbar the specific growth rate was 0.089 + 0.010 h. This implies that the formate
reduction in the WLP was unaffected by the CO partial pressure of 600 mbar, or at least that
it was not the rate limiting step. The data in this work is, however, insufficient to enable a
conclusive hypothesis as to how the CO inhibition plays out and why C. ljungdahlii and C.
ragsdalei, which use the same proteins to reduce CO; to formate, show different tolerances
to CO.
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6 Effect of Defined Impurities in the Syngas Fermentation?

While the use of artificial syngas contributes to better compare the performance of the strains
C. ljungdahlii and C. ragsdalei and elucidate the concomitant uptake of CO and Ha, it does not
contain possible impurities that might occur in real syngas, which could affect process
performance. When considering an integrated process of biomass gasification for syngas
production and subsequent fermentation, assessing how possible impurities impact the
process is key to design necessary gas clean-up and conditioning steps. In this subsection,
the syngas fermentation with C. ragsdalei with the addition of defined impurities will be
presented and compared to the model acetogen C. ljungdahlii. For such, two nitrogen-based
impurities, ammonia and nitrate, and one sulfur-based, hydrogen sulfide, were studied.
Processes were conducted with 600 mbar CO, 200 mbar CO, and 200 mbar H, with C.
ragsdalei and 200 mbar CO, 400 mbar Nz, 200 mbar CO; and 200 mbar H, with C. ljungdahlii

to reduce the effect of CO inhibition in the latter case.

Ammonia

The effect of ammonia in the syngas fermentation with C. ljungdhalii and C. ragsdalei was
studied through the addition of ammonium chloride prior to the inoculation of the batch
process. This was intended to simulate the dilution of ammonia in the aqueous reaction
medium, which at pH 6.0 leads to the complete conversion of dissolved ammonia to
ammonium ions. The studied concentrations were the supplementation of 3.0 g NH4CI L and
6.0 g NH4CI L™ for both strains and 9.0 g NH4CI L for C. ragsdalei.

The course of the CDW and product concentrations, as well as the CO uptake rates of these

processes are shown in Figure 16. All batch processes with both strains showed a negative

! Some of the results of the chapter were published in:

Oliveira L, Ruckel A, Nordgauer L, Schlumprecht P, Hutter E, Weuster-Botz D (2022)
Comparison of syngas-fermenting Clostridia in stirred-tank bioreactors and the effects of

varying syngas impurities. Microorganisms, 10, 681.

Oliveira L, Réhrenbach S, Holzmiller V, Weuster-Botz D (2022). Continuous sulfide supply
enhanced autotrophic production of alcohols with Clostridium ragsdalei. Bioresources and

Bioprocessing. 9, 15.
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impact of the supplementation of ammonium, seen clearly in decreased CDW concentrations
and CO uptake rates. With C. ljungdabhlii, the supplementation of 3.0 g NH4Cl L™ led also to a
decrease in the ethanol formation, while acetate was built equivalently to the process without
extra ammonium chloride. With C. ragsdalei, the supplementation of NH4Cl led to a decrease
in acetate and ethanol formation, while 2,3-butanediol production was completely inhibited.
6.0 g L'XNH4ClI led to a complete growth inhibition for both strains and 9.0 g NH4CI L also
inhibited growth with C. ragsdalei in the first 60 hours of batch process; however, growth with
6.0 g NH4Cl L'*and 9.0 g NH4CI Lt with C. ragsdalei did resume after the 100" process hour
(data not shown), which indicates the possibility of adaption of the strain to a higher ammonium

concentration.

Nitrate

While most of the organically bound nitrogen in biomass is converted to N2, NHs;, HCN, and
tar- and char-N during gasification, precedent for NO inhibition in a syngas fermentation
process has been published, and NO would be in a thermodynamic equilibrium with nitrate
and nitrite. Nitrate was chosen as a representative of an oxygenated nitrogen impurity. For
such, nitrate was added to the bioreactor prior to the inoculation of the batch processes in
form of NaNOjs in the concentrations of 0.1 g NaNOs L™* and 0.5 g NaNOs L™ for C. ljungdabhlii
and C. ragsdalei and 0.2 g NaNO; L* for C. ragsdalei. The process results are shown in

Figure 17.

The CDW concentration of C. ljungdabhlii after 50 process hours was not altered by the addition
of nitrate, with growth in the first 24 hours of process being positively impacted by the nitrate
addition. Acetate formation decreased with 0.1 g L' NaNOs, while it remained unaltered with
0.5 g L NaNOs. Nitrate also reduced ethanol formation and CO uptake in both studied
concentrations. With C. ragsdalei, the addition of nitrate was detrimental to the process
performance in all variables, with complete inhibition occurring already at the concentration of
0.2 g NaNO; L1. 0.1 g NaNO;3 L decreased CDW and acetate formation and more strongly
ethanol production, while it inhibited the formation of 2,3-butanediol. Analogously, no CO

uptake was observed with the supplementation of 0.2 g NaNOs L™* and 0.5 g NaNOs L.
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Figure 16 — Cell dry weight (CDW), product concentrations and CO uptake rates (rco) of the
syngas fermentation with C. ljungdahlii, and C. ragsdalei with varying NH4Cl concentrations.
Reference process (black diamond, black top line), +3.0 g L™* NH4CI (light grey square, light
grey line), +6.0 g L™* NH4CI (dark grey triangle, dark grey line), +9.0 g L™* NH4Cl (white circle,
black bottom line). Processes were conducted with pH 6.0, 37 °C, working volume of 1 L, gas
flow rate of 5 NL h* and overall pressure of 1 bar. Gas compositions were (C. ragsdalei) 600
mbar CO, 200 mbar CO,, and 200 mbar H; and (C. ljungdahlii) 400 mbar N2, 200 mbar CO,
200 mbar Hz, and 200 mbar CO..
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Figure 17 — Cell dry weight (CDW), product concentrations and CO uptake rates (rco) of the
syngas fermentation with C. ljungdahlii, and C. ragsdalei with varying NaNO3s concentrations.
Reference process (black diamond, black top line), +0.1 g L' NaNOs (light grey square, light
grey line), +0.2 g L' NaNOs (dark grey triangle, dark grey line), +0.5 g L NaNO; (white circle,
black bottom line). Processes were conducted with pH 6.0, 37 °C, working volume of 1 L, gas
flow rate of 5 NL h** and overall pressure of 1 bar. Gas compositions were (C. ragsdalei) 600
mbar CO, 200 mbar CO,, and 200 mbar H; and (C. ljungdahlii) 400 mbar N2, 200 mbar CO,
200 mbar Hz, and 200 mbar CO..
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Sulfide

Sulfur present in biomass is mainly converted to H>S during gasification, component which
was chosen as a sulfur-based impurity subject to this study. Since H.S is a gas at the process
temperature, thioacetamide was used to study the effect of H>S in the syngas fermentation
with C. ljungdahlii and C. ragsdalei. Thioacetamide splits into acetate, ammonium and H-S in
acidic milieus, and it was supplied prior to the batch process inoculation. The studied
concentrations of H,S were 0.1 g H,S L*and 0.5 g H,S L* and the process performance is
graphically shown in Figure 18.

The addition of H,S impacted the processes with C. ljungdahlii negatively, with the
concentration of 0.5 g L' H.S completely inhibiting biomass growth and CO uptake. With
C. ragsdalei, a concentration of 0.5 g L'* H2S strongly inhibited biomass formation and CO
uptake, while 0.1 g L H,S was very positive for the process performance. This addition of
sulfur fomented biomass growth, increasing it from 0.57 g L*t0 0.76 g L%, as well as increasing
and prolonging high CO uptake rates and shifting carbon to alcohol formation, with both the

ethanol and the 2,3-butanediol concentrations increasing by 50% and 83 %, respectively.

Discussion

When considering the coupling of biomass gasification and syngas fermentation,
understanding which impurities might have an inhibitory effect is necessary to design a gas
cleanup step. Moreover, identifying which strains are more resistant to impurities may impact
the decision of which strain should be used in an industrial scale syngas fermentation unit. In
this regard, this comprehensive comparison of the tolerance of the strains C. ljungdahlii and

C. ragsdalei to two nitrogen-based impurities and one sulfur-based is of utmost relevance.

With few exceptions, all studied gas impurities and concentrations led to lower cell activity,
measured by the CO uptake rate or biomass growth. This is clearly shown in Figure 19 and
Figure 20, which depict the final CDW, acetate and total alcohol concentrations and the

maximal CO uptake rate for all impurities and both strains.
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Figure 18 — Cell dry weight (CDW), product concentrations and CO uptake rates (rco) of the
syngas fermentation with C. ljungdahlii, and C. ragsdalei with varying H,S concentrations.
Reference process (black diamond, black top line), +0.1 g L'* H2S (light grey square, light grey
line), +0.5 g L H,S (white circle, black bottom line). Processes were conducted with pH 6.0,
37 °C, working volume of 1 L, gas flow rate of 5 NL h'! and overall pressure of 1 bar. Gas
compositions were (C. ragsdalei) 600 mbar CO, 200 mbar CO,, and 200 mbar H, and (C.
ljungdahlii) 400 mbar N2, 200 mbar CO, 200 mbar H», and 200 mbar CO.. H,S was added as
thioacetamide.
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The inhibition concentrations which could be identified in this study were the supplementation
of 3.0 g L'* NH.ClI for both strains, 0.2 g L™* NaNOs for C. ragsdalei and 0.5 g L™ H,S for both
strains. Considering a batch process of 60 hours and total dissolution of the components,
these inhibiting concentrations would be achieved for a syngas containing 4560 ppm NHs,
236 ppm NOx and 540 ppm H2S in a process with 60 hours, which apart from NOx are
concentrations within the range of published values for syngas derived from biomass, as
shown in Table 1. Therefore, a successful coupling of biomass gasification and syngas

fermentation would necessarily require a cleanup step.

As ammonia is present in uncleaned syngas from biomass, its influence in process
performance should be considered, and the data presented here showed that high ammonium
concentrations inhibit the process with both studied strains. In fact, Xu and Lewis (2012)
reported that the hydrogenase activity of C. ragsdalei is inhibited by NH.*, which explains why
the cell activity decreased in all cases. However, ammonium is also the main source of
nitrogen in the implemented growth medium, with a concentration of 3.3 g L* ammonium
chloride. Therefore, simply adjusting the ammonium concentration in the medium could
eliminate the necessity of scrubbing ammonia from syngas, provided that a lower initial
ammonium concentration does not slow cell activity. In fact, it has been demonstrated with
C. ragsdalei that lowering the concentration of ammonium chloride from 2.5gL't0 1.25g L?
had no observable difference in the biomass, ethanol, and acetate formation (Saxena and
Tanner, 2012). Thus, the possibility of lowering the initial ammonium concentration in the
medium and the adaptability shown by C. ragsdalei to higher ammonium concentrations

indicate that ammonium toxicity might be easy to curb.

The results show that C. ljungdahlii is more tolerant than C. ragsdalei to nitrate. Nitrate is,
however, less likely to be present in syngas as an oxygenated nitrogen species, as the
reducing conditions of the gasification should hinder its production. Nitrate has also been
shown to be beneficial in the fermentation of H,/CO, with C. ljungdahlii (Emerson et al., 2019),
with the hypothesized mechanism being that nitrate functions as an electron acceptor, thus
decoupling energy conservation from carbon fixation and increasing ATP gain. This would
occur through the reduction of nitrate to nitrite and subsequentially to ammonium with NADH.
NADH would be produced from reduced ferredoxin and NADPH supplied by the hydrogenase
from H,, with ferredoxin reducing NAD over the Rnf complex and producing ATP and NADPH
with ferredoxin producing NADH by electron bifurcation with the Nfn. To some extent, the
results presented here are in accordance with these assumptions. Nitrite was produced in the
processes with the addition of 0.1 g L and 0.5 g L™ NaNOs with C. ljungdabhlii, as shown in
Figure 21; with C. ragsdalei, nitrite was not measured. Moreover, carbon was shifted from

product formation to biomass formation. However, final concentrations of products or biomass
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did not increase, thus it cannot be stated that nitrate was beneficial. With C. ragsdalei, nitrate

was clearly not beneficial, reducing cell activity with increasing initial nitrate concentrations.
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Figure 19 — Final concentration of cell dry weight (CDW), maximal CO uptake rate (rco), and
final concentrations of total alcohol (ethanol and 2,3-butanediol) and acetate of the syngas
fermentation with Clostridium ljungdahlii in continuously gassed batch processes, shown in
Figure 16, Figure 17, and Figure 18, with the defined addition of NH4Cl, NaNOs and H»S as
thioacetamide (TAA), in comparison to the process without the addition of impurities (Ref)
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Figure 20 — Final concentration of cell dry weight (CDW), maximal CO uptake rate (rco), and
final concentrations of total alcohol (ethanol and 2,3-butanediol) and acetate in the syngas
fermentation with Clostridium ragsdalei in continuously gassed batch processes, shown in
Figure 16, Figure 17, and Figure 18, with the defined addition of NH4Cl, NaNOs and H»S as
thioacetamide (TAA), in comparison to the process without the addition of impurities (Ref).
Error bars represent the standard deviation of the triplicate.
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Figure 21 — Nitrite concentration in the autotrophic batch processes with addition of 0.1 g L*
NaNOs (grey squares) and 0.5 g L' NaNOs (white circles) with C. ljungdahlii shown in
Figure 17. Nitrite measurements were conducted with the method described in subsection 4.7.

H.S, added as thioacetamide, showed a negative effect in the processes with C. ljungdabhlii,
whereas with C. ragsdalei an equivalent concentration of 0.1 g L H.S was beneficial for cell
activity and alcohol production. Undissociated H,S can permeate through the cell membrane
and cause DNA damage and protein denaturation (O'Flaherty et al. 1998; Ntagia et al. 2020),
which might be a reason for the overall negative effect of H.S. However, sulfur is also a
required nutrient for biomass formation, and the other sulfur sources in the medium
implemented are sulfate, cysteine, or the sulfur present in the yeast extract, and at least sulfate
is not accessible to C. ljungdabhlii, since it cannot reduce it (Richter et al., 2016). Since C.
ragsdalei produced more and faster biomass than C. ljungdahlii, it can be assumed that sulfide
was a limiting factor for C. ragsdalei, and, once it was available, overall cell activity was
increased. With C. ljungdahlii, however, as growth was already slower due to other reasons,

a limitation in the sulfide availability was not manifested.

Analysis of Sulfide in the Syngas Fermentation

The supplementation of 0.1 g L H,S as thioacetamide increased cell activity and alcohol
formation with C. ragsdalei, which could indicate a sulfur limitation in the process without
additional H,S. The sulfur sources in the medium for the syngas fermentation are cysteine,
sulfur present in the yeast extract, and sulfate in the salts of the trace elements, with cysteine
being the main sulfur source. Therefore, to better understand why the supplementation of H.S
improved cell activity, the cysteine concentration in the reaction broth and the H.S

concentration in the exhaust were measured with C. ragsdalei and C. ljungdahlii.
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Figure 22 depicts the CDW and cysteine concentrations of batch three processes:
C. ljungdahlii and 100 mbar inlet CO (process already presented in section 5); C. ljungdahlii
and 450 mbar CO; and 550 mbar H in the inlet; and C. ragsdalei and 600 mbar inlet CO
(process also presented in section 5). In all processes, the cysteine concentration decreased
to less than 0.04 g L within the first 50 h; with C. ragsdalei, the cysteine concentration was
0.01 g L* already at the 24™ process hour. Biomass growth continued in all processes after

cysteine depletion.
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Figure 22 — Cell dry weight (CDW) and cysteine concentrations of the syngas fermentation
with C. ljungdahlii and 100 mbar inlet CO (black diamonds); C. ljungdahlii and 450 mbar CO-
and 550 mbar H: in the inlet (dark grey squares); and C. ragsdalei and 600 mbar inlet CO
(grey triangles). Cysteine was measured with the method described in subsection 4.7. Batch
processes were conducted with pH 6.0, 37 °C, working volume of 1 L, gas flow rate of 5 NL h'1,
Error bars correspond to the standard deviation of the processes carried out in duplicate
(C. ljungdahlii, 100 mbar CO inlet) and triplicate (C. ragsdalei).

The H.S concentration in the outlet was measured for the batch process with C. ragsdalei,
and so the rate of H,S stripping could be calculated. The H,S stripping rate is shown in Figure
23 with the cysteine concentration and the cysteine depletion rate, which was calculated based
on the nonlinear regression of the cysteine concentration according to equations 4.3 and 4.5.
The nonlinear regression accurately described the measured cysteine concentrations with a
residual sum of squares of 0.00023. The resulting cysteine depletion rate peaked with
0.023 g Lt h* (0.146 mmol L* h?) at the 10.7™ hour. The H.S loss rate achieved its maximum
of roughly 0.18 mmol L h' at the 13" process hour and decreased sharply after the 16™
process hour, concomitant with a low cysteine concentration and depletion rates. After the 40™

hour, no HS loss or cysteine uptake was further measured.
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Figure 23 — Cysteine concentration (black diamonds), nonlinear regression of the cysteine
concentration based on equation 4.3 (black line), cysteine negative depletion rate based on
equation 4.5 (-rcys, black dashed line) and H>S production rate in the exhaust (rzs, grey line)
of the process with C. ragsdalei showed in Figure 22.

Discussion

Sulfur is a necessary element of the cell constitution and making it available for cell growth is
key for a good process performance. However, ensuring sulfur availability is challenging, since
C. ljungdahlii and C. ragsdalei do not assimilate sulfate (Richter et al., 2016). Cysteine is the
most abundant source of sulfur in common syngas fermentation media, and the sulfur is
accessed by releasing H.S from the thiol group of cysteine with a L-cysteine desulfidase, as
shown for C. autoethanogenum, a close relative to C. ljungdahlii and C. ragsdalei, (Gu et al.,
2017; Bengelsdorf et al. 2016). Attempts to evaluate the effect of cysteine in the syngas
fermentation have been made with C. autoethanogenum (Abubackar et al., 2012) and
C. ljungdahlii (Infantes et al., 2020), but no substantial changes were observed. Meanwhile
the cysteine concentration and the H.S in the exhaust of the syngas fermentation has not been
reported before. In this regard, the results presented here are novel by assessing if and to
what extent cysteine is consumed in the syngas fermentation and by measuring sulfur losses

through the gaseous phase.

