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Summary

This research aimed at enhancing ethanol and butanol production from H2/CO2 and CO by
anaerobic sludge from wastewater treatment plants via investigating the environmental
parameters in a semi-gas fed bioreactor and enrichment of CO-converting solventogenic
Clostridium bacteria.

In the first part of the study, a fermentation process that converts CO> to ethanol using H>
as electron donor and anaerobic granular sludge as inoculum was studied at different
temperatures. Besides, the effects of pH, carbon source (HCO3 and glucose supplementation)
and trace metals on ethanol production were also investigated. Results from the experiments
showed that fermentation at 25°C and initial pH of 6 achieved the highest ethanol production
(17.1 mM). Ethanol production occurred when both the pH decreased to 4.7 and acetic acid
accumulated to 15 mM at 25°C by granular sludge using H2/CO> as the substrate. with
Clostridium being the functional microorganism at genus level at both 25 and 37°C. However,
methane was produced from H,/CO, at 55°C. The use of glucose and CO; as co-substrate
enhanced butyric acid production (3.3 mM), while ethanol production occurred at a pH as low
as 4. The presence of 10 uM W and 2 uM Mo enhanced the ethanol production by 7.0 and 5.4-
fold, respectively. A continuous fermentation further showed the change of H2/CO; to 100%
H> in the gaseous substrate enhanced butyric acid and hexanoic acid production at pH 4.5.

The second part of this study investigated ethanol and butanol production using CO as the
sole carbon source with anaerobic sludge as inoculum in an intermittent gas-fed bioreactor. CO
and syngas metabolizing solventogenic acetogens were enriched from anaerobic sludge at pH
5.7-6.5 and produced up to 6.8 g/L butanol in an intermittent gas-fed bioreactor. Additional
tests under controlled pH demonstrated that the lowest pH of 5.7 stimulated ethanol and butanol
production in the enriched culture. The applied enrichment procedure efficiently selected for a
range of Clostridium species. Thereafter, successive enrichment obtained a high (74%) amount
of unidentified Clostridium species, which produced 11.7 g/L ethanol with low accumulation
of acetic acid over a wide pH range of 6.45-4.95. Besides, the enriched Clostridium bacteria in
the present study produced 2.7 g/L butanol from exogenous butyric acid with a 100%
conversion efficiency using CO as reducing power. The highest butanol concentration was
produced (3.4 g/L) with 14 g/L butyric acid addition using CO as gaseous substrate by the
Clostridium bacteria. Butanol was significantly enhanced up to 2.4 fold when adding CO after
endogenous butyric acid production from glucose compared to when adding CO initially with

glucose (co-fermentation)
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Chapter 1 General introduction



1.1 CO/CO; bioconversion: simultaneous biofuel production and carbon
neutrality

1.1.1 Renewable fuels for achieving carbon neutrality

The ever-increasing emissions worldwide of the greenhouse gas carbon dioxide (CO>)
cause global warming and climate change. Ireland’s target for the year 2020 is to achieve a 20%
reduction in emissions of the non-Emissions Trading Scheme (non-ETS) sector from the 2005
levels, with annual binding limits set for each year over the period 2013- 2020 (EPA, Ireland,
2019). However, the latest projections indicate that Ireland will exceed the carbon budget over
the period 2021-2030 by 52-67 Mt COz (EPA, Ireland, 2019). It is imperative to adopt a
sustainable way to achieve the reduced carbon emission goals. On the other hand, the
increasing demand for fuels and rapidly depleting fossil fuel reserves necessitate the
development of new technologies for alternative fuel production, such as biofuels. Renewable
energy sources such as wind and solar power are facing the challenges of balancing power
production and demand (Pereira et al., 2013). One promising approach is to convert the excess
power to Hz gas and merge it with CO; for biofuel production using microbial fermentation.

On the other hand, a huge amount of organic solid waste is generated annually from
agricultural farms in Ireland with an estimated abatement potential of more than 18 Mt CO2eq
emission between 2021 and 2030 (EPA, Ireland, 2019). A significant portion of biomass
sources like straw and wood is poorly degradable, thus making it difficult substrates for
conversion to biofuels by microorganisms. Gasification of such recalcitrant biomass and other
solid wastes like sludge from wastewater treatment plants produces a mixture of gases,
including CO, CO2 and Ha, referred to as syngas. This syngas could offer a solution to reduce
carbon emission, as some microorganisms can convert it to biofuels and other valuable
products. CO is a toxic gas and has also been found in several industrial gas emissions such as
in steel plants (Yu et al, 2015).

Biofuels such as ethanol and butanol can be produced from carbon dioxide using
microorganisms, either directly or indirectly, thereby simultaneously mitigating climate change
and generating valuable bioenergy products. Ethanol and butanol are both valuable chemicals
that can amended into fuels (Kennes et al., 2016). For instance, ethanol can be mixed up to 10%
in gasoline. Butanol (C4H9OH, 1-butanol) is an alternative liquid fuel due to its sufficiently
similar characteristics to gasoline and can be used directly in any gasoline engine without
modification and/or substitution (Yu et al., 2015). Butanol thus gains more value than ethanol
as biofuel (Lee et al. 2008; Knoshaug and Zhang, 2009).



1.1.2 Biological production of ethanol/butanol from CO/CO2

Syngas conversion to biofuels such as ethanol and butanol via the water-gas shift reaction
by microorganisms has gained increased attention recently (Fernandez-Naveira et al., 2017).
Only a low number of solventogenic carboxydotrophic acetogens have been isolated so far,
from a variety of environments such as soil, sediments, anaerobic sludge and animal manure,
including Clostridium ljungdahlii (Tanner et al., 1993), Clostridium autoethanogenum (Abrini
et al., 1994), Clostridium carboxidivorans (Liou et al., 2005) and Butyribacterium
methylotrophicum (Lynd et al., 1982). Except the limited numbers of strains, to date, research
seldom reported selective butanol production from CO or syngas and usually butanol was
produced along with acetic acid, ethanol and butyric acid (Fernandez-Naveira et al., 2017). The
selective production of butanol in pure or mixed cultures is far less understood. Besides, the
known Clostridium strains hardly produced butanol at concentrations higher than 2.7 g/L from
syngas or CO (Fernandez-Naveira et al., 2016).