The method used for measuring the cysteine concentration was proved appropriate. Despite
its responsiveness also to sulfide ions, their effect was neglected, since the highest sulfide
concentration measured in the process with C. ragsdalei was 0.4 mg L at 9 h (data not

shown), which would generate a neglectable absorption in the method.

If cysteine is broken down to release H.S, a continuously gassed setup with pH 6.0 would
inherently involve rapid stripping of H.S. The extent to which H,S is stripped has been shown
by Hu et al. (2010) with the injection of 0.9 mM NazS in a cell-free continuously gassed STR
at 37 °C, and sulfide was completely depleted to more than 95% after 150 minutes of stirring

and gassing. Both strains rapidly broke drown cysteine, regardless of the presence of CO and
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level of the specific growth rate. The cysteine depletion rate based on nonlinear regression
led to a peak 2.5 hours prior to the peak H>S loss rate in the exhaust, which strongly suggests
a close correlation between both effects, the timely shift of H.S stripping showed by Hu et al.
(2010). This is a very strong indication that cysteine is broken down by the cells to access
sulfur, thereby releasing H>S, which is then stripped out of the reactor by the gassing. Overall,
74% (n/n) of the sulfur supplied as cysteine was lost through the exhaust as H.S. This sulfur
loss is a plausible reason why increasing the cysteine concentration did not have strong effects
in the syngas fermentation with C. ljungdahlii (Infantes et al., 2020) and with C.

autoethanogenum (Abubackar et al., 2012).

Despite the cysteine depletion, biomass formation continued in all processes. It is possible
that the yeast extract in this case also serves as sulfur source, but available data are not

sufficient to draw a conclusion in this regard.

Increasing Sulfide Availability with a Sulfide Feed

As cysteine is rapidly depleted from the reaction system and the supplementation of H.S is
beneficial for biomass and alcohol formation, better designing the sulfur availability in the

syngas fermentation can be a key strategy to improve process performance.

For this purpose, batch processes were conducted with C. ragsdalei with a continuous Na.S
feed. Given that the process with C. ragsdalei presented in the previous subsection showed a
cysteine depletion rate of 0.108 mmol L h'* over the first 23 process hours, the Na;S feed
rates implemented were 0.1 mmol S L h' and 0.05 mmol S L h. The feed solutions
consisted of 40 g L? and 20 g L?! Na;S-9H,0, respectively. The CDW and product
concentrations, sulfur feed rates and CO uptake rates of the processes with the sulfide feed

are shown in Figure 24.

The final CDW concentration achieved similar values in all processes, with 0.45 g L%,
0.50gL* and 0.51 g L* for the processes without a sulfide feed and with feed rates of
0.05 mmol S L* h?, and 0.10 mmol S L h?, respectively. The timely courses were, however,
very distinct. Without and with a 0.05 mmol S L* h? feed rate, the CDW concentration
increased until 58" process hour to 0.56 g L%, and 0.80 g L, respectively, after which it
decreased until the end of the process. With a 0.10 mmol S L h'! feed, biomass was formed
throughout the whole process. The sulfide feed decreased the specific growth rates from 0.10
+ 0.006 h! with the sulfide feed, to 0.087 + 0.004 h'*and 0.062 + 0.003 h' as the feed rate

increased.
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Figure 24 — Cell dry weight (CDW) concentration, CO uptake rate (rco), ethanol, acetate and
2,3-butanediol (2,3-BD) concentrations, and sulfide feed rate (Fs) of autotrophic batch
processes with C. ragsdalei without a sulfide feed (black diamonds, black lines), with a sulfide
feed of 0.05 mmol S L h! (grey triangles, grey lines) and a sulfide feed of 0.10 mmol S Lt h?
(white squares, light grey lines). Processes were conducted with pH 6.0, 37 °C, working
volume of 1 L, volumetric power input of 3.5 W L (800 rpm), gas flow of 5.0 NL h?, a gas
composition of 3:1:1 (CO:H2:COy) and pressure of 1 bar.

This is reflected in the CO uptake rates. Without and with a 0.05 mmol S L h! feed rate, the
CO uptake rate peaked at 15.37 = 1.35 mmol CO L* h'* and 28.03 + 0.50 mmol CO Lt h! at
the 32" and 46" process hour, respectively. With a 0.10 mmol S L h'! feed, it peaked at
15.83 + 0.70 mmol CO L* h? at the 110" hour. The values of uptake rates represent the
average of the five measurements around the highest value and accordingly standard

deviation. In none of the processes was H, consumed.

Product formation was strongly altered by the sulfide feed. Acetate formation reached similar
values with the 0.10 mmol S L h feed rate but was more than halved with the lower feed
rate, in relation to the process without a sulfide feed. In turn, the final concentration of ethanol
increased to 5.18 g L'*and 4.71 g L with increasing sulfide feeds, a more than twofold
increase. With the lower sulfide feed, ethanol concentration decreased after the 100" hour,

concomitant with the biomass decline and absence of CO uptake. 2,3-butanediol final
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concentration also increased with the sulfide feeds, reaching 1.05 g L* and 1.28 g L™
Similarly, no 2,3-butanediol formation was observed after the 100" hour with
0.05 mmol S L? h't, A summary of the process performance is presented in Table 5.

Table 5 - Final cell dry weight (CDW), specific growth rate at the exponential growth phase,
acetate, ethanol and 2,3-butanediol concentrations, and maximal CO uptake rates (centered

moving average with five values) in the batch processes with C. ragsdalei depicted in Figure
24. Errors in the concentrations correspond to the standard deviation of replicates.

Sulfide feed rate, mmol S L h?! 0.0 0.05 0.10

CDW, g L? 0.45+0.03 0.5 0.51

Specific growth rate, h* 0.10 + 0.006! 0.087 £ 0.004' 0.062 + 0.003*
Acetate, g L 7.48 + 0.98 3.5 7.4

Ethanol, g L 2.33+0.43 5.18 471
2,3-butanediol, g L 0.71+£0.18 1.05 1.28

CO max. uptake rate, mmol L h? 15.3 + 1.35? 28.03 + 0.502 15.83 + 0.702

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

As the 0.05 mmol S L h! feed rate showed the highest cell activity with C. ragsdalei, it was
replicated in a batch process with C. ljungdahlii, to assess if positive effects would also be
observed. This was conducted in a process with 5 NL h** gassing with 100 mbar CO, 450 mbar
CO; and 450 mbar H,. The results are shown in Figure 25, with data from an analogue process
without a sulfide feed as comparison (data also presented in section 5).

The sulfide feed slowed down the biomass formation in the first 60 process hours, leading to
a decrease in the specific growth rate from 0.066 + 0.0016 h to 0.026 + 0.0008 ht. However,
biomass formation occurred until the 120" process hour, leading to a final CDW concentration
of 1.46 g L. The delayed biomass formation is reflected in the CO and H. uptake rates. The
CO uptake rate reached its maximum later in process but remained close to maximum until
the end of the process. H, uptake also resumed later in the process but reached higher values
with a maximum of 40.66 + 0.30 mmol L hl. In the process without a sulfide feed, a
discontinuity in the CO outlet partial pressures led to a discontinuity in the uptake rates, and
the reason for this error could not be identified. Given that the H; uptake does not seem to be
altered, it was assumed that a measurement error without any effect in the process

performance occurred.
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Figure 25 — Cell dry weight (CDW) concentration, CO uptake rate (rco), ethanol, acetate and
2,3-butanediol concentrations, and H. uptake rates (ru2) of the syngas fermentation with
C. ljungdahlii in batch mode without a sulfide feed (black diamonds, black lines) and with a
sulfide feed of 0.05 mmol S L h?' (white squares, grey lines). Batch processes were
conducted with pH 6.0, 37 °C, working volume of 1 L, volumetric power input of 3.5 W L (800
rpm), gas flow of 5.0 NL h'! with a gas compositions of 1:4.5:4.5: (CO:H,:CO,) and pressure
of 1 bar.

The sulfide feed also led to an increase in the concentration of all products. The final
concentration of acetate increased to 28.21 g L%, a 24.5% increase, while the increase in the
ethanol and 2,3-butanediol concentrations were 2.4-fold, and twofold, respectively, more in
line with the increase in the final CDW concentration. A summary of the key results from these

processes with C. ljungdabhlii is presented in Table 6.
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Table 6 — Final cell dry weight (CDW) concentration, specific growth rate at the exponential
growth phase, acetate, ethanol and 2,3-butanediol concentrations, and maximal CO and H-
uptake rates (centered moving average with five values) in the batch processes with
C. ljungdabhlii depicted in Figure 25. Errors in the concentrations correspond to the standard
deviation of replicates.

Sulfide feed rate, mmol S L* h 0.0 0.05

CDW, g L? 0.75 + 0.06 1.46

Specific growth rate, h? 0.066 + 0.0016* 0.026 + 0.0009*
Acetate, g L 22.65+0.71 28.21

Ethanol, g L 1.69 +0.21 4.04
2,3-butanediol, g L 0.23 +0.09 0.46

CO max. uptake rate, mmol L't h't 12.86 + 0.092 12.25 + 0.018?
H. max. uptake rate, mmol L h? 22.14 +0.342 40.66 * 0.302

'Errors represent the standard error of the linear regression to obtain the
specific growth rate.

2Values represent the mean of the five uptake rates around the maximum value,
and error represent their standard deviation.

Discussion

Sulfur from cysteine is clearly lost in the continuously gassed syngas fermentation with
C. ljungdahlii and C. ragsdalei through the exhaust as H.S, requiring thus a more adequate
concept for sulfur supply. Through the continuous feed of a Na,S solution, sulfide can be
supplied without the addition of carbon to the system. Here, results to the sulfide addition at
rates of 0.05 mmol S L* h* and 0.10 mmol S L? h' in processes with C. ragsdalei and at a
rate of 0.05 mmol S L h?! with C. ljungdahlii were presented and, overall, process
performance was improved. This is the first time that the positive effect of adequately
supplying sulfur was shown, as well as how process performance of the syngas fermentation

with C. ljungdahlii and C. ragsdalei is changed by it.

Additional sulfide increased biomass formation over the whole process length, but this
improvement is nuanced. Specific growth rates decreased with the sulfide feed in all cases,
which was strongly demonstrated with 0.10 mmol S L' h-! with C. ragsdalei and
0.05 mmol S L h! with C. ljungdahlii with decreases of 38% and 60 %, respectively. This
reflects the results presented previously in this section, whereby the supplementation of H.S
as thioacetamide was detrimental in most cases and C. ljungdabhlii was less tolerant to a sulfide

impurity. Possible mechanisms for sulfide inhibition have already been discussed.
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With the sulfide feed rates of 0.05 mmol S L' h* and 0.10 mmol S L h?, 7.2 mmol S* and
14.4 mmol S? were added to the reaction system over 144 h. Meanwhile, 5.43 mmol H.S and
12.12 mmol H,S were lost in the exhaust (data not graphically shown), which correspond to
56% (n/n) and 72% (n/n) losses of the sulfur supplied as Na,S and cysteine. Considering the
final free thiol concentration in the end of the processes, 37% (n/n) and 24% (n/n) of the sulfur
supplied as Na,S and cysteine could not be measured either as H.S in the exhaust or as free
thiol. These differences are not justified by the fixation of sulfur in biomass, which considering
a sulfur fraction of 1% (w/w) in biomass (Metcalf & Eddy Inc. et al, 2014) and a CDW
concentration of 0.5 g L, corresponds to a fixation of only 0.15 mmol sulfur, less than 1% of
the sulfur supplied. A possible reason for this discrepancy might lie in the formation of insoluble
sulfide, such as zinc sulfide and nickel sulfide since both zinc and nickel ions are present in

the medium composition.

To try to infer what effects did the sulfide produce on the cell, let us consider the process
phase with increased overall activity i.e., increasing CO uptake rate. A key benefit of the sulfide
feed was prolonging this phase, which was achieved by enabling further CDW formation and
led overall to a higher uptake of CO in this phase. This is shown in Table 7, with the values for
the CO uptake within this phase of increasing CO uptake rate and the phase length. While the
length of the phase of increasing CO uptake rate was 32 h without a sulfide feed, the sulfide
feed rate of 0.05 mmol L h'* increased the phase length to 46 hours. This led to an increase
in the CO uptake within this phase from 167.52 mmol to 611.50 mmol. With a feed rate of 0.10
mmol L h?, phase length and CO uptake were also substantially increased, however with the
detriment of a much slower growth. This overall benefit lastly relates to overcoming a sulfur
limitation and enabling higher CDW concentrations.

Table 7 — CO uptake in the phase of increasing CO uptake rate and phase length of the
processes with a sulfide feed with C. ragsdalei presented in Figure 24.

Sulfide feed rate, mmol S L h?

0.0 0.05 0.10
CO uptake, mmol 167.52 611.50 809.15
Phase length, h 32 46 110

Besides this overall effect of increasing CO uptake in the most active phase, carbon was
directed differently in each process with C. ragsdalei, which can be seen in Figure 26, where
the CDW and product concentrations are plotted against the overall CO absorbed within this
phase. A strong similarity can be seen within all processes in the relationship between CO

uptake and alcohol formation, with greater divergences seen for acetate and CDW. Ethanol
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formation and CO uptake showed a linear relationship within the processes, with the slopes
being 4.30 £ 0.15 g mmol* CO L*(coefficient of correlation 0.991), 3.92 + 0.15 g mmol* CO L*
(coefficient of correlation 0.987) and 4.04 + 0.10 g mmol* CO L* (coefficient of correlation
0.990) for the processes without a sulfide feed and with 0.05 mmol S L* h?' and
0.10 mmol S Lt h', respectively. This indicates that the sulfide feed did not alter the activities
of the enzymes directly involved in ethanol production, and the increase in the concentration
was derived from the higher CDW. For 2,3-butanediol this analysis is more difficult, since a
great gap is seen in the higher values and the 2,3-butanediol production without a sulfide feed

in the phase of increasing CO uptake rate was small.
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Figure 26 — Cell dry weight (CDW) concentration, acetate, ethanol and 2,3-butanediol (2,3-
BD) concentrations vs the total CO uptake within the process phase of increasing CO uptake
rates of the batch processes with C. ragsdalei presented in Figure 24: no sulfide feed (black
diamonds), 0.05 mmol S L'2h? (grey triangles) and 0.10 mmol S L't h? (white squares).

Important amounts of product were also produced after the CO uptake rates peaked. To
analyse this, the integral production rates of CDW and products for the phases of increasing
CO uptake rates and that of decreasing rates are shown in Table 8. While no sulfide feed was
beneficial for CDW and acetate production in the phase of increasing activity, with integral
production rates of 0.402 g L h* and 1.679 g L hl, respectively, the sulfide feed of 0.05
mmol S L'* h? led to the highest ethanol and 2,3-butanediol productivities, with increases of
218% and 570% in relation to no-feed. After the CO uptake rates peaked, the sulfide feed led
in both cases to a higher ratio of alcohol per acetate produced, with 0.42 Qaiconol §  acetate Without
the sulfide feed, 2.92 gaiconol g acetate With 0.05 mmol S L™ h't and 0.80 Jaiconol 9 acetate With 0.10

mmol S L'* h'. In absolute term, the alcohol rates were also higher with the sulfide feed. This
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is especially interesting for the processes without and with the lowest sulfide feed, in which
biomass decrease was observed. Without biomass formation, ATP consumption relates to
maintenance, so the lower sulfide feed enabled the supply of ATP while mainly producing
alcohols. The ATP yield per mol CO decreases slightly if acetate or ethanol is produced, with
0.376 mol ATP mol* CO for acetate (Richter et al., 2016) and 0.342 mol ATP mol* CO for
ethanol, while with 2,3-butanediol the ATP yield decreases to 0.233 — 0.208 mol ATP mol*
CO, as discussed in section 5. The ATP yield on CO for ethanol was calculated combining
equations 3.4, 3.5, 3.7 and 3.11. The small difference in the ATP yield from acetate to ethanol,
but the big one to 2,3-butanediol, might explain why the integral production rate of ethanol
with the lower sulfide feed could be twofold than that without the sulfide feed, but the 2,3-
butanediol rate remained similar.

Table 8 — Production rates of cell dry weight (CDW), acetate, ethanol and 2,3-butanediol for

the phases of increasing CO uptake rates (rco) and decreasing rates of the batch processes
with C. ragsdalei shown in Figure 24. The phase lengths are presented in Table 7.

Integral production rate, g L'* d*

Sulfide feed rate, mmol SL*h'? CDW  Acetate Ethanol 2,3-butanediol

Before rco,max ~ 0.00 0.402 1.679 0.552 0.040
0.05 0.378 1.188 1.208 0.227
0.10 0.097 1.109 0.756 0.148
After rco, max 0.00 -0.012 1.122 0.341 0.138
0.05 -0.061 0.291 0.699 0.151
0.10 0.047 1.369 0.753 0.338

In summary with C. ragsdalei, a sulfide feed of 0.05 mmol S L* h? increased the maximal
achieved CDW concentration by 45% (0.74 g L) and the ethanol and 2,3-butanediol
concentration in the phase of increasing CO uptake rates. This was achieved by both
extending length of this phase and increasing the ethanol and 2,3-butanediol integral
production rates. Moreover, the sulfide feed increased with both feed rates the alcohol to
acetate ratio, from 0.406 g g* to 1.78 g g* and 0.81 g g* with 0.05 mmol S L* h?, and

0.10 mmol S L h?, respectively.