Different than pure cultures, anaerobic sludge from Upflow Anaerobic Sludge Bed
(UASB) wastewater treatment plants can be used as inoculum since it consists of mixed
microbial communities. Mixed culture fermentations may be easier to implement at large scale
compared to pure cultures, as they may be more resistant and do not require sterile conditions,
among others (Charubin et al., 2019).

Despite the increasing attention paid to solventogenic syngas bioconversion, syngas
fermentation still has many challenges. Some pure strains of Clostridium spp. have been widely
studied in solventogenic conversions from syngas. However, pure culture strains face the
problem of contamination, while mixed cultures can overcome the disadvantages of non-sterile
conditions and are thus suitable for large application scale. Moreover, metabolic products can
be obtained that are theoretically not possible in pure culture. The first challenge is the lack of
understanding on the environmental conditions, especially temperature and the C/H ratio, on
the ethanol production by mixed cultures. The report of sub-mesophilic (25°C) or thermophilic
(55°C) conditions are rare while most studies focused on mesophilic (33-37°C) temperatures,
the optimum growth temperatures of Clostridium spp. The fermentation process parameters,
such as pH, carbon source (HCO3™ and glucose supplementation) and trace metals remain
unclear in autotrophic ethanol production by anaerobic sludge. The second challenge is the low
ethanol and butanol concentration, especially butanol production, due to the limited energy
gain of autotrophic metabolism. One strategy as described before, is the enrichment of
COf/syngas conversion by mixed cultures for enhanced ethanol and butanol production; the
second one is that the addition of exogenous acids of the corresponding solvents from acetic



acid and butyric acid would be generated using CO as reducing power, or the mixotrophy with
sugar fermentation such as glucose during which endogenous butyric acid and more ATP is

generated.

1.2 Objectives and scope of this PhD study

This research investigated new strategies for enhanced and selective ethanol and butanol
production from H2/CO2 or CO. The specific objectives of this research are to:

1. Investigate ethanol production using CO: as the sole carbon source and H: as the sole
electron donor by mixed cultures at submesophilic (25°C), mesophilic (37°C) and thermophilic
(55°C) conditions and different C/H ratio by adding HCO3™ and the enrichment of autotrophic
CO2 converting solventogenic acetogens.

2. Investigate homoacetogenesis and solventogenesis under submesophilic conditions, i.e.,
18, 25 and 30 °C using CO; as the carbon source and H: as sole electron donor by anaerobic
sludge. Besides, the effects of pH, also the effects of the carbon source (HCO3™ and glucose)
and trace metals (supplementation) on ethanol production were investigated.

3. Bioreactor study of Ho/CO> conversion for ethanol production by anaerobic sludge.

4. Obtain higher and selective ethanol and butanol production using CO as the sole carbon
source with anaerobic sludge as the inoculum in an intermittent gas-fed bioreactor, enriching
and identifying efficient CO converting solventogenic acetogens from anaerobic sludge.

5. Enrich CO metabolizing, solvent producing acetogens using 100% CO as the sole
carbon source and enhance ethanol and butanol production by the enriched acetogenic bacteria
and identify the functional acetogens via microbial community analysis.

6. Outline the different strategies for the addition of butyric acid, i.e. via exogenous acetic
acid and ethanol, exogenous and endogenous butyric acid to enhance the selectivity of butanol
by enriched sludge with high Clostridium spp. using CO as reducing power. To understand the
change in microbial community structure upon glucose and CO co-fermentation or solely CO
conversion and identify the dominant microorganisms during glycolysis with glucose as the
substrate and WLP with CO as electron donor.



1.3 Thesis outline

The PhD thesis was divided into 9 chapters (Fig. 1.1).

Introduction and overview of the thesis
(Chapter 1)

(Chapter 2)

Literature review- Bioethanol and butanol production from syngas
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Fig. 1.1 Diagram of the chapters this PhD thesis

Chapter 1 presents an overview of this research, including background, problem
description, research objectives and thesis outline. Chapter 3, 4 and 5 investigated bioethanol
production from H./CO; and Chapter 6, 7 and 8 focused on bioethanol and butanol production
from CO.

Chapter 2 provides a literature review on bioethanol and butanol production from syngas
and comprehensively elucidates the process factors in four aspects: gaseous substrate,
fermentation medium, inoculum and environmental conditions, which can influence
solventogenesis. The review also discussed future trends for enhanced ethanol and butanol
production via different ways, such as mixotrophy and electron transfer favored by added
materials.

In chapter 3, a fermentation process that converts CO> to ethanol using Hz as electron
donor and anaerobic granular sludge as inoculum was studied at submesophilic (25°C),
mesophilic (37°C) and thermophilic (55°C) conditions. Furthermore, the effect of bicarbonate

on fermentation processes has been investigated for acetic acid and ethanol production. The



enriched and functional microbial community for solventogenesis at these submesophilic,
mesophilic and thermophilic conditions has been investigated.

Chapter 4 further investigated homoacetogenesis and solventogenesis under
submesophilic conditions, i.e., 18, 25 and 30 °C using CO> as carbon source and H> as sole
electron donor by the same anaerobic granular sludge as used in chapter 3. Besides, the effects
of pH, carbon source (HCOs and glucose supplementation) and trace metals on ethanol
production were also investigated.

Chapter 5 investigated H, and CO- bioconversion by heat-treated granular sludge in a
bioreactor with both gas and medium circulation at 25°C. It is hypothesized that ethanol
production could be enhanced by feeding 100% H> or tungsten from exogenous acetic acid
conversion. Exogenous acetate with H2/CO> or pure H: as the gaseous substrate and ethanol
degradation were further investigated in batch tests by the enriched sludge taken from the
reactor, from which the homoacetogenic, methanogenic and solventogenic potential has been
quantified.

Chapter 6 studied selective ethanol and butanol production using CO as the sole carbon
source with an anaerobic granular sludge as inoculum in an intermittent gas-fed incubation.
The conversion pathway for selective butanol production by the enriched sludge in a CO fed
batch reactor was elucidated. In addition, a pH shift from 6.2 to 5.7 was applied for inducing
solventogenesis from CO.

Based on the CO converting solventogenic enriched sludge in chapter 6, chapter 7 first
conducted the enrichment of CO metabolizing, solvent producing bacteria via six successive
transfers using 100% CO as the carbon and energy source. The enriched bacteria were then
determined and the functional acetogens were identified via microbial community analysis.
Secondly, this study further explored the effect of exogenous butyric acid and glucose on
enhanced butanol production as well as the effect of pH regulation on enhanced ethanol and
butanol production by the enriched acetogenic bacteria.

Chapter 8 explored different strategies for enhanced butanol production via exogenous and
endogenous acetic acid, ethanol and butyric acid by the enriched bacteria. The microbial
community and identified dominated strains responsible for the butanol production via
endogenous butyric acid under solely glucose fermentation followed by CO addition (Glucose
+ N2) and co-fermentation of glucose and CO (Glucose + CO) by the enriched sludge were
characterized.



Chapter 9 provides a general discussion based on the specific research objectives of this
thesis and explores strategies for enhanced and selective ethanol and butanol production in
future trends.
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Chapter 2 Enhanced solventogenesis using syngas bioconversion



Abstract

Biofuels, such as ethanol and butanol, from carbon monoxide rich gas or syngas
bioconversion (solventogenesis) is an attractive alternative to traditional fermentation with
merits of non-food consuming and sustainability. However, there is a lack of comprehensive
understanding on the process parameters and mechanisms for solventogenesis during the
fermentation process. This chapter provides an overview of the current state of the art of the
influencing factors during the syngas fermentation process by Clostridium and undefined
mixed cultures. The role of syngas pressure, syngas components, fermentation pH, temperature,
trace metals, organic compounds and additional materials is overviewed. Thermodynamic
calculations of the Gibbs free energy of CO conversion to acetic acid, ethanol, butyric acid and
butanol under varied CO pressure and pH at 25, 33 and 55°C have also been investigated.

2.1 Ethanol and butanol production from CO/syngas

Traditional fossil fuel utilization induces increased carbon emissions, further resulting in
environmental problems such as climate change and global warming (Latif et al., 2014). On
the other hand, the increasing demand of energy and the gradual depletion of fossil fuel renders
the development of renewable energy necessary and emergent (Devarapalli and Atiyeh 2015).
Compared to the traditional heterotrophic ABE (acetone-butanol-ethanol) fermentation from
sugars, syngas fermentation (as an alternative to carbohydrates) for biofuel production became
a promising technology for valuable chemical production such as ethanol and butanol (Bajon
et al. 2017; Sadhukhan et al. 2016; Ferndndez-Naveira et al. 2017). Syngas is generated by
thermal gasification of biomass like organic wastes from agriculture, cellulose, semi-cellulose
and coal (Fig. 2.1). Syngas is not only meaningful for biofuels, but also for reduction of the
carbon emission, e.g. CO2 can be converted to CO by electrolysis, yielding a mixture of CO
and Hz and unreacted CO that can be further used in syngas fermentation (Stoll et al., 2020).
Ethanol and butanol are both valuable fuels, for instance, ethanol can be mixed with 10% in
gasoline for energy while butanol has a similar energy content as gasoline and a higher

commercial value than ethanol and can potentially replace and reduce fossil fuel consumption.
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Fig. 2.1 Biofuel production from a variety of resources using direct fermentation of the
organic feedstock, eventually after a pretreatment or indirect fermentation of CO upon
incomplete combustion of the feedstock to syngas (CO, Hz, CO»).

Bioconversion of syngas offers several advantages, such as higher product selectivity,
greater product titers and lower energy costs (Klasson et al. 1992; Munasinghe and Khanal
2010). A handful of acetogens have been isolated which are able to use syngas as the substrate
to grow. Among them, Clostridium spp. are the main functional species due to a special enzyme,
carbon monoxide dehydrogenase (CODH), which allows them to overcome the toxicity of
carbon monoxide. Clostridium spp. convert carbon dioxide and carbon monoxide via the
Wood-Ljungdahl pathway (WLP) (Fig. 2.2), leading to the production of acetic acid, butyric
acid, ethanol and butanol (Bengelsdorf et al., 2013). WLP is the most effective, non-
photosynthetic carbon fixation pathway (Jones et al., 2016). In the WLP, CO is first converted
to CO», then two moles of CO: are reduced, using H> as the electron donor, to form one mole
of acetyl-CoA (Ragsdale 1997) (Fig.2.2). Two essential enzymes are included in the pathway:
carbon monoxide dehydrogenase (CODH) and acetyl coenzyme A (acetyl-CoA) synthase
(ACS). CODH catalyzes the reversible oxidation of CO to CO,, and ACS combines with
CODH to form a CODH/ACS complex for acetyl-CoA fixation (Liew et al. 2016).
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Fig. 2.2 Wood-L jungdahl pathway and metabolites formation from acetyl-CoA, with the
corresponding metalloenzymes. The corresponding microorganisms under Acetyl-CoA,
Butyryl-CoA and Hexanoyl-CoA represent their ethanol, butanol and hexanol production
ability. The corresponding ethanol, butanol and hexanol microorganisms and the potential
mixotrophy strains (Maru et al., 2018). The pathway was adapted from previous publications
(Fast et al., 2015; Norman et al. 2018; Kennes et al. 2016).

Biofuel production from syngas has received increasing attention only since the last
decade and this process is far less understood than sugar fermentation. The recent reviews on
biofuel production studied syngas fermentation, however, the thermodynamic view of CO
conversion was seldom reported (Sun et al. 2019). Mixed cultures of Clostridium spp. have
been investigated but excluded mixed undefined cultures such as anaerobic sludge (Cui et al.,
2020) and the product was limited to one alcohol production such as butanol (Pinto et al., 2021).
Considering its huge potential for sustainable biofuel production and promising applications,
this review discussed the mechanism of biofuel production, identified process parameters for
solventogenesis and explored future strategies for enhanced ethanol production. As shown in
Fig. 2.3, four main aspects have been integrated, i.e., i) gas phase, including gas pressure and
components, ii) medium composition including yeast extract and trace metals, iii)
environmental conditions including pH and temperature and iv) microorganisms including pure

cultures, co-cultures and anaerobic sludge (Fig. 2.3). This review also looked at the recent
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approaches using i) additional materials such as biochar, granular activated carbon,
nanoparticles and electron shuttles and ii) mixotrophy to enhance solventogenesis.
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Fig. 2.3 Process parameters influencing syngas fermentation by microorganism.