With C. ljungdahlii, the improvements in process performance from the sulfide feed are
different than that with C. ragsdalei. Whereas the sulfide feed strongly curbed the specific
growth rate, the final CDW and 2,3-butanediol concentrations and maximal H. uptake rates
roughly doubled, whereas the final ethanol concentration increased by 2.4-fold, thus

increasing the alcohol to acetate ratio from 0.085 g g* to 0.159 g g*.
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The mechanisms with which the sulfide feed improved the process performance is unclear.

The overall effects observed here were:

- Increase in achievable CDW concentration;

- Increase in alcohol concentration and alcohol to acetate ratios.

The increase in the achievable CDW concentration is most likely due to overcoming a sulfur
limitation, as it could be successfully demonstrated that cysteine is quickly depleted in the
continuously gassed process and the sulfur is mostly lost in the exhaust. Indications of sulfur
limitation have been published for data with C. ljungdahlii based on the upregulation of genes
for the uptake and metabolism of sulfur compounds (Aklujkar et al. 2017) and the
overabundance of sulfur related proteins in the proteome and depletion of sulfur containing

amino acids in the metabolome of C. ljungdabhlii (Richter et al., 2016).

The reason for the increased alcohol production cannot be fully answered with the available
data, but only hypothesis can be elaborated. One aspect that can be excluded from this
analysis is a more reduced state in the bioreactor, which could foment the reduction of acetate.
In fact, the redox potential (RP), as is shown in Figure 27, was more negative without the
addition of sodium sulfide, and the highest with the highest sulfide feed rate. This is in
accordance with published data in which the RP was less negative with the addition of cysteine
and NaS than without it (Yang et al., 2022). Additionally, it was not expected that the addition
of Na>S would further decrease the RP, since it is a weaker reductant than cysteine (Kabil and
Banerjee, 2010).

0 :

150 A | , 0.10 mmol S L' h'
2 |
o \ | , 0.05 mmol S L h'

450 | TN |

3 — No feed
-600 . : .
0 40 80 120 160

Process time, h

Figure 27 — Redox potential (RP) of the syngas fermentation with C. ragsdalei without and
with a sulfide feed of 0.05 mmol L'* h* and 0.10 mmol L h*. The processes were presented
in Figure 24.

Another aspect to consider is whether H.S can serve as electron donor to support the

production of more reduced products by regenerating a reducing agent. No results have been
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published in this regard. Furthermore, the very similar relationship between the ethanol
concentration and the CO consumed with and without the sulfide feed, showed in Figure 26,
indicates no direct involvement of sulfide in the ethanol formation. To finally exclude this
possibility, the use of H>S as an electron donor will be analysed on a thermodynamical basis
considering the anaerobic sulfite reductase (ASR), which both C. ljungdahlii and C. ragsdalei

possess (Bengelsdorf et al. 2016), and reversibly reduces sulfite to sulfide by

H,S0; + 3H, & H,S + 3H,0 AG® = —174,0 k] mol™! (5.2)
(Barton and Fauque, 2009)

The reducing agent of this reaction is unknown (Barton and Fauque, 2009). Considering
NADH, NADPH and ferredoxin as reducing agents, the standard Gibbs free energies of

reaction would be

H,S0; + 3NADPH + 3H* & H,S + 3H,0 + 3NADP* AG® = —120,0 k] mol™? (5.3)
H,S0; + 3Fd™% + 6H" & H,S + 3H,0 + Fd AG°® = —195,0 k] mol™?! (5.4)
H,S0; + 3NADH + 3H* < H,S + 3H,0 + 3NAD™ AG® = —120,0 k] mol™? (5.5)

based on equation 5.2 and the Gibbs free energies of the redox reactions of NAD*, NADP*
and ferredoxin from Schuchmann and Muller (2014). Thus, under standard conditions, H.S as
electron donor through the anaerobic sulfite reductase is thermodynamically unfeasible. Does
this change under the real process conditions? Considering the use of NADH, the Gibbs free

energy can be calculated by

[HzS] - [H,0]° - [INAD]? (5.6)
[H,S05]- [H*]® - [NADH]?

AG;  Transformed Gibbs free energy of the reaction, kJ mol*

AG;=2vi-AG79'i+R-T-ln

v; Stoichiometric coefficient of species i

AGp; Standard Gibbs free energy of the reaction corrected for temperature and
pH, kJ mol*?
Gas constant, kJ K* mol*
Temperature, K

[] Concentration, M

Neglecting the effect of temperature on the first term of equation 5.6, the difference in the
standard and the transformed free energies, considering equal H.S and sulfite concentrations,

would be:
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[1077]3 - [NAD]3 (5.7)
[H*]3-[NADH]3

AG; — AG"°~R T -In

Valgepea et al. (2017) reported ratios of NADH to NAD* from 0.01 to 0.03; considering a
NADH/NAD? ratio of 0.02 and a pH of 6.0 at temperature 37 °C, the change in the free energy
is 12.44 kJ mol?, which is insufficient to turn the reduction of NAD* with H,S to a feasible
reaction. A conclusive answer to this question, however, would require the measurement of

sulfite in the processes, which was not conducted within these studies.

Excluding more reduced conditions in the reactor, and a direct involvement of H.S as electron
donor, it is to assume that the sulfide incurred changes on a biological level that improved
alcohol formation, but the available data is insufficient to identify possible changes. To
elucidate this, ideally a proteome analysis should be conducted, to evaluate if the proteins
involved in alcohol production are more abundant with the sulfide feed, as well as assessing
how the ratios NADH/NAD* and NADPH/NADP* changed under these conditions. In this
regard, Richter et al. 2016 published a broad set of data of a 2 bioreactor cascade with
C. ljungdabhlii. In the first bioreactor, at pH 5.5 and biomass and acetate were built and in the
second at pH 4.5 and ethanol was produced. Proteome and metabolome analysis were
conducted in each bioreactor, to compare the differences between the acid or alcohol
production in the proteome and metabolome level. It was observed that enzymes involved in
the WLP, energy conservation and anabolism were not differently regulated in both reactors.
Furthermore, the NADPH/NADP* ratio did not change substantially, according to the authors,
from 0.062 in the first reactor to 0.045 in the second. The biggest differences lied in the
upregulation of enzymes related to nutrient limitation and the NADH/NAD™ ratio. Of the ten
most upregulated enzymes in the second reactor, 6 were related to sulfur metabolism or
uptake, and the NADH/NAD? ratio increased from 0.001 in the first to 0.03 in the second. With
this, the authors concluded that ethanol formation in the second reactor was fomented by the
unchanged proteome with respect to the WLP and alcohol production which kept the
generation of reducing agents, but due to a nutrient limitation, these were not directed to

anabolism but to acetate reduction.

Extrapolating these observations to the results presented here, a closer look into the alcohol
production in the exponential growth phase in the process without and with a sulfide feed of
0.05 mmol S LY h? with C. ragsdalei is relevant. This is shown in Figure 28 with the ethanol
and 2,3-butanediol concentrations plotted against the CDW concentration for both processes
in the exponential growth phase, as well as the rate of H,S loss in the exhaust. The latter was
correlated to the CDW in the unmeasured intervals by a nonlinear regression based on

equation 4.3 of the CDW concentration and the time for each data set. The residual sum of
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squares was 2.68 10* and 3.60 1072 for the process without and with the sulfide feed,

respectively.

The sulfide feed increased the ethanol yield to biomass, while the yield of 2,3-butanediol was
similar. A key difference in the ethanol production lies in the available sulfur, as shown by the
H>S in the exhaust: whereas without a sulfide feed no H.S was seen in the exhaust already at
CDW concentrations below 0.3 g L%, H.S was observed throughout the whole process, even
though at substantially lower rates than those fed (0.011 mmol S L't hvs. 0.05 mmol S Lt h?1).
This indicates a different relationship between nutrient limitation and ethanol production than
that reported by Richter et al. (2016), with ethanol formation being fomented once the sulfur
limitation was curbed. However, it is important to note that the pH was substantially different
in the processes here described and the pH 4.5 employed by Richter et al. (2016), which per
se is a driver of ethanol formation. Thus, it is expected that the sulfide feed, by overcoming
the sulfur limitation in the end of the exponential growth phase, changes the abundance of key
enzymes required for ethanol production. Which enzymes these are, the data here does not

offer basis for hypothesizing.
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Figure 28 — Ethanol, 2,3-butanediol (2,3-BD) concentrations and the H.S production rate (ruzs)
vs the cell dry weight (CDW) concentration within the exponential growth phases of the
processes with C. ragsdalei presented in Figure 24: no sulfide feed (black diamonds, black
line), 0.05 mmol S L1h? (grey triangles, grey line).

2,3-butanediol behaved differently than ethanol in this phase, and indeed the implementation
of a sulfide feed did not alter the 2,3-butanediol biomass related yield. This indicates that 2,3-

butanediol formation is in the exponential phase closely tied to biomass formation.
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7 Increasing Alcohol Formation?

The goal of the syngas fermentation is to convert syngas into valuable products. With
C. ljungdahlii and C. ragsdalei, these are ethanol and 2,3-butanediol. In the last section, it was
shown that applying a sulfide feed substantially changed the outcomes of the syngas
fermentation with C. ljungdahlii and C. ragsdalei. It enabled an increase in the achievable
CDW concentration, prolonged the phase length of increasing activity i.e. increasing CO
uptake rate and increased alcohol to acetate ratios. In relation to alcohol formation, these

improvements were more pronounced with C. ragsdalei.

C. ragsdalei also showed a higher tolerance to high CO partial pressures, and therefore it was
chosen as the best strain to further improve alcohol production through changes in process
parameters. In this section, results to the process performance of C. ragsdalei with different
pH profiles and lower temperatures will be presented and discussed. Furthermore, results to
the combination of the best pH and temperature with the sulfide feed of 0.05 mmol S L ht

will be shown, assessing whether combined benefits could be achieved.

7.1 Individual Effect of Temperature and pH on the Syngas Fermentation

The syngas fermentation with C. ragsdalei and related strains is commonly conducted at
37 °C. By lowering the temperature to 32 °C and 27 °C, the batch process outcomes were

substantially changed, as can be seen in Figure 29.

The CDW concentration was increased in both processes with lower temperatures, both
regarding the final as well as the maximal CDW concentration. The highest CDW
concentration was achieved with 32 °C with 0.79 g L. The specific growth rate was
unchanged at 32 °C, but decreased to 0.065 + 0.001 at 27 °C. It is to highlight that at both
lower temperatures, the CDW concentration did not decrease once the CO uptake rate started

to decline, as is the case at 37 °C.

2 Some of the results of the chapter were published in:

Oliveira L, Réhrenbach S, Holzmiller V, Weuster-Botz D (2022). Continuous sulfide supply
enhanced autotrophic production of alcohols with Clostridium ragsdalei. Bioresources and

Bioprocessing. 9, 15.
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The maximal CO uptake rate was also unchanged by lowering the temperature to 32 °C with
15.08 £ 0.23 mmol L h* (15.3 £ 1.35 mmol L™ h'* at 37 °C) but decreased at 27 °C to 11.23
+ 0.32 mmol L h, analogous to the lower specific growth rate. Differently than at a higher
temperature, the CO uptake rate was maintained higher for longer at lower temperatures, with

both processes achieving final CO uptake rates of roughly 7 mmol L h2,

Lowering the temperature decreased acetate formation, with both processes achieving similar
final acetate concentrations of 5.40 g L™ and 5.88 g L at 32 °C and 27 °C, respectively. In
turn, alcohol formation was fomented in both cases. The final ethanol concentration increased
slightly at 27 °C to 3.02 g L%, but substantially to 5.34 g L™ at 32 °C, an increase of 132% in
comparison to the process at a higher temperature. 2.3-butanediol was also produced at
higher quantities at lower temperatures, increasing from 0.71 g L* to 1.35g L™ at 32 °C and
1.13 g Lt at 27 °C. A summary of the key results of the processes with lower temperatures is

presented in Table 9.
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Figure 29 — Cell dry weight (CDW) concentration, CO uptake rate (rco), ethanol, acetate and
2,3-butanediol concentrations, and temperature of the syngas fermentation with C. ragsdalei
at 37 °C (black diamonds, black lines), 32 °C (grey squares, grey lines) and 27 °C (white
circles, dotted lines). Batch processes were conducted with pH 6.0, working volume of 1 L,
volumetric power input of 3.5 W L (800 rpm), gas flow of 5.0 NL h** with 3:1:1 (CO:H2:CO)
and pressure of 1 bar.
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Table 9 — Final cell dry weight (CDW) concentration, specific growth rate at the exponential
growth phase, acetate, ethanol and 2,3-butanediol concentrations, and maximal CO uptake
rates (centered moving average with five values) in the batch processes with C. ragsdalei with
different temperatures depicted in Figure 29. Errors in the concentrations correspond to the
standard deviation of replicates.

Temperature, °C 37 32 27

CDW, g L? 0.45+0.03 0.79 0.74

Specific growth rate, h 0.10 + 0.006! 0.094 + 0.003' 0.065 + 0.0011
Acetate, g L* 7.48 £ 0.98 5.4 5.88

Ethanol, g L 2.33+0.43 5.34 3.02
2,3-butanediol, g L* 0.71+0.18 1.35 1.13

CO max. uptake rate, mmol L'* h't 15.3 + 1.35?2 15.08 + 0.23? 11.23 + 0.322

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

To assess the individual effect of pH on the syngas fermentation with C. ragsdalei, processes
were conducted at an initial pH of 6.0 without pH control until a desired pH was achieved.
These pH levels were pH 5.5, pH 5.0 and a process without pH control. Process performances

are shown for these processes in Figure 30.

pH 5.5 and pH 5.0 were achieved in the processes around the 33" process hour, whereas in
the process with uncontrolled pH, a minimum of pH 4.024 was achieved in the 107" h. The
courses of the CDW concentration were very similar in all processes within the first 33 hours,
even though the pH profiles were different. This is also clear in the very similar specific growth
rates, which ranged from a maximum of 0.10 + 0.006 h'* with pH 6.0 to a minimum of 0.094 +
0.001 h* with uncontrolled pH. The highest final CDW concentrations were observed with pH
5.5 (0.72 g L) and 5.0 (0.73 g L™?). Analogous to the specific growth rates, the CO uptake
rates were very similar, ranging from a maximal rate of 15.34 + 0.58 mmol L h** with pH 5.0
and the lowest maximal rate of 14.15 + 0.66 mmol L h"* with pH 5.5. After peaking between
the 30" and 40™ process hour, the CO uptake rates sharply decreased in all processes. CO
uptake rates at the process end also varied with pH, being the highest with pH 5.5 (2.83 + 0.66

mmol L h) and lowest with uncontrolled pH (0.50 + 0.10 mmol L h1).
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Figure 30 — Cell dry weight (CDW) concentration, CO uptake rate (rco), ethanol, acetate and
2,3-butanediol concentrations, and pH of the syngas fermentation with C. ragsdalei at final pH
6.0 (black diamonds, black lines), pH 5.5 (dark grey squares, dark grey lines), pH 5.0 (light
grey triangles, light grey lines) and pH uncontrolled (white circles, dotted lines). Batch
processes were conducted with initial pH 6.0, at 37 °C, working volume of 1 L, volumetric
power input of 3.5 W L (800 rpm), gas flow of 5.0 NL h'* with 3:1:1 (CO:H,:CO_) and pressure
of 1 bar.

Acetate formation decreased strongly in all processes with pH lower than pH 6.0, varying
however little in between the lower levels. Ethanol formation, in turn, was substantially
increased at lower pH. Until the 55-57" process hour, ethanol formation in all process with
lower pH were clearly higher than the 1.51 g L with pH 6.0. After this, the ethanol
concentration with uncontrolled pH declined. The highest concentration of 3.95 g L ethanol
was achieved with pH 5.5. 2,3-butanediol showed a clear inverse relationship to pH, with the
highest concentration seen with pH 6.0 and the lowest with uncontrolled pH. A summary of

these key results is shown in Table 10.
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Table 10 — Final cell dry weight (CDW) concentration, specific growth rate at the exponential
growth phase and acetate, ethanol and 2,3-butanediol concentrations, and maximal CO
uptake rates (centered moving average with five values) in the batch processes with C.
ragsdalei with different pH profiles depicted in Figure 30. Errors in the concentrations
correspond to the standard deviation of replicates.

pH 6.0 5.5 5.0 Uncontrolled
CDW, g L? 0.45+0.03 0.72 0.73 0.54

Specific growth rate, h*  0.10 + 0.006! 0.098 + 0.002* 0.097 + 0.002* 0.094 + 0.0011
Acetate, g L 7.48 £ 0.98 1.57 1.56 1.04

Ethanol, g L 2.33+£0.43 3.95 3.27 2.23
2,3-butanediol, g L* 0.71+0.18 0.54 0.50 0.35

rco, max, mmol L ht 15.3+1.352 14.15+0.66> 15.34 + 0.58? 14.91 + 0.342

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

Discussion

In this section, the effects of lowering the process pH or temperature on the outcomes of the
syngas fermentation and, most of all, on alcohol formation were assessed with C. ragsdalei.
The results presented here are important since they compare several pH levels and
temperatures in a more relevant setup: a continuously gassed stirred-tank reactor. Overall,

both strategies had a positive effect, above all on ethanol formation.