2.2 Solventogenesis in syngas fermentation

Syngas fermentation for biofuel production is considered to comprise of two stages: acetic
acid accumulation (acetogenesis) and ethanol conversion (solventogenesis) (Fernandez-
Naveira et al., 2017). Acidogenesis releases ATP for cell growth and metabolism (Yang et al.
2018), however, solventogenesis generates less ATP than acetogenesis and is thus deemed as
a passive choice by acetogens (Richter et al. 2016a).

The mechanism of solventogenesis remains not fully understood although solventogenesis
has been shown to be triggered by stressful conditions such as low pH or nutrient limitations
(Fernandez-Naveira et al., 2017). There are several hypothesis and explanations of the
mechanism in the literature. One is the pH decrease view (Ganigué et al., 2016): when the pH
decreases along with the accumulation of acids, undissociated acids are able to cross the
cytoplasmic membrane by diffusion. To avoid cell damage or death due to the protons released
by dissociated acetic and butyric acids, the microorganisms will convert the acids to neutral
charged solvents (Fernandez-Naveira et al. 2017). Therefore, solventogenesis is a strategy for
preventing a further pH drop at the expense of a lower ATP yield and risk of toxicity from the
solvents. Another explanation was from the energetic view (Liu et al., 2020): ethanol
production is the preferred NADH sink and can relief energy and sustain cell survival via
ethanol oxidation during the stationary phase. NADH acts as an electron carrier in large
guantities accompanied by ATP synthesis.
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In the acetogenesis process, the high undissociated acid accumulation rate or
concentration (37-54 mM or above) under uncontrolled pH conditions might cause an ‘acid
crash’ (Mohammadi et al. 2014), which makes the cultures lose their alcohol conversion ability
and further induces failed alcohol production (Wang et al. 2011; Mohammadi et al. 2014).
Therefore, in uncontrolled pH conditions, the slow-down of the acid concentration and
accumulation rate could improve solventogenesis, which could be achieved by slowing down
the metabolism/growth of bacteria, such as fermentation under low temperatures and nutrient
limitations.

Ethanol production is considered as a by-product produced by the resting non-growth
stage cells (Cotter et al., 2009). However, recent research revealed ethanol production at the
exponential growth stage. In fact, solventogenesis at non-growth or exponential stage varied
with different fermentation conditions, such as the partial pressure of CO. Growth-associated
ethanol production was shown when the CO partial pressure increased to 2 atm by C.
carboxidivorans P7T(Hurst and Lewis, 2010). Recent research on Clostridium ljungdahlii
revealed that ethanol production is a process of NADH/NAD™ related to autotrophic growth
and ethanol was formed during the exponential phase, closely accompanied by biomass
production using CO:CO: (vol/vol, 80/20) supply (Liu et al., 2020).

2.3 Microorganisms

Three types of inocula have been studied in the literature (Table 2.1): i) pure cultures
representing Clostridium spp., ii) co-cultures, either a combination of autotrophic and
heterotrophic acetogens (Fig. 2.4), C. autoethanogenum can convert CO or syngas to ethanol
and acetate, but when co-cultured with Clostridium kluyveri, the co-culture ends up producing
butanol or hexanol with CO as reducing power, not found in any of those individual strains
(Diender et al., 2016), and iii) mixed undefined cultures such as anaerobic sludge, sediments
and animal manure (Chakraborty et al., 2019). The latter were also the source of enrichment
and isolation for novel autotrophic species, e.g., Clostridium aceticum (Arslan et al. 2019),
Acetobacterium wieringae Strain JM grown at 1.70 bar CO (Arantes et al., 2020) and
Clostridium sp. AWRP grown on syngas (Lee et al., 2019). Clostridium butyricum, an organic
carbon utilizing Clostridium sp. has been recently shown to produce ethanol using syngas
(CO/CO2/H2/CH4/N2, 22.92/7.90/13.05/1.13/45.58) (Monir et al., 2020). Limited studies have
reported mixed culture Ci-gas fermentation for the production of solvents, except some pure
culture species as shown in Table 2.1.
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Table 2.1 Alcohol and organic acid concentrations, yields and productivities during syngas fermentation using various bio-catalysts.

o Highest alcohol
volume  Temperature Agitation Gas flow ghes: alcono’s

Microorganism Reactor Gas o : Time/d pH (g/L) Reference
L) (°C) (rpm) (ml/min) Ethanol Butanol
Alkalibaculum CO/CO2/H2/N; Liu et al.
bacchi CP15 CSTR (20/15/5/60) 3.3/7 37 150 NA 51 8.0 6.0 1.1 2014
CSTR 100% CO 1.2/2 33 250 10 21 5.75, 4.75 5.55 2.66 F‘;ﬁ“;%dlzzaet
C. carboxidivorans CO/COy/H2/Ar Shen et al.
p7 Batch (56/20/9/15) 0.03/0.125 37-25 100 NA 5 NA 3.64 1.35 2020
15115 1 Doll et al.
CSTR CO/CO; (60/40) ond 1 5/2.4 37 NA 5Lh 6 6.0,5.0 6.1 0.7 2018
C. 0 Abubackar
Pure autoethanogenum CSTR 100% CO 1.2/2 30 250 10 7 6.0, 4.75 0.9 NA etal., 2015
strains . Kim et al.
Batch COICOMz 507950 37 200 NA 24 h 6.7 with 0.3 NA 2014
. .. (20/20/5) nanoparticles
C. ljungdahlii
CO/CO,/H, 10.9 with Kim and
Batch (20/20/5) 200/250 37 200 NA 60 h CoFe,0u 0.5 NA Lee, 2016
. CO/CO2/H2/N2 Arslan et al.
C. aceticum CSTR (30/5/15/50) 1.2/2 30 150 10 52 6.98 5.6 NA 2019
Tricking .
. CO/CO2/H2IN> Devarapalli
C. ragsdalei bed (38/28.5/28.5/5) 1 37 NA 5 70 5.8-4.6 5.7 NA etal. 2016
reactor
C. .
Ccolt o autoethanogenum b';‘t*gh co 0.07/0.25 37 NA NA NA NA NA NA D;f”;;{gt
ultu & C. Kluyveri :
Anaerobic sludge
from industry CSTR 100% CO 1.212 33 120 10 42 6.2,4.9 1.1 1.8 Chakraborty
wastewater etal. 2019
Mixed treatment
undefined CO adapted Fed 0 He et al.
cultures enriched sludge batch 100% CO 0.1/0.5 33 150 NA 29 5.0-6.3 11.8 1.0 2021
C. 144.7 39.2 Richter et al.
ljungdahliiand C.  CSTR 00(/600%';2)’ N v 37 - 30-80 93 57-64  mmol mmol 2016b

kluyveri c.Ltd? C.Ltd?

*NA-not applied.
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Fig. 2.4 Diagram of the C. acetobutylicum and C. ljungdalhii co-culture. C. acetobutylicum
consumes glucose to produce solvents, while releasing CO2 and Hz. C. ljungdalhii consumes
H> and CO: for survival and growth producing acetate and ethanol through WLP.

Pure cultures of solventogens have a slow growth rate, low cell density and their
metabolites produced in large quantities contain no more than two carbons (Liu et al. 2014).
For instance, C. carboxidivorans is the only reported butanol producer from syngas
bioconversion (Fig. 2.2). Instead, co-cultures provide a promising solution for enhancing
ethanol and longer carbon chain solvent production (Fig. 2.5). For example, in co-cultures of
the CO-utilizing C. autoethanogenum and the non-CO utilizing C. kluyveri, C.
autoethanogenum facilitates the growth of C. kluyveri using CO as carbon source and both
butanol and hexanol were obtained in the co-culture (Diender et al. 2016).

Mixotrophy
Glucose
......... N COZ 1
4 A
co
\ AT
v
Acetyl-CoA
Yy Butyl-CoA
Acids C,, C,, Cg ¥ Ethanol, Butanol, Hexanol
Clostridium acetobutylicum Clostridium ljungdalhii

Fig. 2.5 Diagram of the co-culture of C. autoethanogenum and C. kluyveri using CO as the
substrate.
Anaerobic sludges from wastewater treatment plants are a source of microbial species
such as methanogens, hydrogenogens and acetogens, capable of syngas to solvents conversion
(Arantes et al., 2020; Li et al.,, 2020). From a practical point of view, mixed culture
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fermentations were easy to implement at large scale due to the non-sterile bioreactor conditions
(Charubin et al., 2019). On the other hand, the presence of a broad range of acetogenic
organisms in mixed cultures can resist unfavorable environmental conditions, such as wide pH
range for alcohol production (Liu et al., 2014).

2.4 Process parameters for enhanced ethanol production

2.4.1 Gas phase

2.4.1.1 Gas pressure

Different from the traditional fermentation with sugar substrates in the liquid medium,
syngas fermentation processes can be considered as a two step fermentation: first mass transfer
from gaseous substrates to the liquid phase followed by the utilization of the dissolved gas by
the microbial cells. Thus, the fermentation is partly limited by the mass transfer rate from the
gas to the liquid phase, which is further related to the thermodynamic properties of the gaseous
substrate. H> and CO both act as electron donor but from the Gibbs free energy, CO delivers
electrons at a much lower half cell potential and releases about 80 kJ/mol more Gibbs free
energy to produce ethanol than Hx (Table 2.2, Eq. 4, 5). However, Ho will provide the reducing
equivalents for only one third of the carbon in CO (Table 2.2, Eq. 2). CO has a much greater
Henry's law constant (Kn=7.4 mM/atm) than H> (Kn=0.78 mM/atm) and is thus more
difficult to dissolve into the liquid, so the presence of both CO2 and H; affect the fermentation
products (Jack et al. 2019).

Pressurization of the CO partial pressure (Pco) from 0.35 to 2 atm increased the cell
growth with 440% and the ethanol production was not observed when the Pco was above 0.35
atm and the ethanol production was growth-associated while the Pco increased to 2 atm by C.
carboxidivorans P7" (Hurst and Lewis, 2010). The increase initial pressure enhanced the
ethanol production by C. autoethanogenum when the CO pressure varied between 0.8-1.6 bar
(Abubackar et al., 2012). Cultivation with CO pressure maintained above 50 kPa of co-culture
of C. autoethanogenum and C. kluyveri resulted in less oxidation of ethanol back to acetate
(Diender et al. 2016).

2.4.1.2 Gas composition

Gas composition, mainly the different ratios among CO, COz and H, is another factor
influencing solventogenic processes, for instance, a H2/CO ratio of 0.36 reached a maximum
ethanol to acetate ratio of 16, while increasing the Ho/CO ratio to 1.2 induced a lower ethanol
to acetate ratio of 2.5 in C. ljungdahlii (Mohammadi et al. 2011).
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Table 2.2 Theoretical reactions of syngas fermentation to ethanol and butanol.