The temperature effect on alcohol formation in the syngas fermentation has been only sparsely
published. Ramié-Pujol et al. (2015) and Shen et al. (2017) published a positive influence of
a temperature decrease from 37 °C to 25 °C in the syngas fermentation with
C. carboxidivorans in anaerobic flasks. Kundiyana et al. (2011) also reported an improvement
in ethanol production at 32 °C rather than 37 °C with C. ragsdalei, however, due to experiment
design, the positive effect of the lower temperature cannot be separated from the removal of
buffer, so that a causality cannot be established. In fact, the highest ethanol concentrations
reported by Kundiyana et al. (2011) were obtained at initial pH 6.0, 32 °C and absence of
buffer and pH 7.0, 37 °C and absence of buffer, which are more an indication of the positive
effect of not buffering that of the lower temperature. Shen et al. (2020) took a closer look at
the improvements seen with the lower temperature with C. carboxidivorans by Shen et al.
(2017) and conducted a transcriptome analysis of processes with C. carboxidivorans at 37 °C
and 25 °C. It was observed that the gene expression of enzymes in the WLP and ethanol

formation were not upregulated at lower temperatures, despite the higher alcohol
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concentrations. Rather, they observed enriched pathways in carbohydrate and amino acid

metabolism, with the most enriched pathway being cysteine and methionine metabolism.

To the results presented here, lowering the temperature to 32 °C had clear benefits in the
biomass formation: the specific growth rate did not decrease from 37 °C, the maximal achieved
CDW concentration could be maintained throughout the process. This was reflected in CO
uptake rates that could be sustained higher for longer, which had implications in overall
product formation. To further compare the processes, it is worth dividing the processes in two
phases: a first phase of increasing activity, measured by increasing CO uptakes rates, and a
second phase of decreasing activity, determined by decreasing CO uptake rates. For each
phase, the integral production rate was calculated for CDW, acetate, ethanol and 2,3-

butanediol, which is shown in Table 11.

The temperature of 32 °C showed a clear outperformance regarding alcohol production,
achieving the highest integral production rates in both phases for both alcohols. More
importantly, this process managed to keep the productivity of both ethanol and 2,3-butanediol
in both phases, even though the productivity of CDW and acetate formation decreased
strongly in the second phase. The decrease in the CDW production was roughly 90%, so
product formation served for ATP and redox maintenance. Interestingly, there was a slight
increase in the alcohol production rates in this second phase (8.8% for ethanol and 16.3% for
2,3-butanediol). As acetate yields more ATP from CO (see discussion in section 5), the lower
acetate production coupled with the higher CO uptake rates at 32 °C and absence of biomass
formation enabled the cells to produce comparatively more alcohol in the second than in the
first phase.

Table 11 — Production rates of cell dry weight (CDW), acetate, ethanol and 2,3-butanediol for

the phases of increasing CO uptake rates (rco) and decreasing rates of the batch processes
with different temperatures with C. ragsdalei, shown in Figure 29.

Integral production rate, g L't d?

Temperature, °C ~ CDW Acetate Ethanol 2,3-Butanediol

Before rco, max 37 0.402  1.679 0.552  0.040
32 0.330  1.353 1.017  0.246
27 0.261  0.825 0.409  0.076
After reo, max 37 0012 1122 0.341  0.138
32 0.032  0.878 1106  0.286

27 0.045 1.052 0.548 0.248




80 Increasing Alcohol Formation

By further decreasing the temperature to 27 °C, overall process performance decreased.
CDW, acetate and ethanol productivities decreased in the first phase, comparing to the
process at 37 °C. In the second phase, however, acetate formation slightly decreased but the

productivity of alcohols increased, alongside a small biomass formation.

To better understand the mechanisms which led to the improvement in alcohol production, the
product concentrations were plotted against the CDW concentrations during the phase of
increasing activity. This is shown in Figure 31. A very strong similarity is seen for both alcohols
between temperatures, with the differences being present at higher CDW concentrations. For
acetate, in turn, no clear relationship can be established, apart from a greater similarity
between the processes at lower temperatures. Thus, a key difference in the improvement in
the alcohol production lies in the late stages of the phase of increasing CO uptake rates.
Lowering the temperature enabled a prolonging of this phase at a stage of substantially
increased alcohol yield. This can be qualitatively visualized in Figure 31 by the asymptotic
lines drawn for ethanol and 2,3-butanediol. This indicates that the benefits of the lower
temperatures do not lie in metabolic changes during the exponential growth phase, but rather

how the cells adapt at the final stages of the phase of increasing activity.

Ethanol, g L Acetate, g L 2,3-Butanediol, g L™
3.0 3.0 — 0.6
41 I 3 e 32! 04 -
10 - 10 1 bl 02 1
0.0 - — 0.0 g . . 0.0
00 03 06 09 00 03 06 0.9 00 03 06 09
CDW, g L' CDW, g L CDW, g L

Figure 31 — Product concentration vs. the cell dry weight (CDW) for the phase of increasing
CO uptake rates with different temperatures with C. ragsdalei, shown in Figure 29. Lines were
visually drawn to represent asymptotes in the biomass related yield.

Lowering the process pH incurred in changes beyond the broadly reported increase in ethanol
production. The CO uptake rates were very similar in all processes; however, with higher pH,
the phase length of increasing activity i.e., increasing CO uptake rates, was higher and

consequently the overall CO uptake also increased.

Analogue to the discussion on the effect of lower temperatures, the integral production rates

of CDW and products for the phase of increasing CO uptake and decreasing CO uptake rates
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are shown in Table 12. As the overall activity increased, biomass formation was very similar
between all processes, with an average productivity of 0.437 + 0.025 g L* d*? within the
different pH profiles. The acetate and ethanol production rates in this phase showed how
intertwined both components are, and how lower pH levels trigger acetate reduction to ethanol.
The highest acetate production rate was obtained with pH 6.0 and the lowest with the
uncontrolled pH. For ethanol, the trend is the inverse, with the higher pH being detrimental for
ethanol formation. This is well in accordance with various published results and confirms the
metabolic shift induced by lower pH, which forces the acetate reduction to ethanol by
increasing the concentration of undissociated acetic acid (Richter et al., 2016). Considering
equation 3.15 and Figure 4, a pH reduction from pH 6.0 to pH 5.5 leads to an increase of 2.8-
fold in the fraction of undissociated acetic acid, and a reduction from pH 6.0 to pH 5.0 an
increase of 6.73-fold. Applying these ratios to the productivity values, the production rate of
undissociated acetic acid increased with lower pH by 36.7% with pH 5.5 and 158% with
pH 5.0, reflecting the increase in the ethanol productivities (51.8% for pH 5.5 and 95.1% for
pH 5.0). Since the initial pH in all processes was pH 6.0, it was not expected that these
increases in the undissociated acetic acid and ethanol productivities would be equal, but they

show the trend. 2,3-butanediol production in this first phase was negligible.

In the second process phase, the divergence between processes was higher. pH 6.0 further
fomented acetate formation, and pH 5.5 enabled the highest ethanol production. Uncontrolled
pH led to a strong sharp decrease in overall activity, with the lowest production rate of all
products. 2,3-butanediol showed in this phase a clear relationship to pH: with decreasing pH,
the 2,3-butanediol production decreased. This is the first time that this relationship is shown,
and it partially contradicts previous assumptions to the triggers of 2,3-butanediol production;
indeed, Kdpke et al. (2011) hypothesized that 2,3-butanediol production is triggered as an
offload of reducing agents and as deacidification from pyruvic acid, since 2,3-butanediol
production is derived from pyruvate. The results presented here indicate that the offload of
reducing agents is the main driver for 2,3-butanediol production, and that deacidification is
prioritized through acetate reduction. Therefore, ethanol and 2,3-butanediol production

possibly compete for reducing agents.
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Table 12 — Production rates of cell dry weight (CDW), acetate, ethanol and 2,3-butanediol for
the phases of increasing CO uptake rates (rco) and decreasing rates of the batch processes
with different pH profiles with C. ragsdalei, shown in Figure 30.

Integral production rate, g L't d?

pH CDW Acetate Ethanol 2,3-butanediol
Before rco,max 6.0 0.402 1.679 0.552 0.040
5.5 0.461  0.810 0.838 0.000
5.0 0.449 0.643 1.077 0.093
Uncontrolled 0.436  0.594 1.245 0.055
After rco, max 6.0 -0.012 1.122 0.341 0.138
5.5 0.030 0.119 0.606 0.112
5.0 0.042 0.166 0.413 0.080
Uncontrolled 0.012 0.077 0.171 0.058

7.2 Combining Strategies to Increase Alcohol Production

Individually lowering the process temperature to 32 °C and lowering the pH to pH 5.5 showed
clear benefits to the process performance. These conditions overcame the decrease in CDW
concentration observed in the later phases of the process and increased the alcohol to acetate
ratio. More concretely, a lower temperature enabled a more than twofold increase in the final
ethanol concentration, while with pH 5.5 the ethanol to acetate ratio increased eightfold.
Separately, it was shown that a sulfide feed of 0.05 mmol S L h'? increased biomass and
alcohol formation, whereby the maximal CO uptake rate and the alcohol to acetate ratio also
increased. Therefore, combining these strategies might allow for synergetic effects, and
further improve process performance. In this section, results to the combination of these

strategies will be presented. The process conditions applied were:

- temperature of 32 °C and pH 5.5,
- 0.05 mmol S L h? sulfide feed and pH 5.5,
- 0.05 mmol S L h! sulfide feed and temperature of 32 °C.

Sulfide was added as Na.S from a 20 g L* Na,S-H.O solution.

The CDW and product concentrations, as well as the CO uptake rates of the process with
pH 5.5 and temperature of 32 °C are presented in Figure 32. For visual comparison, the
processes with the temperature of 37 °C and pH 5.5 and pH 6.0, and temperature of 32 °C at

pH 6.0 are also presented.
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Combining pH 5.5 and a temperature of 32 °C avoided the recurring CDW decrease, which is
in line with the processes at pH 5.5 and that with 32 °C. The final CDW concentration
decreased in comparison to both batch processes at pH 5.5 or with 32 °C to 0.67 g L"*and the
specific growth rate decreased to 0.085 + 0.002 h. Product concentrations were in between
both batch processes, with the final ethanol concentration achieving 4.23 g L. The maximal
CO uptake rate was 15.71 + 0.37 mmol L h?, achieved at the 33" process hour, slightly
higher than the other two processes. A summary with the key variables of this process and
those at pH 5.5 and temperature of 32 °C is shown in Table 13.

Table 13 — Final cell dry weight concentration (CDW), specific growth rate, final concentrations

of acetate, ethanol and 2,3-butanediol and maximal CO uptake rate (rco, max) Of the syngas
fermentation with C. ragsdalei at pH 5.5 and temperature of 32 °C, shown in Figure 32.

pH 55 5.5 6.0 6.0
Temperature, °C 32 37 32 37

CDW, g L? 0.67 0.72 0.79 0.45 +0.03
Specific growth rate, h*  0.085 + 0.002! 0.098 + 0.002! 0.094 + 0.003! 0.10 + 0.006*
Acetate, g L* 4.81 1.57 54 7.48 + 0.98
Ethanol, g L 4.23 3.95 5.34 2.33+0.43
2,3-butanediol, g L* 0.82 0.54 1.35 0.71+0.18
rco, max, mmol Lt ht 15.71+0.372 14.15+0.66> 15.08+0.23> 15.3+1.352

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

The sulfide feed of 0.05 mmol S L* h*' was combined with pH 5.5, a lower temperature of
32 °C, and both lower pH and temperature simultaneously. The courses of the CDW and
product concentrations, and the CO uptake rates are shown in Figure 33. The process with

the sulfide feed, pH 6.0 and temperature of 37 °C was added as comparison.

Lowering the pH to 5.5 with the sulfide feed led to strong decreases in the CDW concentration
and CO uptake rates. It could also not avoid a decline in the CDW concentration once the
peak of 0.58 g L™t was achieved at the 52" process hour. This decline was however to a lesser
extent than with a pH of 6.0. The CO uptake ceased around the 105" process hour, after which
no net acetate or 2,3-butanediol was built and the ethanol concentration slightly decreased.
Acetate formation was kept low, while ethanol and 2,3-butanediol concentrations decreased

in comparison to the process with a sulfide feed with pH 6.0 at 37 °C.
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Figure 32 — Cell dry weight (CDW), acetate, ethanol and 2,3-butanediol (2,3-BD)
concentrations and CO uptake rates (rco) of the syngas fermentation with C. ragsdalei.
Process conditions were: left, pH 6.0 and 37 °C (black diamonds, black lines); right, pH 5.5
(white squares, dotted black line), 32 °C (grey diamonds, grey line) and combined pH 5.5 and
32 °C (black triangles, black line). Other general process conditions were: working volume of
1 L, volumetric power input of 3.5W L?* (800 rpm), gas flow of 5.0 NL h?* with 3:1:1
(CO:H2:CO2) and pressure of 1 bar.
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Figure 33 — Cell dry weight (CDW), acetate, ethanol and 2,3-butanediol (2,3-BD)
concentrations and CO uptake rates (rco) of the syngas fermentation with C. ragsdalei with a
sulfide feed of 0.05 mmol L h. Process conditions were: left, pH 6.0 and 37 °C (black
diamonds, black lines); right, pH 5.5 (white squares, dotted black line), 32 °C (grey diamonds,
grey line) and combined pH 5.5 and 32 °C (black triangles, black line). Other general process
conditions were: working volume of 1 L, volumetric power input of 3.5 W L (800 rpm), gas
flow of 5.0 NL h* with 3:1:1 (CO:H2:CO>) and pressure of 1 bar.

Decreasing the temperature to 32 °C with the sulfide feed led to a substantial increase in all

relevant absolute values. While the specific growth rate remained roughly unchanged at 0.085
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+ 0.001 h, the maximal and final CDW concentration was increased to 1.18 g L and the
maximal CO uptake rate increased to 34.9 + 0.14 mmol L h', which represent increases of
47.5% and 25 %, respectively, from the maximal values achieved at a higher temperature.
The final concentration of all products increased, with prominence to the final ethanol and 2,3-
butanediol concentrations of 7.67 g L, and 1.76 g L%, respectively. The alcohol to acetate
ratio, however, decreased by 6% to 1.67 g g™.

Lowering both pH and temperature to pH 5.5 to 32 °C slowed biomass formation, decreasing
the specific growth rate to 0.061 + 0.003 h?, but a decrease in the CDW concentration could
be avoided. The maximal CO uptake rate was the lowest from the processes with the sulfide
feed (16.88 + 0.67 mmol L™ h't), but it did not decrease as sharply after peaking, with the CO
uptake rates at process end ranging around 10 mmol L h?l. Acetate formation was
substantially reduced, with the highest concentration throughout the process being 0.40 g L™,
the lowest in all processes presented in this subsection. Alcohol formation slightly increased,
with the final ethanol concentration increasing to 6.0 g L™ and the 2,3-butanediol concentration
being roughly unchanged (1.03 g L*). A summary of the key results of the processes
combining the sulfide feed with changes in process parameters is shown in Table 14.

Table 14 — Final cell dry weight concentration (CDW), specific growth rate, final concentrations
of acetate, ethanol and 2,3-butanediol and maximal CO uptake rate (rco, max) Of the syngas

fermentation with C. ragsdalei with a sulfide feed of 0.05 mmol S L h* and different process
conditions, depicted in Figure 33.

Sulfide feed rate of 0.05 mmol L h?

pH 55 55 6.0 6.0
Temperature, °C 32 37 32 37

CDW, g L? 0.55 0.39 1.18 0.50

Specific growth rate, h* 0.061 + 0.003' 0.081 + 0.002* 0.085 + 0.001' 0.087 + 0.004!
Acetate, g L 0.40 1.23 5.64 3.50

Ethanol, g L 6.00 4.49 7.67 5.18
2,3-butanediol, g L* 1.03 0.53 1.76 1.05

rco, max, mmol Lt ht 16.88+0.67%> 18.94+0.46° 34.9+0.14° 28.03 £ 0.507

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.
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Discussion

It was shown in section 6 how the sulfide feed of 0.05 mmol L** h'? can improve CDW and
alcohol formation, and similarly in subsection 7.1 with the individual lowering of the process
pH to pH 5.5 and the temperature to 32 °C. Each strategy had its idiosyncratic effects. The
sulfide feed increased CO uptake rates and the formation of both alcohols, but it could not
avoid a decrease in the CDW concentration as the CO uptake rates decreased. Lowering the
temperature to 32 °C did not increase the maximal CO uptake rate, but curbed its strong
decrease after peaking, enabling cell activity for longer, while also fomenting a higher
production of both alcohols. With a pH 5.5, the decrease in CDW was avoided as well and the
maximal CO uptake rate was unchanged with an increase in the formation of ethanol, but
overall CO uptake decreased, as well as 2,3-butanediol production was negatively impacted.
These key changes in the overall process performance can be qualitatively seen in Table 15,
which highlights the complementarity of each strategy. In this section, these strategies were
combined, to assess whether beneficial effects could be added, while negative effects could
be curbed.

Table 15 — Qualitative assessment of changes in the key performance parameters of the
syngas fermentation, using the individual strategies of decreasing process pH, temperature or

implementing a sulfide feed. Increases are depicted by the "+” symbol, decreases by the ”-”
symbol, and similar values by the "=” symbol.

pH 55 6.0 6.0
Temperature, °C 37 32 37
S. feed, mmol Lt h? 0 0 0.05
Increase in rco, max =~ ~ ++
Increase in overall CO uptake - + +
Ethanol formation + ++ ++
2,3-butanediol formation - ++ +
Alcohol to acetate ratio +++ + ++

By Table 15, lowering simultaneously the pH and temperature to pH 5.5 and 32 °C should
have no impact in the maximal CO uptake rate and support ethanol formation with a high
alcohol to acetate ratio, while the effect on the overall CO uptake and 2,3-butanediol would be
unclear. In practice, the maximal CO uptake remained roughly unchanged and the overall CO
uptake remained in the range between both processes, corroborating with the qualitative

analysis. The final concentration of ethanol was closer to that of the process at pH 5.5,
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whereas acetate production was very similar to the process with the lower temperature. 2,3-
butanediol formation lied in between both processes with individual changes. In fact,
combining the lower pH and temperature led to a decrease in the alcohol to acetate ratio to
1.05 g g, in comparison to 2.86 g g* at pH 5.5 and 1.24 g g with 32 °C.