Products Reactions Gibbs free energy

Acetic acid 4CO(g) + 2H,0(l) - CH3COOH(I) + 2C0,(g9) AG°= -154.6 kJ/mol 1)

CO(g) + H,(g) » CH;COOH AG®=-114.5 kJ/mol (2)

2C0,(9) + 4H,(g) = CH;COOH (1) + 2H,0(1) AG°= -75.4 kd/mol (3)

Ethanol 6CO(g) + 3H,0(l) » CH3;CH,0H(l) + 4C0,(9) AGP=-217.4 kJ/mol 4)

2C0(g) + 4H,(g) = CH3;CH,0H (1) + H,0(l) AG°= -137.1 kJ/mol (5)

2C0,(9) + 6H,(g) » CH3;CH,0H () + 3H,0(1) AG = -96.5 kJ/mol (6)

CH;COOH (L) + 2H,(g) = CH3CH,0H (1) + H,0(]) AG°= -21.6 ki/mol 7)

Butyric acid 10CO(g) + 4H,0(l) » CH3CH,CH,COOH(l) + 6C0,(g) AG®= -420.8 kJ/mol (8)

Butanol 12C0(g) + 5H,0(l) - CH3;CH,CH,CH,0H (L) + 8C0,(g) AG°= -486.4 kJ/mol (9)
Ethanol oxidation 2CH3;CH,0H(l) + 2C0,(g) = 3CH3;CO0H (1) AG°=-32.2 kJ/mol (10)
Butanol oxidation 2 CH,CH,CH,CH,0H + 2 CO, = 2 CH;CH,CH,COOH + CH;COOH (11)
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When grown on H,/CO», C. autoethanogenum cell extracts had an enzyme concentration
higher than in those of CO grown cells (Mock et al., 2015). This was attributed to the fact that
during growth on H2/CO> the function of the enzyme is to catalyze the endergonic reduction of
CO2 to CO with reduced ferredoxin, whereas during growth on CO the function of the enzyme
Is to catalyze the exergonic oxidation of CO to CO with ferredoxin (Mock et al., 2015).

CO2 may also influence the process of ethanol degradation (Table 2.2, Eq. 10). However,
only few studies reported ethanol degradation during the process of syngas bioconversion. Tan
et al. (2014) investigated the butanol dehydrogenases in butanol degradation in the presence of
0.25% butanol by C. ljungdahlii and found 0.05% butyrate at the end of growth under the effect
of two butanol-dehydrogenase-encoding genes (CLJU ¢24880 and CLJU ¢39950).
Supplementing media with carbon dioxide can be essential or greatly stimulatory to
acetogenesis. The presence of carbon dioxide (CO/COy, v/v, 70/30) enhanced both the acetic
acid concentration and production compared to incubations with pure CO.

Acetate production enhanced by the increased H>/CO ratio from 22.6 at a ratio of 0.5
increased to 35.2 mM at a ratio of 2, conversely, ethanol production increased correspondingly
from 5.4 to 7.4 mM when the H,/CO ratio increased from 0.5 to 2.0 by Clostridium ljungdahlii.
Therefore, the more reduced metabolite product (such as ethanol) was favored by the increased
CO concentration in the headspace. The higher Gibbs free energy released from the direct CO
conversion while CO; had to be reduced to CO consuming additional electrons (from Hz) when
CO is absent, yielding less free energy and electron-dense by-products (Jack et al., 2019).

2.4.2 Fermentation conditions

2.42.1pH

pH can significantly affect both the growth rate and product formation of microorganisms.
Solventogenesis pH varied depending on different strains, 4.75 for Clostridium
autoethanogenum (Abubackar et al. 2015a) and 5.3-5.8 for C. carboxidivorans P’(Fernandez-
Naveira et al. 2016a).

Due to the acid accumulation, the external pH begins to drop. To prevent a further drop
in pH, an organism may begin to produce neutral charged solvents (Padan et al., 1981; Cotter
et al., 2009). Note that the intercellular pH is higher than the external pH due to a proton
translocation process catalyzed by a membrane-bound ATPase (Gottwald and Gottschalk
1985). Haris et al. (2012) investigated the effect of the initial pH (4.75-5.75) on biological
solvent production by C. autoethanogenum DSM 10061 and also used the Minitab analysis at

a two level four factor (24) and found that lowering the pH resulted in the production of more

19



reduced compounds such as ethanol. Therefore, lowering the pH is facilitated to produce highly
reduced products such as ethanol. However, lowering pH causes a decrease in electron and
carbon flow from the substrate toward the cell mass and reduces the overall productivity of the
process (Worden et al. 1989; Phillips et al. 1993).

2.4.2.2 Temperature

The growth temperature of solventogenic Clostridium spp. ranges from 20 to 42 °C, with
the optimum temperature of 37°C (Naik et al. 2010). This is also the most common temperature
applied in the literature (Munasinghe and Khanal 2010). A limited number of studies reported
on the less optimal temperature, i.e., sub-mesophilic and psychrophilic conditions for solvents
production from syngas (Kundiyana et al. 2011).

A higher ethanol and butanol production was obtained at 25°C for syngas (CO/H2/CO2/Nz,
32/32/8/28, viv) fermentation by C. carboxidivorans compared to 37°C by avoiding the ‘acid
crash’ and the pH dropped below 4.8 at 25°C (Rami6-Pujol et al., 2015). Although higher
temperatures have a negative impact on the solubility of CO and Hz, which also decreases the
mass transfer rate of these gases to cells, this negative part can be neglected compared to the
positive role of the non-acid phenomenon at lower temperatures (Henstra et al. 2007). To
achieve both high cell growth and alcohol production, two-step temperature (TST) cultures
were developed, for instance, 37-25°C and 37-29°C fermentation could overcome cellular
agglomeration at 37°C and low biomass growth at 25°C and achieve a higher alcohol
production and yield. Gene expression revealed the carbon-fixation pathway at 37°C and
product biosynthetic pathway at 25°C (Shen et al., 2020).

The exploration of solventogenesis under thermophilic conditions via syngas fermentation
is seldom reported. This is partly due to the mesophilic Clostridium spp. since their growth
temperature is up to 42°C. Shen et al. (2018) reported acetate, butyrate and caproate production
by Clostridium under mesophilic conditions, while acetate was the main product with
Thermoanaerobacterium as the main microorganism under thermophilic conditions from
syngas (CO/H., vi/v, 40/60) fermentation in hollow-fiber membrane biofilm reactors by
anaerobic sludge.

Acetate productivity was enhanced at thermophilic (55°C) conditions with anaerobic
sludge using syngas (H2/CO., v/v, 60/40) as the substrate with 10 mmol/L bromoethane
sulfonate (BES) to inhibit methanogenesis (Wang et al., 2017).

Alves et al. (2013) studied the enrichment of anaerobic syngas-converting bacteria for
more than one year using municipal solid waste seeded sludge as the inoculum under
thermophilic  conditions (55°C) and reported Desulfotomaculum, Thermincola,
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Caloribacterium and Thermoanaerobacter are associated with syngas and/or CO conversion
in thermophilic enrichment cultures. Similarly, formate accumulation was obtained from
H2/CO- (80/20, v/v) and 300 mM KHCOs at 66°C by Thermoanaerobacter kKivui LKT-1
(Schwarz and Miiller, 2020).

2.4.3 Medium composition

2.4.3.1 Trace metals

Trace metals influence solventogenesis by influencing enzyme synthesis and activity. In
WLP (Fig. 2.1), formate dehydrogenase (FDH) is one of the key enzymes, transfering CO: to
formate and can be stimulated by tungsten (W), selenium (Se) and molybdenum (Mo) addition
(Yamamoto et al. 1983). The other key metalloenzyme related to Mo and W is alcohol
dehydrogenase (ADH) catalyzing the reduction of acetyl CoA to ethanol (Chen, 1995;
Andreesen and Makdessi, 2008).

At the same time these trace metals might exhibit different effects in different CO-
metabolizing strains. The 0.75 uM W addition reached the highest ethanol to acetic acid ratio
of 0.19 by Clostridium autoethanogenum, 173% higher than the ratio obtained in the
experiment with 1.44 uM Se (Abubackar et al., 2015b).

Comparing the 35 mM ethanol production at the standard metal concentrations, the
concentrations of ethanol production are enhanced to 180, 200, 60, and 90 mM, corresponding
with the optimal concentrations of 8.5, 35, 5 and 7 uM of Ni?*, Zn%*", Se0,*, and WO.?%,
respectively by boosting Clostridium ragsdalei cell growth (Saxena and Tanner 2011).

The presence of both W (0.68 uM) and Se (1.15 uM) allowed to accumulate high amounts
of alcohols (8.0 g/L total alcohols and 3.0 g/L total acids) at pH 5.0 from syngas
(CO/CO2/H2/N2, 30/10/20/40, viv) by Clostridium carboxidivorans P7. Instead, the absence of
W and Se induced organic acids (9.6 g/L) accumulation and almost no alcohol production (0.7
g/L). When omitting W but not Se, as high as 11.3 g/L acids were accumulated with poor
alcohol production. Therefore, tungsten has been shown to play the major role for
solventogenesis, while selenium seems to be less significant (Fernandez-Naveira et al., 2019a).

Ni and Fe were found to be two vital metals for the growth of C. carboxidivorans P7
during syngas (CO/CO./H2, viviv, 50/35/15) fermentation (Han et al., 2020). Decreasing the
molybdenum concentration from 55 to 23 ug/L dramatically promotes cell growth and alcohol
synthesis, particularly for ethanol and butanol production (Han et al., 2020). The high
molybdate concentration of 55 pg/L inhibited the butanol synthesis pathways and the acid re-

assimilation pathway (Han et al., 2020). The expression levels of the acetate synthesis genes
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ack (Ccar_00695) and pta (Ccar_00690) were significantly downregulated in the 23 pg/L Mo
incubation. The regulation of trace metals not only stimulated production of alcohol, but was
also a trigger of acid reuse or re-assimilation leading to the transition from acidogenesis to
solventogenesis in C. carboxidivorans strain P7 (Li et al., 2018).

Despite the essential investigation of W and Mo, zinc also enhanced ethanol production
from syngas (CO/CO2/Hz, vlvlv, 50/35/15) by Clostridium carboxidivorans P7 via
upregulation of the expression of fdhll and bdh: ethanol 3.02-fold, butanol 7.60-fold (0.4 g/L)
and hexanol 44-fold (0.1 g/L) with 280 uM Zn?* compared with those in the control medium
(7 uM Zn?*). Although a considerable enhancement of the alcohol production was reached, the
obtained concentration of ethanol, butanol and hexanol were not much higher compared to
other studies, which ethanol concentrations of around 2 g/L, butanol 0.4 g/L and hexanol 0.1
g/L, respectively, upon addition of 280 uM Zn?" in the fermentation medium (Li et al., 2018).

2.4.3.2 Yeast extract

To ensure a certain amount of acid production, an easy consumable sugar such as glucose
and yeast extract are usually added as nitrogen source to enhance cell growth during ethanol
fermentation from C; gas (Chakraborty et al. 2019).

Yeast extract is an important nitrogen source required for microorganisms. Strong
negative effects on the production rates, and a significant increase of the lag phase were found
when the yeast extract concentration is lower than 0.5 g/L by a synthetic co-culture of
Clostridium autoethanogenum and Clostridium kluyveri grown on carbon monoxide (Diender
et al. 2016). In a bioreactor with continuous CO supply and with 1 g/L yeast extract at pH 5.75,
the maximum biomass concentration obtained was 302.4 mg/L, which is comparable to the
maximum cell mass concentration obtained at pH 6.0 (Abubackar et al., 2015a).

However, eliminating YE is found to enhance the ethanol production using C. ljungdahlii
(Barik et al. 1988). But for this organism to provide structural integrity, a minimum
concentration of 0.01% is necessary (Abubackar et al.,, 2011). Abubackar et al. (2012)
investigated the effect of the yeast extract concentration (0.6-1.6 g/L) on biological solvent
production by C. autoethanogenum DSM 10061 and also used the Minitab analysis at a two
level four factor (2*) and found that lowering the YE concentration results in the production of
more reduced compounds such as ethanol.

Other cheap nutrient sources such as cotton seed extract (CSE) and corn steep liquor (CSL)
can also replace yeast extract to enhance the ethanol production (Silveira et al. 2001). CSE with
a cost of $ 0.91/kg is considerable cheaper than yeast extract $ 183/kg. CSL, as a major by-
product of the corn wet milling industry, comprises of a rich source of important nutrients (Hull
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et al. 1996). Kundiyana et al. (2010) examined the ethanol and acetic acid production using
cotton seed extract (CSE) as the fermentation medium for Clostridium strain P11 and reported
2.66 g/l ethanol in the batch medium containing 0.5 g/l of CSE after 15 days fermentation. The
standard fermentation medium of Clostridium strain P11 could be replaced with CSE, since
CSE contains minerals and vitamins which are very similar to the standard fermentation
medium.