Taking a closer look at ethanol production, Figure 34 shows the ethanol concentration of the
processes with pH 5.5, with temperature of 32 °C and with both parameters combined and the
ethanol production rates. To obtain the production rates, the data were fitted with a nonlinear
regression according to equation 4.3 for the process with pH 5.5 and according to equation
4.4 for the other two processes. The highest rate was achieved with lowering both pH and
temperature to pH 5.5 and 32 °C, with a maximal rate of 2.26 g L™ d 1. The combination of a
lower temperature and pH led to a lagged initiation of the ethanol formation, while the interval
of high production rates was very reduced. For most of the process, however, the ethanol
production rate was constant, but this value was lower when both pH 5.5 and temperature of
32 °C were combined than only with the lowering of the temperature, being the constant
ethanol production rates 0.69 g L* d %, and 1.07 g L™* d " respectively. Thus, regarding the
ethanol production rates, combining the lower pH and temperature led to a worsening of the
individual benefits: the higher rate of the lower pH was kept for a lower period, while the

constant rate of the lower temperature decreased by 35.3 %.

0 40 80 120 160 . 0 40 80 120 160
Process time, h Process time, h

Figure 34 — Ethanol concentration, nonlinear regression of the ethanol concentration (left,
black lines) and ethanol production rates (rewon, right) of the processes with C. ragsdalei with
pH 5.5 (white squares, dashed line), temperature of 32 °C (black diamonds, black line) and
both pH 5.5 and temperature of 32 °C (grey triangles, grey line), depicted in Figure 32.
Residual sum of squares of the nonlinear regressions are given in Table 23.

While ethanol production was impacted negatively by lowering both pH and temperature, 2,3-
butanediol formation was a balanced mixture of both strategies. Furthermore, the process with
both lower pH and temperature showed how intertwined 2,3-butanediol and ethanol formation
can be. The production rates of both alcohols are shown in Figure 35 for the processes with
lower pH, lower temperature and both parameters combined. While the process at 32 °C

sustained high rates for both alcohols almost simultaneously, at pH 5.5 in both cases, 2,3-
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butanediol production resumes as the ethanol production rate approached its peak.
Combining both lower pH and temperature led to a clear distinction of ethanol and 2,3-
butanediol production. This reinforces the argument from subsection 7.1, by which the
formation of ethanol and 2,3-butanediol compete for reducing agents once the lower pH
foment ethanol formation, if an increase in the CO uptake rates does not occur to supply

sufficient reducing agents for both processes.
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Figure 35 — Production rates of ethanol (rewon, black lines) and 2,3-butanediol (r23-sp, grey
lines) of the processes with C. ragsdalei depicted in Figure 32 with pH 5.5, temperature of
32 °C and both pH and temperature at pH 5.5 and 32 °C. Residual sum of squares of the
nonlinear regressions are given in Table 23.

Both temperature and pH were individually and simultaneously combined with a sulfide feed
of 0.05 mmol S L* hl, By Table 15, the sulfide feed and lower pH had complementary effects,
most evident on the extent of CO uptake, while the lower temperature and the sulfide feed

impacted the process similarly.

In practice, coupling the sulfide feed with the lower pH led to mixed results. Lowering the pH
with the sulfide reduced the extent to which the CDW concentration decreased after peaking,
and the alcohol to acetate ratio increased to 4.08 g g, in comparison to 2.86 g g* at pH 5.5
and 1.78 g g* only with the sulfide feed. In turn, the maximal CDW achieved was lower than
in the process with the sulfide feed at pH 6.0, as well as the final concentrations of both
alcohols. Furthermore, the sulfide feed had no effect in the final 2,3-butanediol concentration
in relation to the process with lower pH, thus not being able to counter the negative effects of
a lower pH, as did the lower temperature. The processes with a sulfide feed and both pH levels
shared the similarity of a complete halt in the CO uptake around the 100" process hour. These
halts were not associated with the CDW decrease but occurred rather after the CDW stabilized
already at a lower level. Once the CO uptake stopped, the concentrations of CDW, acetate

and 2,3-butanediol stabilized, while that of ethanol decreased. Pinpointing the reason for the
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decline in the ethanol concentration is not possible with the available data, but it is most likely
due to the evaporation of ethanol. Another possible reason, even though it is not supported
by the data, is that ethanol was reassimilated. Indeed, Liu et al. (2020) showed that C.
ljungdahlii produced acetate from the reassimilation of ethanol. They argued that the pathway
for ethanol oxidation was through the aldehyde:ferredoxin oxidoreductase (AOR) based on
the ratios of NADH/NAD* and NADPH/NADP*. In this case, however, it would have been
expected that in the processes presented here, as the ethanol concentration decreased, the

acetate concentration would increase, which was not observed.

Looking more closely into the alcohol production in this process, Figure 36 contains the
production rates of ethanol and 2,3-butanediol for the processes with pH 6.0 and pH 5.5 with
and without a sulfide feed and temperature of 37 °C. For the process without the sulfide feed,
the ethanol nonlinear regression was only conducted until the 66" hour since both used
equations could not properly described the whole process. After the 66" hour, a linear

correlation was stablished, resulting in a constant production rate.
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Figure 36 — Ethanol and 2,3-butanediol production rates (Ethanol: rewon, black lines and black
dotted lines; 2,3-butanediol: r>3ep, grey lines and grey dashed lines) of processes with
C. ragsdalei without and with a sulfide feed and different pH and temperature levels. The
process data were shown in Figure 32 and Figure 33. Specific aspects of the nonlinear
regressions are discussed in the text. The residual sum of squares of the nonlinear
regressions are given in Table 23.

The production rates show that the sulfide feed had a more pronounced effect in the process

with pH 6.0 than with pH 5.5. At pH 6.0, the sulfide feed increased both maximal rates strongly
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and caused that the peaks were almost simultaneous, with the production rate of ethanol
peaking at the 54 h and that of 2,3-butanediol at the 52 h, both peaking shortly after the CO
uptake rate peaked at 46 h. At pH 5.5, the sulfide feed had little effect in the productions rate,

slightly increasing the maximal rates and slightly broadening the productive time.

To further look for clues to the effect of sulfide at a lower pH, the concentrations of the products
against the CDW concentrations for the processes at pH 5.5 with and without the sulfide feed
are shown in Figure 37 for the process interval in which the CO uptake rate increased.
Differently than the information from the production rates, it can be clearly seen that the sulfide
feed fundamentally changed the product spectrum in the phase of increasing activity. Acetate
formation relative to biomass decreased, while ethanol and 2,3-butanediol formation
increased. Moreover, the increase in the alcohol formation surpassed the decrease in acetate
production, which given the stoichiometries of acetate and alcohol formation (equations 3.2,
3.8 and 3.10) and that ethanol is formed from the reduction of acetate (equation 3.15) indicate
a higher CO uptake and uptake rate. In fact, the maximal CO uptake increased from 14.05 +
0.66 mmol L1h? to 18.94 + 0.46 mmol L** h*, while the phase length in which the CO uptake
rate went from 30 h to 48.8 h.

These improvements are also nuanced since the specific growth rate decreased from 0.098 +
0.002 h?! to 0.081 + 0.002 h' with the implementation of the sulfide feed at pH 5.5.
Furthermore, the CO uptake rate peaked without the sulfide prior to the peak in the CDW
concentration, while with the sulfide both peaked roughly simultaneously. Nevertheless, the
sulfide feed enabled higher CO uptake and higher alcohol to acetate ratios in the phase of
increasing CO uptake rate, despite the lower specific growth rates and maximal CDW
concentration. The higher CO uptake rate at lower CDW concentration indicates that a higher
activity or abundance of the carbon monoxide dehydrogenase (CODH) with the sulfide feed,

but the results available are not sufficient for a definite conclusion.

Finally, it appears that the sulfide feed at pH 5.5 changed the process in the following manner:
it increased the CO uptake, which increased the availability, initially, of reduced ferredoxin. As
less biomass was formed, and consequently less ATP was consumed in anabolism, ferredoxin
was directed to ethanol formation. Furthermore, by overcoming the sulfur limitation and
enabling higher CO uptake rates for longer, a higher overall CO uptake occurred, directed to

ethanol formation due to the ferredoxin availability.
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Figure 37 — Product concentration vs. the cell dry weight (CDW) for the phase of increasing
CO uptake rates with C. ragsdalei from processes with pH 5.5 without (black diamonds) and
with (white squares) a 0.05 mmol S L h? sulfide feed. These processes were depicted in
Figure 32 and Figure 33.

The alcohol production with the sulfide at a temperature of 32 °C was strongly fomented, as
shown in Figure 36 by the production rates of ethanol and 2,3-butanediol for the processes
with and without the sulfide feed. The higher maximal ethanol production rate with the sulfide
feed occurred later in the process, as with all processes with the sulfide feed in comparison to
those without it. The sulfide feed enabled both an increase in the maximal ethanol and 2,3-
butanediol production rates of 22% and 71 %, respectively, as well as increased the constant
production rates in the last section of the process by 27.5% for ethanol and 117% for 2,3-

butanediol.

During the phase of increasing activity (increasing CO uptake rate), the profile of product
formation relative to the CDW concentration was similar for both processes at 32 °C without
and with the sulfide feed, as shown in Figure 38. To account for a value of CDW, acetate,
ethanol and 2,3-butanediol at the 62™ process hour (peak in the CO uptake rate) of the process
with the sulfide feed, the concentrations were estimated by nonlinear regression. The residual
sum of squares of these nonlinear regressions are given in Table 23. The profiles of the curves
show little difference until the CDW of 0.6 g L, indicating at first no metabolic change from
the sulfide feed. From that process time, both processes diverged strongly. Without the sulfide
feed, the CO uptake rate stabilized until the 50" hour and during this phase the product yield
relative to biomass of all products increased, mostly due to a very low increase in CDW
formation. With the sulfide feed, CDW formation continued, supported by a further increase in
the CO uptake rate until the 62" process hour. In this process, the phase between the CDW

of 0.6 g L%, estimated by the nonlinear regression to have been at the 39" process hour, and
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the peak of the CO uptake rate comprised both maxima in the ethanol and 2,3-butanediol

production rates, as shown in Figure 36.

Acetate, g L Ethanol, g L' 2,3-Butanediol, g L-*
4.0 ‘ ; 12 48
- -
30 1 & ] H 36 =
! -l
¢ o :
1.0 ﬁ 1 ' 12 é
0.0 e 0

00 05 10 15 00 05 10 15 00 05 10 15
CDW, g L CDW, g L CDW, g L

Figure 38 — Product concentration and CO uptake rates (rco) vs. the cell dry weight (CDW) for
the phase of increasing CO uptake rates with C. ragsdalei from processes with 32 °C without
(Products: black diamonds, CO uptake rate: black circles) and with (Product: white squares,
CO uptake rate: white circles) a 0.05 mmol S L h? sulfide feed. These processes were
depicted in Figure 32 and Figure 33. The lines for the CO uptake rates serve as visual aid and
do not represent linear regressions.

Thus, it appears that no metabolic shift occurred within the phase of increasing CO uptake
rate, due to the similar relationship of product and biomass formation. At the later stages of
this phase, the biomass related yield increased without sulfide, due to a slowing in biomass
formation. The main difference appears on the side of CO uptake, which occurred at higher
rates with the sulfide feed relative to biomass, again suggesting an increased activity of the
CODH. Considering the whole process length, the alcohol to acetate ratio was increased from
1.24 g g* to 1.67 g g* with the sulfide feed at 32 °C, with the increase driven by a higher
production of both alcohols, while the final acetate concentrations remained very similar
(5.4 g Lt and 5.64 g L, without and with the sulfide feed).

Revisiting Table 15, it can be concluded that combining the lower temperature and the sulfide
feed led to an addition of the individual benefits, curbing the disadvantages of the individual

processes.

- The alcohol to acetate remained in similar values to the process with sulfide feed at
37 °C (1.78 g g1), which is higher than without it at 32 °C (1.24 g g%).

- No decrease in the CDW concentration occurred, as was observed with the sulfide
feed at 37 °C.

- CO uptake rates were increased, further than only with the sulfide feed.

- More products and biomass were built in comparison to both processes.
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Combining the pH 5.5 and temperature 32 °C without a sulfide feed led to the higher acetate
production of the lower temperature and the lower ethanol production of the lower pH. Upon
implementation of the sulfide feed, the process was substantially changed. Most remarkably,
it increased the alcohol to acetate ratio to 17.57 g g* from 1.05 g g** with pH 5.5 and 32 °C.
This was achieved by an increase in both the final ethanol as well as 2,3-butanediol

concentrations, while the acetate concentration was kept to a minimum.

Looking closer into the alcohol production, Figure 36 shows the production rates of both
alcohols for the processes with pH 5.5 and 32 °C with and without a sulfide feed. Without a
sulfide feed, the maximal ethanol production rate was 2.26 g L™ d*, and this rapidly decreased
to a stable value of 0.70 g L d™. In turn, with the sulfide feed the maximal ethanol production
rate decreased to 1.53 g L™ d! but remained higher over most of the process. Regarding 2,3-
butanediol, the profile of the production rates was very similar, but the sulfide feed enabled a
stabilization of the rate at roughly 0.15 g L d?, while the absence of the sulfide feed led to a
value of roughly 0.05 g L d*. Analogous to the process at 32 °C, the sulfide feed inverted the
chronological order of the peaks in the ethanol and 2,3-butanediol production rates, indicating
that with the sulfide feed reducing agents are more abundant to allow for the non-competitive

formation of both alcohols.

Analysing the product formation during the phase of increasing activity in comparison with the
process without the sulfide feed, strong changes can be observed for ethanol and acetate, as
can be seen in Figure 39. Due to the sulfide feed, acetate was already produced at lower
guantities in the early stages of the process, and inversely more ethanol was produced. 2,3-
butanediol was clearly produced in both processes once biomass formation was almost
stopped, which occurred at a lower CDW with the sulfide feed. These changes in the behaviour
of acetate and ethanol formation in the early stages is very distinct from the other analysis
done in this work, in which most of the difference occurred at the end stages of the exponential
growth phase or the phase with increasing CO uptake rate. This implies that a stronger
metabolic shift occurred under the conditions of pH 5.5, temperature 32 °C and the sulfide
feed. In fact, as of the CDW concentration of 0.27 g L with the sulfide feed, no net acetate
was produced until the end of the phase of increasing CO uptake rate, so growth was coupled

mainly to ethanol formation.

The CO uptake rate relative to biomass formation was very similar for both processes until the
CDW of 0.5 g L}, so, differently than in the other two cases, it cannot be assumed that the
activity or abundance of the carbon monoxide dehydrogenase (CODH) strongly increased with
the sulfide feed. Given similar CO uptake rates relative to the CDW, since the sulfide feed led

to a slower growth, more CO was consumed to generate the same CDW concentration, so
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the resulting reducing agents from CO which could not be employed in biomass formation

were redirected to ethanol production.
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Figure 39 — Product concentration and CO uptake rates (rco) vs. the cell dry weight (CDW) for
the phase of increasing CO uptake rates with C. ragsdalei from processes with pH 5.5 and 32
°C without (Products: black diamonds, CO uptake rate: black circles) and with (Product: white
squares, CO uptake rate: white circles) a 0.05 mmol S L h? sulfide feed. These processes
were depicted in Figure 32 and Figure 33. The lines for the CO uptake rates serve as visual
aid only.

After the CO uptake rate peaked, the sulfide feed enabled higher CO uptakes rates for longer,
and this CO was almost completely converted to alcohol formation. Considering the alcohol to
acetate ratio in the process phase starting from the peak in the CO uptake rate until the end
of the process, the ratio was 2.68 g g*at 32 °C (with the concentration of the products at the
peak of the CO uptake rate being estimated by the nonlinear regression), 6.56 g g* with pH
5.5 (calculated only until the CO uptake rate reached null) and 118.41 g g* with pH 5.5 at
32 °C.

What enabled this almost complete shift to alcohol production cannot be fully answered with
the available data, but clues can be obtained from the production rates relative to the CDW
concentration, as shown in Table 16. Despite not leading to the highest concentration of CDW
and alcohols, the combination of the pH 5.5 and temperature of 32 °C led to the highest ethanol
and 2,3-butanediol production rates relative to CDW, both the maximal production rate as well
as the final production rate (for the processes which showed a constant production rate). The
highest maximal ethanol production rate per CDW was 4.12 g g™cow d, obtained without the
sulfide feed and with pH 5.5 and 32 °C, which indicates that these conditions enabled the
highest activity in the pathway for ethanol formation. Interestingly, relative to CDW, the 2,3-
butanediol production rate was the highest with pH 5.5 and 32 °C and the sulfide feed,

indicating that higher concentrations were mainly limited by the low CDW achieved.
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Considering the late stages in the processes, there was also a much smaller divergence
between the production rates relative to CDW for ethanol than for 2,3-butanediol formation.
This indicates that in this stage, the pathway for ethanol production is limited, and higher
concentrations could only be achieved if higher CDW were available. In turn, 2,3-butanediol
formation was still affected by process conditions, and changes in process parameters could
further improve the 2,3-butanediol productivity.

Table 16 — Maximal and final production rates of ethanol (reion) and 2,3-butanediol (r2,3.80) for
the processes with C. ragsdalei with the presented conditions. Production rates were obtained

with nonlinear regression, as described in the text, and the processes were presented in
Figure 32 and Figure 33.

pH 55 6.0 55 55
Temperature, °C 37 32 32 32
S. feed, mmol L ht 0.05 0.05 0 0.05
Max. reon, g L1 d? 2.102 1.943 2.265 1.526
Max. rz;3sp, g L* d? 0.346 0.903 0.401 0.433
Max. reon per CDW, g glcow d* 3.845 1.878! 4.118 3.152%
Max. r23sp per CDW, g glcow d* 0.633 0.8721 0.729 0.896*
Final reon, g L™ d? - 1.370 0.694 0.656
Final rp3sp, g L1 d? - 0.180 0.053 0.151
Final rewon per CDW, g glcow d*? - 1.161 1.036 1.193
Final r23sp per CDW, g gcpw d* - 0.153 0.079 0.275

value of CDW used obtained from the nonlinear regression of the CDW in the processes.

In summary, implementing a sulfide feed of 0.05 mmol S L h'! in combination with different
pH values and temperatures led to substantial changes in the syngas fermentation with
C. ragsdalei, as depicted by the key parameters shown in Figure 40 and Figure 41. It led to
an increase in the maximal CO uptake rate, the final alcohol concentrations, and the alcohol
to acetate ratio in all studied pH levels and temperatures. The maximal production rate of 2,3-
butanediol also increased in all conditions with the sulfide, and the maximal production of
ethanol was only lower after the implementation of the sulfide feed at pH 5.5 with 32 °C. The
final CDW increased in both processes at pH 6.0 and decreased at pH 5.5, while the specific

growth rate decreased in all processes.
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Figure 40 — Influence of decreasing the pH from pH 6.0 to pH 5.5, the temperature from 37 °C
to 32 °C and implementing a sulfide feed in the syngas fermentation with C. ragsdalei: final
cell dry weight concentration (CDW), specific growth rate (u), maximal CO uptake rate (rco)
and alcohol to acetate ratio (OH/Ac). Black bars: processes without a sulfide feed; Bar with
diagonal stripes: processes with a sulfide feed of 0.05 mmol NaS L h.
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Figure 41 — Influence of decreasing the pH from pH 6.0 to pH 5.5, the temperature from 37 °C
to 32 °C and implementing a sulfide feed in the syngas fermentation with C. ragsdalei: final
acetate concentration, alcohol concentration (Ethanol: lower bars; 2,3-butanediol: upper bars),
maximal ethanol production rate (reron) and maximal 2,3-butanediol production rate (r2;3-ep).
Black bars (and chequered for 2,3-butanediol): processes without a sulfide feed; Bar with
diagonal stripes (and white for 2,3-butanediol): processes with a sulfide feed of 0.05 mmol
Na,S L* ht,
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7.3 Combining Strategies at a Lower CO Partial Pressure

It could be successfully shown that lowering the process pH or temperature to pH 5.5 or 32 °C
improved alcohol production. Adding a sulfide feed to these process alterations led to
improvements in CO uptake rates and final alcohol concentrations, with the highest alcohol to
acetate ratio being 17.58 g g* with the conditions pH 5.5, 32 °C and the sulfide feed of 0.05
mmol S L't h'l. These results were, however, obtained with a syngas composition of 600 mbar
CO, 200 mbar CO, and 200 mbar H,, and in none of the processes H, was consumed.
Notwithstanding, to achieve higher carbon conversions in the syngas fermentation, the uptake
of Hs is required to reduce CO,, which is also a base constituent of syngas and is unavoidably

produced using CO as electron donor.

The batch processes with C. ragsdalei in which H> was consumed involved phases of very
low CO partial pressures and, more importantly, strongly favoured acetate formation, as
shown in section 5. To investigate if alcohol formation with H», consumption can be improved,
processes were conducted with a gas volume flow of 1.5 NL h* (working volume of 1 L) and
a gas composition of 1:1:1 for CO, CO, and H.. Further process changes were also
implemented: a sulfide feed of 0.05 mmol L* h, alone or in combination with lower pH levels
of pH 5.5 and pH 5.0 or a lower temperature of 32 °C.

Figure 42 shows the results of the batch processes with gas flow 1.5 NL h* without and with
a sulfide feed of 0.05 mmol S L h. For visual comparison, the process with 5 NL h'* and no
sulfide feed is also presented. All processes showed a peak in the CDW concentration, after
which it decreased. The final CDW concentrations decreased to 0.30 g L* with the lower gas
flows in both processes independently of sulfide feed, but the maximal CDW concentration of
0.77 g L't was achieved with the lower gas flow and the sulfide feed at the 74" process hour.
This process also showed a sharp decrease in the CDW concentration between the 80" and
120" process hour. The specific growth rates remained unchanged by lowering the gas flow
and composition with 0.099 + 0.002 h* but decreased with the addition of the sulfide feed to
0.083 + 0.005 h,

The maximal CO uptake rates were similar in all batch processes and were constrained by
the amount of CO supplied into the system. H, consumption was observed in both processes
with the lower gas flow. With the sulfide feed, both the maximal H, uptake and the overall H;
uptake increased in comparison to the analogous process without the sulfide feed, by 20.7%

and 46.7 %, respectively.

The acetate concentrations increased by lowering the gas flow in both cases. With the sulfide

feed, the acetate concentration sharply decreased from 14.02 g L* to 11.04 g L*
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simultaneously to the decrease in the CDW concentration. Lowering the gas flow led to a
similar final ethanol concentration, while combining the sulfide feed with the lower gas flow led
to an increase from 2.08 g L to 3.64 g L. The 2,3-butanediol concentration remained
unchanged by lowering the gas flow, but strongly decreased by adding the sulfide feed. A

summary of the key parameters of these processes is shown in Table 17.
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Figure 42 — Cell dry weight (CDW), 2,3-butanediol (2,3-BD), ethanol, and acetate
concentrations, CO and H partial pressures in the exhaust (pco, pu2) and uptake rates (rco,
ry2) of the syngas fermentation with C. ragsdalei with a CO inlet partial pressure of 600 mbar
(black diamonds, black lines), 333 mbar (white circles, dotted lines) and 333 mbar with a
sulfide feed rate of 0.05 mmol S L h' (grey squares, grey lines). Batch processes were
conducted with pH 6.0, working volume of 1 L, volumetric power input of 3.5 W L (800 rpm)
and pressure of 1 bar. Processes with 600 mbar inlet CO had a gas flow of 5.0 NL h with
3:1:1 (CO:H2:C0O,), and processes with 333 mbar inlet CO had a gas flow of 1.5 NL h with
1:1:1 (CO:H2:COy)
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Table 17 — Final cell dry weight (CDW) concentration, specific growth rate at the exponential
growth phase, acetate, ethanol and 2,3-butanediol concentrations, and maximal CO and H-
uptake rates (rco, ruz; centered moving average with five values) in the processes with
C. ragsdalei with gas flows, compositions and sulfide feed depicted in Figure 42. Errors in the
concentrations correspond to the standard deviation of replicates.

Gas flow, NL ht 5.0 1.5 1.5

Sulfide feed, mmol S L ht 0 0 0.05

CDW, g L? 0.45 + 0.03 0.3 0.3

Specific growth rate, h* 0.10 + 0.006! 0.099 £ 0.002'  0.083 + 0.005!
Acetate, g L 7.48 £ 0.98 11.16 10.87

Ethanol, g L* 2.33+0.43 2.08 3.64
2,3-butanediol, g L 0.71+0.18 0.69 0.22

rco, max, mmol Lt ht 15.3 + 1.35? 16.00 + 1.122 14.85 + 0.052

MH2, max, mmol Lt ht 17.67 + 0.412 21.33+0.18°

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

To increase alcohol concentration with a gas flow of 1.5 NL h%, further batch processes were
conducted at a temperature of 32 °C, pH 5.5 and pH 5.0 with a sulfide feed of
0.05 mmol S L? h't, The CDW and product concentrations, as well as the CO and H. uptake

rates of these processes are shown in Figure 43.

All processes avoided the sharp decrease in the CDW concentration and stop of the CO
uptake rate, as observed in the process with the sulfide feed at 37 °C and pH 6.0, shown in
Figure 42. Very similar timely courses and final CDW concentrations were achieved in these
processes, with however bigger differences in the specific growth rates. All specific growth
rates decreased, with the lowest observed in the process at pH 5.0 of 0.067 + 0.0026 h.
Analog to the CDW concentration, the courses of the CO uptake rates were also very similar,
with the maximal CO uptake rates ranging from 17.01 + 0.04 mmol L™* h* (with 32 °C) to 15.45
+0.12 mmol L ht (with pH 5.5). H, uptake was observed in all processes at lower rates, with
the highest uptake seen with 32 °C (14.6 + 0.05 mmol L h?), whereby overall H, uptake

decreased in comparison with the process at 37 °C and pH 6.0.

Lowering the temperature to 32 °C led to a decrease in the concentration of all products, as
well as a decrease in the alcohol to acetate ratio. Lowering the pH to 5.5 enabled a slight
increase in the final concentration of ethanol to 3.82 g L2, while less 2,3-butanediol was
produced. Further lowering the pH to pH 5.0 substantially increased the ethanol concentration

to 7.05 g L1, and slightly increased the 2,3-butanediol concentration to 0.32 g L, concomitant
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to a decrease in the acetate concentration to 2.06 g L%, which resulted in an alcohol to acetate
ratio of 3.58 g g, the highest amongst the processes with a gas flow of 1.5 g L*. A summary

of the key parameters of these processes is shown in Table 18.
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Figure 43 - Cell dry weight (CDW), 2,3-butanediol (2,3-BD), ethanol, and acetate
concentrations, CO and H; partial pressures in the exhaust (pco, pnz) and uptake rates (rco,
rw2) of the syngas fermentation with C. ragsdalei with gas flow of 1.5 NL h? with 1:1:1
(CO:H2:COy) and a sulfide feed of 0.05 mmol S L h. Process parameters changed were
temperature of 32 °C (black diamonds, black lines), pH 5.0 (white circles, dotted lines) and pH
5.5 (grey squares, grey lines). Processes were conducted, unless otherwise stated, with pH
6.0, at 37 °C, working volume of 1 L, volumetric power input of 3.5 W L* (800 rpm) and
pressure of 1 bar.
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Table 18 — Final cell dry weight (CDW), specific growth rate at the exponential growth phase,
acetate, ethanol and 2,3-butanediol concentrations, and maximal CO and H. uptake rates (rco,
ri2; centered moving average with five values) in the processes with C. ragsdalei with changes
in process parameters depicted in Figure 43. Errors in the concentrations correspond to the
standard deviation of replicates.

Temperature 32 37 37

pH 6.0 5.5 5.0

CDW, g L* 0.73 0.76 0.76

Specific growth rate, h* 0.092 +0.0031' 0.079 +£0.0034! 0.067 + 0.00261
Acetate, g L 10.13 6.37 2.06

Ethanol, g L* 1.64 3.82 7.05
2,3-butanediol, g L 0.17 0.15 0.32

rco, max, mmol Lt ht 17.01 + 0.042 15.45 + 0.122 16.57 + 0.052
MH2, max, Mmol Lt ht 14.66 + 0.052 7.80 £ 0.322 10.71 £ 0.262

Errors represent the standard error of the linear regression to obtain the specific growth rate.
2Values represent the mean of the five uptake rates around the maximum value, and error
represent their standard deviation.

Discussion

The alcohol production from the syngas fermentation with a CO-rich syngas could be
increased by a sulfide feed, and more substantially by combining it with a lower temperature
or with a lower pH, the latter strongly improving the alcohol to acetate ratio. These results
were, however, obtained without H, consumption. Thus, the same strategies were used in the
syngas fermentation of a 1:1:1 (CO:CO2:H;) syngas with a reduction in the gas flow from
5.0 NL h?' to 1.5 NL h to better assess alcohol formation under conditions that force H.
uptake.

Lowering the gas flow without further changes already strongly influenced process
performance, as can be shown by the concentration of the products against that of CDW in
the phase of increasing gas uptake, depicted in Figure 44. With the lower gas flow, acetate
formation increased relative to the biomass, while that of ethanol decreased. For the case of
2,3-butanediol, no clear tendency can be observed due to scattered data: the scattering
relates to the low concentrations, increasing relative measurement errors. Adding the sulfide
feed increased even further acetate formation relative to biomass, while not altering alcohol

formation within this phase.
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Figure 44 — Product concentration vs. the cell dry weight (CDW) for the phase of increasing
overall gas uptake rates with C. ragsdalei from processes depicted in Figure 42 with an inlet
CO partial pressure of 600 mbar (black diamonds), 333 mbar (white squares) and 333 mbar
combined with sulfide feed of 0.05 mmol S L h? (grey circles).

Looking closer into alcohol formation in the process with lower gas flow and no sulfide, the
concentration of each alcohol, their nonlinear regression and the production rates are shown
in Figure 45, along with the H. uptake take. To obtain the production rate of ethanol, the
process was divided in two overlapping phases: one from the 1% to the 48" process hour,
described by equation 4.4, and the other from the 26" hour to the process end, described by
equation 4.3. This division was necessary to account for the deviation in the ethanol
concentration within the 26" and 53" process hours. For the production rate of 2,3-butanediol,

equation 4.3 was used.

The uptake of H> had an immediate impact in the ethanol formation. While measurements of
the concentration of ethanol are not available at the start of the H> consumption, a clear
deviation from the course of the ethanol concentration can be observed within the time in
which H, was consumed. As the H, uptake stopped around the 56" hour, a stronger increase
in the ethanol concentration was immediately observed. This is also indicated by the
production rate, which locally peaked as the H; uptake started, but decreased and remained
constant until H, consumption stopped, after which it increased again, peaking at 0.93 g L™* d*
at the 74™ hour. Thus, the clear driver of ethanol formation was CO. With 2,3-butanediol, no
clear distinction in the behaviour of the production rates could be observed as H, uptake
resumed, from which no conclusion can be drawn. In fact, 2,3-butanediol production resumed

as the H; uptake had already started.
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Figure 45 — Left: Concentration of ethanol (white diamonds) and 2,3-butanediol (2,3-BD, white
circles), nonlinear regression of the ethanol and 2,3-butanediol concentrations (black lines,
left); Right: H> uptake rate (ru2, grey line) and ethanol and 2,3-butanediol production rates
(reron @and r23sp, black lines) of the process with C. ragsdalei with a gas flow of 1.5 NL h?,

depicted in Figure 42. The residual sum of squares of the nonlinear regressions are presented
in Table 23.

By adding the sulfide feed, acetate formation was further promoted in the phase of increased
CO and H; uptake, as shown in Figure 44, while ethanol formation relative to the CDW
remained unchanged and the 2,3-butanediol increased. In this process, the H, uptake stopped
around the 70" hour, concomitantly to a sharp decline in the CO uptake rate. This preceded
a phase in which no measurement of the concentration of products or CDW was conducted,
and within which CDW and acetate concentration sharply declined, while the ethanol
concentration inversely increased. At the 104 h the CO uptake rate stopped, as well as the

acetate and 2,3-butanediol formation, while the concentration of ethanol slightly decreased.

The production rates of ethanol and 2,3-butanediol were calculated for this process using
equation 4.3. The production rates, as well as the concentrations and nonlinear regressions
for both alcohols and the H, uptake rates are shown in Figure 46. Differently than in the
process without sulfide, no explicit influence of H, could be observed in the ethanol formation.
The peak in ethanol formation occurred, nevertheless, once CO was the only consumed gas,
corroborating with the analogous process without sulfide. Interestingly, the 2,3-butanediol
production rate peaked with the peak in the H, uptake rate, differently than in the analogous
process without sulfide, but rates were substantially smaller given the strong decrease in 2,3-
butanediol formation.
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Figure 46 - Left: Concentration of ethanol (white diamonds) and 2,3-butanediol (2,3-BD, white
circles), nonlinear regression of the ethanol and 2,3-butanediol concentrations (black lines,
left); Right: H> uptake rate (r42, grey line) and ethanol and 2,3-butanediol production rates
(reron and r2.3sp, black lines) of the process with C. ragsdalei with a gas flow of 1.5 NL h'* and
a sulfide feed of 0.05 mmol S L h'l, depicted in Figure 42. The residual sum of squares of the
nonlinear regressions are presented in Table 23.

The addition of the sulfide feed had mixed effects in the batch process with a lower gas flow
and CO inlet partial pressure. It was detrimental to ethanol formation relative to the CDW in
the phase of increasing gas uptake rates, but it allowed for a higher maximal CDW and
increased the gas uptake, while it enabled the reduction of the acetate to ethanol once the H»
uptake stopped. While the data is not available to support it, it is likely that this phase of acetate
reduction occurred within 70" and 105" hour, period in which no H, was consumed and the
CO uptake was still positive. In fact, during this time 106.9 mmol CO were consumed, while
the concentration of acetate decreased by 53.3 mmol and the concentration of ethanol
increased by 42.7 mmol. As the reduction of acetate to ethanol requires two mol of CO
(equations 3.2 and 3.8), the CO uptake and acetate consumption measured are well in
accordance with the stoichiometry, while the discrepancy in the ethanol concentration might
lie in losses due to evaporation. Reducing acetate to ethanol not only deacidifies the cells, but
also enables ATP production. The reduction of one mol acetate requires one mol reduced
ferredoxin and one mol NAD(P)H. Supplying these redox cofactors with CO requires the
production of NADH by the Rnf complex and, if applicable, the electron bifurcation by the
transhydrogenase Nfn. Electron bifurcating from ferredoxin to NADH with the Rnf enables the
production of ATP by the ATP synthase, which uses the proton motive force generated by the

Rnf. If the acetate reduction is strongly favoured, as was the case in this process phase, then
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less redox cofactors are available for 2,3-butanediol production, which explains the low 2,3-

butanediol production.

This interplay between ethanol and 2,3-butanediol formation can be observed in the data
reported by Ricci et al. (2021), in which the 2,3-butanediol production was studied with
C. autoethanogenum and C. ljungdahlii with different media and different gas compositions.
In their results, the highest ethanol concentrations were always achieved for both strains with
the lowest 2,3-butanediol concentrations. With C. ljungdabhlii, this was the case with CO./H;

and with pure CO in the gaseous phase.

Lowering the gas flow and CO inlet partial pressures led to an increase in overall activity, since
the cells could arrive at similar maximal CO uptake rates as with a gas flow of 5.0 NL h* plus
consumed hydrogen. However, this led to a strongly favoured acetate formation. Implementing
a sulfide feed of 0.05 mmol S L h'! increased overall activity by increasing the maximal H;
uptake rate and overall H; uptake. It also enabled a higher ethanol formation through a clear
reuptake of formed acetate into ethanol once the H, uptake stopped, whereby the alcohol to
acetate ratio was also increased. To further improve the alcohol to acetate ratio, some of the
strategies used in subsection 7.1 were implemented with the lower gas flow and CO inlet

partial pressure, to assess if they can further improve alcohol formation.

Decreasing the temperature to 32 °C and the pH to pH 5.5 and pH 5.0 led to higher final CDW
concentration (0.73 — 0.76 g L?), which were in line with the maximal CDW of 0.77 g L*
achieved with the sulfide feed with 37 °C and pH 6.0. These process conditions avoided the
decrease in the CDW concentration, which in turn enabled the uptake of CO for the whole
process length. Nevertheless, these conditions decreased the maximal activity in comparison
to 37 °C and pH 6.0, measured by the combined uptake of CO of H, which was 37.02 mmol
L1 h'to 31.67 mmol L h' (32 °C), 23.2 mmol L h! (pH 5.5) and 27.3 mmol Lt h'! (pH 5.0).
As CO is the prioritized electron donor in the syngas fermentation with C. ragsdalei, this overall

decrease was manifested in a decrease in the H» uptake rates.

The product formation in each process relative to the CDW concentration for the phase of
increasing gas uptake rates is shown in Figure 47. At first glance, all processes underwent
similar profiles for acetate formation, while the ethanol formation was strongly divergent
between processes. Lowering the temperature stopped ethanol formation at a CDW of
0.36 g L, concomitant with the start of the H, uptake. Acetate and 2,3-butanediol were further
produced at the lower temperature. At pH 5.5, acetate formation was in line with that at a lower
temperature, while ethanol and 2,3-butanediol formation increased linearly with the CDW.
Further lowering to pH 5.0 led on one hand to a substantially higher ethanol formation within

this phase. On the other hand, the acetate and 2,3-butanediol formation underwent a
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discontinuity between the CDW concentrations of 0.47 g L! and 0.57 g L?, which were
measured at 32.92 h and 49.45 h, respectively. H, uptake resumed at the 34™ hour, so the
discontinuity is likely a consequence of the uptake of H2, which was beneficial not only for

acetate, but also for alcohol formation.
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Figure 47 — Product concentration vs. the cell dry weight (CDW) for the phase of increasing
overall gas uptake rates with C. ragsdalei from processes depicted in Figure 43 with
temperature 32 °C and pH 6.0 (black diamonds), 37 °C and pH 5.5 (white squares) and 37 °C
and pH 5.0 (grey circles).

To further elucidate the dynamics of alcohol formation in these processes and the role of H,
in them, the concentrations of ethanol and 2,3-butanediol, as well as the nonlinear regression
of the concentration against time and the production rate of each alcohol are shown in Figure
48 for a temperature of 32 °C, Figure 49 for pH 5.5 and Figure 50 for the pH 5.0. The equations
used for the nonlinear regressions, as well as the residual sum of squares for each are shown
in Table 19. For ethanol in the processes with temperature of 32 °C and pH 5.5, it was
necessary to separate the data in two intervals, with the nonlinear regression being employed

separately in each.

The processes showed a clear flattening of the ethanol concentration during the phase of H»
uptake, and ethanol formation resumed at higher rates once the H, uptake stopped. The peak
in the rate of ethanol production lied in all processes within a process time in which only CO
was consumed, and as expected from the substantially higher final ethanol concentration, the
highest ethanol production rate of 1.98 g L"*d* was achieved in the process with pH 5.0 at the
102" process hour. Interestingly, in all processes with the lower gas flow and the sulfide feed,
the peak in the 2,3-butanediol production rate occurred well before the peak in the ethanol
formation, while without the sulfide feed these occurred closer, and the ethanol peak preceded
that of 2,3-butanediol. Since the 2,3-butanediol formation was also overall repressed by the

sulfide feed with the lower gas flow, it can be assumed that the sulfide feed removed redox
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cofactor from the 2,3-butanediol formation to favour ethanol formation. Further studies would
be necessary to better elucidate this interplay.

Table 19 — Equations used for the nonlinear regression of the concentrations of ethanol and

2,3-butanediol and residual sum of squares (RSS) in g? L of the processes with C. ragsdalei
depicted in Figure 43

Temperature, °C 32 37 37
pH 6.0 55 5.0
Ethanol Equation 4.3 (0-22h) 4.3 4.4 (0-48h)
4.3 (23144 h) 4.4 (49 — 144 h)
RSS 0.017 (0-22h) 0.045 0.032 (0 -48 h)
0.006 (23 — 144 h) 0.004 (49 — 144 h)
2,3-Butanediol Equation 4.3 4.3 4.3
RSS 0.002 0.001 0.010
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Figure 48 - Left: Concentration of ethanol (white diamonds) and 2,3-butanediol (2,3-BD, white
circles), nonlinear regression of the ethanol and 2,3-butanediol concentrations (black lines,
left); Right: H> uptake rate (ru2, grey line) and ethanol and 2,3-butanediol production rates

(reron and r23sp, black lines) of the process with C. ragsdalei at 32 °C with a gas flow of
1.5 NL h' and a sulfide feed of 0.05 mmol S L' h'%, depicted in Figure 43.
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Figure 49 - Left: Concentration of ethanol (white diamonds) and 2,3-butanediol (2,3-BD, white
circles), nonlinear regression of the ethanol and 2,3-butanediol concentrations (black lines,
left); Right: H> uptake rate (ru2, grey line) and ethanol and 2,3-butanediol production rates
(recon @nd r23ep, black lines) of the process with C. ragsdalei at pH 5.5 with a gas flow of
1.5 NL h't and a sulfide feed of 0.05 mmol S L* h', depicted in Figure 43
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Figure 50 - Left: Concentration of ethanol (white diamonds) and 2,3-butanediol (2,3-BD, white
circles), nonlinear regression of the ethanol and 2,3-butanediol concentrations (black lines,
left); Right: H> uptake rate (ru2, grey line) and ethanol and 2,3-butanediol production rates
(recon @nd r23ep, black lines) of the process with C. ragsdalei at pH 5.0 with a gas flow of
1.5 NL h'* and a sulfide feed of 0.05 mmol S L'* h'%, depicted in Figure 43.

The ethanol formation in the process with pH 5.0 shows three clear distinct phases. A first

phase from process begin to the 33" hour, in which ethanol was produced with increasing
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rates. A second phase from the 33" to roughly the 55" hour, in which ethanol was produced
at lower rates, and which was concomitant to H, consumption. A third phase from the 55™
process hour to the end of the process, in which most of the ethanol was formed and which
coincided with a decline in the acetate concentration. Net acetate consumption likely started
at 72 h, which coincides with the process time in which no more base was added by the reactor
system to the process to control the pH. By establishing a correlation between the acetate
concentration and the activation of the base pump, as shown in Figure 51, the maximal acetate

concentration could be estimated to be 4.22 g L.
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Figure 51 — Left: acetate concentration and base pump function; Right: correlation between
the acetate concentration and the base pump function as the acetate concentration increased,
from the process with C. ragsdalei with pH 5.0 presented in Figure 43.

Net acetate consumption was only observed in four other processes reported in this
dissertation: in the processes with lower pH (subsection 7.1) and the process with lower gas
flow and sulfide feed with 37 °C and pH 6.0, reported in this subsection. In the first cases, the
acetate concentration decreased shortly after the CO uptake rate peaked, and it coincided
with an increasing ethanol production rate. In the latter case, it occurred after the H, uptake
stopped and more than 40 hours after the total gas uptake rate peaked. Table 20 summarizes
the changes in the concentration of acetate and ethanol in these processes, as well as the
phase length of the decline in the acetate concentration. These times serve just as a qualitative
reference, since in most cases it was not possible to pinpoint at which exact time did the

decline in the acetate concentration resume.

In all processes with lower pH presented in Table 20, the increase in ethanol concentration
substantially surpassed the stoichiometric conversion of acetate to ethanol 0.78 gethanol g Acetate
(equation 3.15). At pH 6.0, the ratio of ethanol formed per acetate consumed was
0.65 Qethanol 0 acetate, Which is lower than the stoichiometric yield. A possible reason for this
discrepancy might lie in the evaporation of ethanol. If the ethanol production came only from
the reduction of available acetate, then evaporation would play a relatively bigger role in

decreasing the ethanol yield from acetate.
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Table 20 — Decline in acetate concentration and concomitant increase in ethanol concentration
(A), ethanol produced per acetate consumed (Aetano Aacetate™) and phase length of the
decrease in acetate concentration for the processes with C. ragsdalei with the given process
conditions.

pH Unc.? 5.0 55 6.0 5.0
Gas flow, NL ht 5.0 5.0 5.0 1.5 1.5
Fs, mmol S Lt h? 0 0 0 0.05 0.05
A in acetate concentration, g L*  -0.21 -0.33 -0.53 -2.98 -2.162
A in ethanol concentration, gL 0.79 0.83 1.28 1.94 4.943
DAethanol Dacetae™, g g7 3.76 2.52 242 0.65 2.29
Phase length, h 14.5 13.9 16.5 47.42 72.0

tUncontrolled

2Estimated through the linear relationship between the addition of base for pH control and
acetate concentration shown in Figure 51.

SEstimated based on the nonlinear regression presented in Figure 50.

Since ethanol is formed through acetate in C. ljungdahlii (Richter et al. 2016) and
C. autoethanogenum (Liew et al. 2017), it is plausible to assume that this is also the case with
C. ragsdalei, given their similarities (Lee et al. 2019). Therefore, if more ethanol was built than
the stoichiometric yield, it means that enough reducing agents were available both for the
reduction of available acetate, as well as for the fixation of CO into ethanol. In the case of the
processes with lower pH and higher gas flow, this resumed immediately after the peak in the
CO uptake rate and close or at the peak in the CDW concentration, which means that there
was high CO oxidation concomitant with low biomass formation, thus reducing agents could

be effectively and quickly redirected to ethanol production.

In the processes with a lower gas flow, a different dynamic prevailed. For ethanol production,
the overall gas uptake needed to have dropped already enough to avoid H, uptake, so their
capacity for ethanol production relied on how long CO uptake could maintain higher levels to
provide the required redox cofactors. In this case, it appears that the lower CO partial pressure
was beneficial. Looking into the CO uptake in the processes with gas flow of 5.0 NL h*and
600 mbar CO at pH 5.0 (Figure 30), the CO uptake sharply decreased after reaching its peak,
and remained low for most of the process. This might have been the main hindrance for further
ethanol formation. The sulfide feed contributed for a longer period of higher gas uptakes, as
shown in section 6 and subsection 7.2, so the lower CO partial pressure and the sulfide feed
enabled sufficient CO uptake to occur in the phase of no biomass formation and stopped H-
uptake, and combined with the driver of a lower pH, enabled the late and substantial ethanol

production and net acetate reduction.
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8 Summary

Human activity since the industrial era has led to high emissions of greenhouse gases, which
were responsible for an increase in the global mean temperature of 0.87 °C, with an increasing
trend to 1.5 °C by 2030 — 2052 (Allen M. R., et al., 2018). This temperature increase will
meaningfully put natural and human systems out of balance, and thus strong and assertive
action is required to reverse this trend (Hoegh-Guldberg, O. et al., 2018). The transport sector
is responsible for 0.24 °C of the temperature increase (Dhakal, S. et al., 2022), and one way
to decarbonize this sector is by using fuels produced from renewable sources. In this light,
using synthesis gas (syngas), a gas mixture containing mainly CO, COzand Ha, from industrial
exhaust gasses or derived from the gasification of biogenic residues to produce ethanol
through fermentation is a promising technology which has already reached commercial scale
(Lanzatech, 2023). This technology has the benefits of requiring mild conditions (temperature,
pressure), being flexible regarding the gas composition and capable of using these very low-

cost feedstocks (Kennes et al., 2016).

When broadly considering the process of syngas fermentation, identifying an appropriate
strain is key. A bacterial group which can grow with the main constituents of syngas is the
acetogens. They are obligate anaerobes that use the Wood-Ljungdahl pathway (WLP) to
produce acetyl-CoA from two molecules of CO, (Ragsdale and Pierce, 2008), whereby CO
and H, can serve as electron donors. Several acetogens of the genus Clostridium are of
research interest, because of their capacity to produce alongside acetate diverse alcohols
such as ethanol, 2,3-butanediol, butanol and hexanol (Lee et al., 2019). Clostridium ragsdalei
is an acetogen which naturally produces acetate, ethanol and 2.3-butanediol and is closely
related to the well-studied Clostridium ljungdabhlii (Lee et al., 2019). Even though C. ragsdalei
has been shown to produce higher alcohol to acetate ratios than other strains from the same
clade (Bengelsdorf et al., 2016), it has been substantially less studied than other strains such
as C. ljungdahlii. Therefore, C. ragsdalei was chosen as the subject of study within this work.
The first aim of this work was to compare the syngas fermentation with C. ragsdalei with that
with well-studied acetogen C. ljungdahlii under the ideal conditions of pH 6.0 and 37 °C
(Tanner et al., 1993; Huhnke et al., 2008). As several published strain-comparisons were
conducted in anaerobic flasks (Bengelsdorf et al. 2016; Cotter et al., 2009b; Ricci et al, 2021),
the comparison conducted here was performed in a more relevant reactor setup of a

continuously gassed stirred-tank reactor in batch mode.

With a syngas of the composition 3:1:1 (CO:COz:H,) at atmospheric pressure in a fully

controlled and continuously gassed batch process, C. ragsdalei showed a higher activity than
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C. ljungdabhlii, with a fivefold higher specific growth rate (0.10 + 0.006 h*) and a 22.7% increase
in the maximal CO uptake rate. C. ragsdalei mainly produced acetate, with an alcohol to
acetate ratio of 0.41 Qaiconol J acetate, While C. ljungdabhlii shifted carbon mainly to alcohol, with
an alcohol to acetate ratio of 2.28 Gaiconol g acetate- TO investigate if C. ljungdahlii was inhibited
by the CO in the syngas, inlet CO partial pressures of 200 mbar and 100 mbar were
implemented. The specific growth rate of C. ljungdahlii increased roughly twofold with 200
mbar CO (0.047 + 0.009 h1) and threefold with 100 mbar CO (0.066 + 0.002 h1), indicating a
clear CO inhibition with C. ljungdahlii. CO inhibition has been observed in other clostridial
strains (Doll, 2018; Mayer et al., 2018), and it most likely works by inhibiting the hydrogenase
of the formate dehydrogenase/electron bifurcating hydrogenase complex (HytA-E/FDH). The
role of the hydrogenase in the CO; reduction to formate with CO as electron donor is, however,
unclear (Wang et al., 2013). In this regard, C. ragsdalei is the most adequate of both strains
for the fermentation of a CO-rich syngas, although improvement in the alcohol production is

necessary.

Syngas fermenting acetogens can use CO and H: as electron donors. However, in the batch
processes with C. ljungdahlii and C. ragsdalei with a CO-rich syngas (600 mbar CO), no H-
was consumed, despite its presence. Once the inlet CO partial pressure was reduced to
100 mbar with C. ljungdahlii, H, uptake occurred with a maximal rate of 22.14 *
0.342 mmol Lt hl, A closer look was taken into the condition which supported H, uptake in
the presence of CO in processes with C. ragsdalei, with a gas flow rate of 10 NL h, working
volume of 1 L, a gas composition of 5% (v/v) CO, 47.5% (v/v) CO; and 47.5% (v/v) Hz, and
volumetric power inputs of 3.5 W L and 11.7 W L. H, uptake resumed as the CO partial
pressure in the exhaust decreased to 47.3 £+ 1.5 mbar. Extending it to further process
conditions with both strains rendered a threshold CO partial pressure of 47.1 + 4 mbar, under
which H; uptake resumes. It could be demonstrated that this threshold was not due to gas-
liquid mass transfer limitation, which indicated that the inhibition of the hydrogenase of the
HytA-E/FDH by CO was overcome at such low CO partial pressures. This hydrogenase has
high activity and has been shown to be the most abundant protein in the proteome of
C. autoethanogenum (Wang et al., 2013) and C. ljungdahlii (Richter et al., 2016), which
explains why the maximal H, uptake rate of C. ljungdahlii was higher than the maximal CO

uptake of C. ragsdalei in the fermentation of a CO-rich syngas.

One of the promising aspects of the syngas fermentation is the prospect of combining the
gasification of biogenic residues with syngas fermentation. However, this syngas contains
impurities, depending on the feedstock and gasification conditions (Broer et al., 2015; Broer
and Brown, 2016). Evaluating the impact of these different impurities on the process is

essential to design adequate gas purification and conditioning steps. One aim of this work was
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to assess the effect of the three possible impurities NH3z, H>S and NOs on the syngas
fermentation and compare the tolerance of the strains C. ljungdahlii and C. ragsdalei to these
impurities. By individually investigating the influence of these defined impurities and identifying
inhibiting concentrations, a more rational approach would be possible to design a syngas
cleanup strategy. Overall, all impurities studied decreased the cell activity of both strains,
except for nitrate with C. ljungdabhlii, which led to similar CDW and acetate concentrations, and
0.1 g L? H;S with C. ragsdalei, which led to a substantial increase in the final CDW
concentration, maximal CO uptake rate and total alcohol concentration. Under the assumption
of a continuously gassed batch process over 60 h with complete dissolution of the impurities,
C. ljungdahlii would tolerate a syngas containing 236 ppm NOx (assuming the complete
conversion to nitrate) and C. ragsdalei would tolerate a syngas containing 108 ppm H,S
without a gas cleanup step. Meanwhile, NH; for both strains, NOx for C. ragsdalei and H.S for
C. ljungdahlii would need to be removed from the syngas, considering the concentrations

ranges studied.

The addition of 0.1 g L H,S with C. ragsdalei led to an overall improvement in the syngas
fermentation. To better understand this discrepancy, the concentration of cysteine in the
medium was measured in the syngas fermentation with C. ragsdalei and C. ljungdahlii. This
has been the first time that these measurements were performed in the syngas fermentation
with these or closely related strains, and it was possible to show that more than 90% of the
cysteine was depleted within the first 50 h of the processes. The H,S in the exhaust was
guantified in the process with C. ragsdalei, and it was clear that the H.S loss rate reached its
maximal value (0.18 mmol L h?) shortly after the peak in the estimated depletion rate of
cysteine (0.146 mmol L** h't). This indicates that the H.S was produced from the cysteine
depletion. Overall, 74% of the sulfur put into the system as cysteine was quantified as lost
through the exhaust as H,S, which is a very strong indication that sulfide limitation might play
a role in the syngas fermentation. This loss of sulfide, lastly, elucidates why increasing the
concentration cysteine, the main source sulfide, did not alter process outcomes substantially

in previously published results (Abubackar et al., 2012; Infantes et al., 2020).

To curb this sulfide limitation, sulfide was supplied throughout batch processes with
C.ragsdalei as a continuous feed of Na,S:9H,O at rates of 0.10 mmol S L?* h' and
0.05 mmol S L h. Both cases substantially changed the process outcomes. The higher
sulfide rate decreased the specific growth rate by 38% (0.062 + 0.003 h!), while the maximal
CO uptake rate remained roughly unchanged and the alcohol to acetate ratio increased
twofold to 0.81 GQaiconol 9 acetate. The lower sulfide rate strongly increased overall activity, with
the maximal CDW concentration and CO uptake rate increasing 45% (0.74 g L) and 83%

(28.03 £ 0.50 mmol L h'1), respectively. Furthermore, the alcohol to acetate ratio increased
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t0 1.78 Qaiconol 9 tacetate. It could be shown that the benefits of the lower sulfide feed lied partially
in curbing the sulfide limitation, thereby enabling higher cell dry weight (CDW) concentrations
and thus higher final concentration of products. Furthermore, the sulfide feed also fomented
alcohol formation in detriment of acetate production both in the growth as well as in the
stationary and death phases. As the CO uptake rates increased per CDW concentration, the
most efficient allocation of abundant redox cofactors was the two-step reduction of acetate to
ethanol, which still enables the production of ATP (Allaart et al, 2023; Richter et al., 2016).
The sulfide feed of 0.05 mmol S L h! was also implemented with C. ljungdahlii, increasing
roughly twofold both the final CDW concentration (1.46 g L'!) and the H; uptake rate (40.66 +
0.302 mmol L ht).

Favouring the formation of alcohol over that of acetate in the syngas fermentation is
challenging, since the formation of acetate offers a higher ATP vyield per mol electron donor
than that of ethanol or 2,3-butanediol (Richter et al 2016, Schuchmann and Mdller, 2014). This
was reflected in the syngas fermentation with C. ragsdalei of a CO-rich syngas (600 mbar CO)
under ideal conditions (pH 6.0 and 37 °C), which led to a favoured acetate formation, even
though CO as electron donor should favour the formation of more reduced products (Hurst
and Lewis, 2010). Therefore, one aim of this work was to improve alcohol production through
a systematic comparison of the effect of key parameters in the outcomes of batch processes
with C. ragsdalei in a continuously gassed stirred-tank reactor. This approach was initially
undertaken by individually changing the pH and process temperatures, and subsequently
combining the improved conditions. Lowering the temperature to 32 °C increased the final
CDW concentration, the overall CO uptake and the final alcohol concentration (5.34 g L*
ethanol and 1.35 g L 2,3-butanediol) without increasing the maximal CO uptake rate. The
alcohol formation relative to that of CDW diverged only once the growth rate slowed, indicating
that the higher alcohol formation did not occur through a metabolic shift during the growth
phase. Lowering the pH to pH 5.5 led to the highest alcohol to acetate ratio
(2.86 Qaiconol 9 lacetare) Of the pH levels investigated, as well as the highest final ethanol
concentration (3.95 g L?). In turn, it could be shown that the 2,3-butanediol concentration
decreased with decreasing pH. Combining pH 5.5 and 32 °C failed to combine the benefits of

each individual parameter change.

On a next step, the improved pH 5.5 and temperature 32 °C were individually and
simultaneously combined with the sulfide feed of 0.05 mmol S L'* hl. The implementation of
the sulfide feed had a clear beneficial effect in the alcohol to acetate ratio, maximal CO uptake
rate, and final ethanol and 2,3-butanediol concentrations in all combinations of pH and
temperatures, as can be seen in Figure 52. It increased the final CDW concentration at pH 6.0,

while it decreased the specific growth rate in all processes. With the combination of the sulfide
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feed, 32 °C and pH 6.0, the highest CDW concentration (1.18 g L), maximal CO uptake rate
(34.9 £ 0.14 mmol L* h't), ethanol (7.67 g L™!) and 2,3-butanediol (1.76 g L) concentrations
of this work with C. ragsdalei were achieved, while the combination of the sulfide feed, 32 °C
and pH 5.5 led to the highest alcohol to acetate ratio (17.58 Qaiconol 9 acetate) Of this work, related

to ethanol and 2,3-butanediol concentrations of 6.0 g L and 1.03 g L%, respectively.

pH 6.0, 37 °C pH 5.5, 37 °C
CDW CDW
Alcoholto - S Alcoholto e
Acetate i j
r.CO, max \\\‘\ ) - // Ethanol
\ ™~ ;o
~
2,3-Butanediol 2,3-Butanediol
pH 6.0, 32 °C pH 5.5,32 °C
CDwW
Alcohol to 1 Alcohol to ]
Acetate Acetate
rco, max Ethanol  reo max Ethanol

2,3-Butanediol 2,3-Butanediol

Figure 52 — Comparison of the cell dry weight (CDW) concentration, specific growth rate (),
final ethanol and 2,3-butanediol concentrations, maximal CO uptake rate (rco, max) and alcohol
to acetate ratio of the batch processes with C. ragsdalei at pH 6.0 and pH 5.5, temperatures
of 32 °C and 37 °C and with a sulfide feed of 0.05 mmol S L* h'? (red lines) and without a
sulfide feed (black lines). Other general process conditions were: working volume of 1 L,
volumetric power input of 3.5 W L (800 rpm), gas flow of 5.0 NL h** with 3:1:1 (CO:H2:CO,)
and pressure of 1 bar. Values of the variables were normalized to the range of 0.0 — 1.0 relative
to the maximal value for all processes.

High alcohol formation could be achieved with C. ragsdalei with a CO-rich syngas by lowering

the process temperature, pH and implementing an adequate sulfide feed. However, to achieve
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higher carbon conversions, the fixation of CO; with H; is necessary, since the use of CO as
electron donor generates CO,. To improve alcohol formation with concomitant CO and H:
uptake, the lower pH levels of pH 5.5 and pH 5.0, the temperature of 32 °C and the sulfide
feed of 0.05 mmol S L h* were implemented with a gas flow of 1.5 NL h? (working volume
of 1 L) and a gas composition of 1:1:1 (CO:COz:Hz) at 1 bar. Analog to the fermentation of the
CO-rich syngas, the sulfide feed increased the alcohol to acetate ratio and the maximal gas
uptake rate. However, differently than with the CO-rich syngas, the lower temperature and the
pH 5.5 were insufficient to strongly promote alcohol formation. This was achieved at pH 5.0,
at which the final ethanol concentration increased 3.4-fold (7.05 g L) and the alcohol to
acetate ratio 14.4-fold (3.58 Qaiconol 9 tacetate). The ethanol formation was only fomented once
the H, uptake stopped, which resulted in a phase of acid accumulation and another of net

acetate consumption, a feature seldom observed in the processes within this work.

C. ragsdalei was shown to have the ability to substantially convert syngas into alcohol under
adequate conditions. In comparison to the well-studied strain C. ljungdahlii, C. ragsdalei had
both higher specific growth rates and maximal CO uptake rate in batch processes in a
continuously gassed stirred-tank reactor with a CO-rich syngas at pH 6.0 and 37 °C, while it
favoured the production of acetate over that of alcohols. This reflects one the challenges of
the syngas fermentation, which is to favour alcohol formation over that of acetate, even though
the formation of acetate yields more ATP from the electron donors CO and H; than that of
ethanol or 2,3-butanediol. It could be successfully demonstrated that implementing a sulfide
feed of 0.05 mmol Na;S-9H,0 L* h't at 32 °C at both pH 6.0 and pH 5.5 could substantially
improve process performance in several metrics, as can be seen in Figure 52. Furthermore,
in comparison to the highest values for C. ragsdalei in previously published results, these
processes led to strong increases in the ethanol space-time yield (54.8 MQethanol L™ d, 80%
increase in comparison to results from Devarapalli et al., 2016) and the alcohol to acetate ratio

(17.58 Qaicohol 9 acetate, 3,3-fold increase in comparison to results from Kundyiana et al., 2010).
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9 Outlook

This work investigated the syngas batch fermentation with Clostridium ragsdalei under
different conditions, to assess its performance for alcohol production and its tolerance to the
syngas major constituents and impurities. Continuous processes offer, in comparison to batch
processes, higher space-time yields and on an industrial scale lower costs of capital and
labour. Therefore, assessing the performance of C. ragsdalei in continuous processes would
be the next natural step to further explore this less studied strain. This would allow for
processes in which nutrients are continuously fed into the reaction system, thus curbing
nutrient limitations. Furthermore, conducting continuous processes with a submerged
membrane reactor with cell retention would enable a decoupling of the biomass and product

formation with C. ragsdalei, which could lead to higher productivities.

One important aim of the syngas fermentation is a high conversion of carbon, which
necessarily requires the uptake of H, in the presence of CO. This work showed a clear
threshold CO partial pressure, under which H, resumes, and this threshold is most likely given
by the inhibition of the hydrogenase HytA. Investigating if this threshold is also dependent on
the H; partial pressure would shed further light into whether the HytA inhibition is the main

factor impeding H» uptake at higher CO partial pressures.

Inhibition concentrations for ammonia, nitrate and hydrogen sulfide could be identified for
C. ljungdahlii and C. ragsdalei with processes in which the concentration of the defined
impurities was given at the process start, prior to inoculation. However, in a continuously
gassed process with real syngas, the impurities would accumulate over the process, rather
than be present at the process start. Thus, investigating the effect of defined impurities through
the continuous feed of each impurity could show if the cells are able to adapt, which could

eventually also have an effect in the product distribution of the syngas fermentation.

Implementing a sulfide feed of 0.05 mmol S L h! led to clear improvements in the syngas
fermentation with both strains. Fine adjustments to the feed rate might lead to an improved
alcohol production. Furthermore, replacing the cysteine totally or partially by the sulfide feed
would have the benefit of removing a costly constituent of the medium, increasing economic
feasibility. Not only the sulfide feed, but also pH and temperature could be fine adjusted to find

the ideal parameters for alcohol production.

Lastly, further understanding the mechanism with which sulfide influences the syngas
fermentation might lead to substantial improvements in the field. This work indicated that the

CODH throughput increased by the higher CO uptake rates relative to the cell dry weight, but
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confirmation is required. Furthermore, measuring the ratios of the redox cofactors NAD/NADH
and NADP/NADPH with and without the sulfide feed might give more clues about the

mechanisms with which sulfide influences the process.
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List of Abbreviations

ACS

ALDH

AOR

ASR

ATP

BDH

C. ljungdabhlii
C. ragsdalei
CaADH
CDW
CFeSP
CH>-THF
CHs-THF
CODH

FBN

Fd

FDH
HCO-THF
HytA-E
NAD, NADH

NADP, NADPH

Nfn
PFOR
PMF
Rnf

RP
RSS
THF
WLP

Acetyl-CoA synthase

Aldehyde dehydrogenase
Aldehyde:ferredoxin oxidoreductase
Anaerobic sulfite reductase
Adenosine triphosphate
2,3-butanediol dehydrogenase
Clostridium ljungdabhilii

Clostridium ragsdalei

NADPH dependent primary-secondary alcohol dehydrogenase

Cell dry weight

Corrinoid iron-sulfur protein
Methylene-tetrahydrofolate
Methyl-tetrahydrofolate

Carbon monoxide dehydrogenase

Fuel bound nitrogen

Ferredoxin

Formate dehydrogenase
Formyl-tetrahydrofolate

Hydrogenase, subunits A - E

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Electron-bifurcating transhydrogenase
Pyruvate:ferredoxin oxidoreductase

Proton motive force

Membrane integral ferredoxin-NAD oxidoreductase
complex

Redox Potential

Residual sum of squares

Tetrahydrofolate

Wood-Ljungdahll pathway

enzyme
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List of Symbols

Cell concentration, cell dry weight concentration, g L™
Production rate component i, g L't ht

Conversion factor of component i

Molar fraction of component i

Concentration of component i in feed, g L
Concentration of component i, g L*

Concentration, g Lt

Concentration, M

Empirical coefficients

Empirical factor, -

Equilibrium concentration of i on the interface, mol L!
Gas constant, kJ K mol?

Gas volume flow, NL ht

Growth independent product formation rate, g L ht
Henry constant of i, kPa L mol*

Inhibition constant, g L*

Mass of component i in the reactor volume, g
Maximal specific growth rate, h*

Molar flow density of i, mol m2 s

OD-CDW concentration factor, g L

Optical density at 600 nm

Outlet volume flow, L h?

Overall transport coefficient, m s

Partial pressure of i on the interface, kPa

Product concentration, g L

Product formation rate, g L'* h?

(Biomass related) product yield, g g*

Reactor volume, L

Saturation constant of substrate i, g L*

Specific growth rate, h?

Specific product formation rate, h
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Standard Gibbs free energy of the reaction corrected for temperature and
pH, kJ mol*

Stoichiometric coefficient of species i

Substrate i concentration, g L*

Temperature, K

Time, h

Transformed Gibbs free energy of the reaction, kJ mol?

Transport coefficient of the gas (g) and liquid (I) phases, m s*

Volume flow of feed, L h?

Volumetric surface area, m? m=
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Media Composition

Table 21 — Detailed composition of the cultivation medium according to Doll et al. (2018)

Component Concentration Unit
Mineral Solution
NH4CI 100 gL?
NacCl 80 gLt
KCl 10 gL?
KH,PO, 10 gL?
Magnesium Solution
MgSO4-7H20 20,47 gL?
Calcium Solution
CaCl,-2H.0 2,65 gLt
Trace Elements Solution
Nitrilotriacetic Acid 2,00 gL?
MnSO4-H0 1,12 gL?
NHsFe(SO4),-6H.0 1,10 gL?
CoClz-6H:0 0,37 gLt
ZnS04-7TH0O 0,36 gL?
CuClz-2H,0 25,0 mg L*
NiCl,-6H,0 37,0 mg L*
Na;Mo0O4-2H,0 23,0 mg L?
Na,SeO, 20,0 mg L?
Na,WO4-2H,0 22,0 mg L?
Vitamin Solution
Pyridoxine hydrochloride 12,0 mg L
Thiamine hydrochloride 6,00 mg L
Riboflavine 5,00 mg L
Ca-Pantothenate 5,00 mg L
Lipoic acid 5,00 mg L?
4-Aminobenzoic acid 5,00 mg L?
Nicotinic acid (Niacin) 5,00 mg L
Vitamine B12 5,00 mg L?
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D-Biotin 2,00 mg L
Folic acid 2,00 mg L*
2-Mercaptoethansulfonic 23,0 mg L?
acid

Cysteine Solution
Cysteine-HCI 50 gL?

Table 22 — Composition of the phosphate saline buffer (PBS), pH 7,4.

Component Concentration Unit
NaHPO4 1,44 gL?
KH2PO4 0,20 gL?
KCl 0,20 gL?
NaCl 8,00 gL?

Equipment and Chemicals

Equipment Producer

Anaerobic Chamber Coy Laboratory Products Inc., Grass Lake, USA
Autoclave Systec VX-150, H £ P 500 EC-Z

Centrifuge (floor-standing) Rotixa 50 RS, Hettich Centrifuge

Centrifuge (table-top) Mikro 20, Hettich Centrifuge

Drying Oven Series E 28 L, Binder

Heating Mantle (Wise Therm Witeg Labortechnik GmbH

WHM 12015)

Mass Flow Controller WMR 4000, Westphal Mess-und Regeltechnik GmbH
Mass Flow Meter Wagner Mess- und Regeltechnik GmbH

Micro Gas Chromatograph 490 Micro GC System, Agilent Technologies

Shaking Incubator Wise-Cube WIS-20, Witeg Labortechnik GmbH
Single-use Syringes Becton Dickinson
Spectrophotometer Genesys 10S UV-Vis, Thermo Scientific

Sterile Cannulas B. Braun
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Residual Sum of Squares

Table 23 — Residual sum of squares, RSS (g L?)?, of the nonlinear regression of the cell dry
weight (CDW) and product concentrations of the process from which production rates were
presented, differentiated by the gas flow (Fg), pH, temperature and sulfide feed rate (Fs)

RSS, (g L%)?
Fs pH Temperature Fs, mmolL*h? CDW Acetate Ethanol 2,3-BD?
50 6.0 37 0 0.002 0.064
50 6.0 37 0.05 0.023 0.010
50 6.0 32 0 0.116 0.001
50 6.0 32 0.05 0.004 0.372 0.073 0.061
50 55 37 0 0.056 0.009
50 55 37 0.05 0.024 0.001
50 55 32 0 0.127 0.000
50 55 32 0.05 0.154 0.008
1.5 6 37 0 0.0012 0.001
0.0083
15 6 37 0.05 0.095 0.001

12,3-butanediol
2Regression for the process interval of 0 — 48 h
3Regression for the process interval of 26 — 144 h