Benevenuti et al. (2020) rendered a medium TPYGarg (12 g/L of tryptone, 12 g/L of
peptone from gelatin, 7 g/L of yeast extract, 1.2 g/L of l-arginine, and 1 g/L of glucose), using
1.22 atm syngas (CO/CO2/H2/CH4/N2, 25/10.02/43.9/11.01/10.05). They produced 5-fold
higher ethanol and 2 fold higher butanol concentrations at a 31% reduced cost compared to the
standard medium ATCC 2713.

Gunay et al. (2020) investigated corn syrup and whey power as cheap substitutes for
expensive basal-medium components. They demonstrated enhanced ethanol production with
CO co-fermentation by Clostridium ljungdahlii. Whey powder has been shown to be cheaper
and a better substrate so that C. ljungdahlii can grow without yeast extract and ethanol
production was enhanced 3 fold with 2.5 g/L than the basal medium. However, yeast extract is
critical to support cell growth when using corn syrup by C. ljungdahlii.

2.5 Thermodynamic calculation of Gibbs free energy

2.5.1 Gibbs free energy calculation

The thermodynamics of syngas bioconversion processes are rarely studied or reviewed
due to its complexity in processes involving biomass (Gildemyn et al. 2017). To simplify, the
following Gibbs free energy calculations do not involve biomass. Gibbs free energy of
formation is zero for the elements in their most stable state, e.g., CO (g), Hz2(g), CO2(g), acetic
acid (1), under standard conditions (1 bar, 298.15 K, 1 moL-L™, pH 0) (Franses, 2014). Gibbs
free energies (A, G,,) for the production of acetic acid, ethanol, butyric acid and butanol from
CO were calculated from the respective standard Gibbs free energies (A,.GY5) and the actual
concentrations of reactants and products using Van't Hoff equation (Eq. 1) (Thauer et al. 1977).
If A,.G,, is negative then the system loses energy and does work. In this case, the lower A,.G,,
means that the reactions are more favourable to proceed. Conversely, if A,.G,, is positive, then
the system has to gain energy from the work that has been done by the surroundings (Kenneth,
2017). Thus, A,.G,, provides a valuable criterion for determining whether a reaction can occur
spontaneously or not (Oubrahim and Chock, 2016).
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It should be noted that for a thermodynamically unfavorable reaction (A, G,, >0), if
biological systems are involved, the overall A, G, of the pathway can become negative since
biological systems can formulate their metabolic pathways by coupling enzyme-catalyzed
reactions (Oubrahim and Chock, 2016). But this is out of the scope of this study. The Gibbs
free energy calculated in this study can be applied to compare the extent of the reaction system
and if it is favorable with same substrate (e.g., CO) and microorganism.

For the reaction: ¢cC + dD = yY + zZ

A.G, = AGE + RTInJ (1)

Where, A,.G is the standard reaction Gibbs energy, under standard conditions (T=298.15
K, P =100 kPa, concentration of 1 molar).

Constant R = 8.314 J/(mol-K), T = (273.15 + °C) K, J is the reaction quotient,

Y 0%
For gases: | = {pery/p }C{P(Z)/P }d
{P(c)/P®)*(P(D)/PO}
Y 0%
For liquid: J = L@/l le@/c’}
{c(©)/c®}{c(D)/cb}

P? =100 kPa, c® = 1 moL - L

2.5.2 CO conversion to acetic acid and ethanol under different CO pressures and
pH, at 25, 33 and 55°C
2.5.2.1 Acetic acid production

Gibbs free energy for the production of acetic acid from CO (A,G,,(HAc)) can be
calculated according to Eg. 2 and Eqg. 3. One mole acetic acid and accordingly 1 mole CO; are
assumed to be produced (Eq. 2). Considering acetic acid as a weak acid and the ionization
constant (pKa) (Eq. 4, 5, 6 and 7), A,-G,,(HAc) is a function of CO gas pressure, CO2 gas
pressure and pH (—Ilg[H*]) (Eq. 8). CO is a product along with acetic acid with a molar ratio
of 1 and hence its concentration is 1 moL-L™. Therefore, the CO, gas pressure can be calculated
according to the ldeal-Gas Equation (Eq. 9). The final A,.G,,,(HAc) is a function of CO gas
pressure and pH (Eqg. 10).

Fig. 2.6 shows the Gibbs free energy of production of acetic acid from different CO gas
pressures (0.01-10 bar) and pH varying from 1 to 12, at 25, 33 and 55°C. To conclude, acetic
acid production is enhanced with increased CO gas pressures and pH. At the same pH and CO
gas pressure, acetic acid production is thermodynamically enhanced at 25°C compared to 33

and 55°C (Fig. 2.6).

2CO + 2H,0 » CHs;CO0™ + H* +C0,  AG? = —154.6 kj/mol (2)
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[cH3c0071[H][pco,]

A, G, (HAc) = AG? + RTIn (3)
[Pcol
CH;COOH — CH;C00™ + H* K, =176x107° (4)
__[CH3c0071[H™]

Ko = CH3;COOH ®)
The total concentration of acetic acid is:

[Acid] = [CH;€00~] 4+ [CH;COOH] (6)
From Eqg. 5 and 6,

—1 _ [Acidlk,

[CH;C007] = Kot (1] (7

Thus,
_ 0 [Acid][pco,] Kq[H?]
ArGm(HAC) = AG? + RTIn———=2 + RTIn = o (8)

There is production of 1 mole acetic acid and 1 mole COo,
The ldeal-Gas Equation is pV=nRT 9)
With 22.4 L- moL™, p=nRT/V=[8.314*(273.15+33)/(22.4*0.001)] Pa=113.6 kPa=1.136

bar
p-Pa, V-m®, n-mole, R=8.314, T-K
o 0 1%1.136 Kg[H*]
AG; = AG; + RTIn Dot RTIn Kt 1] (10)

2.5.2.2 Ethanol production

Theoretically, ethanol can be produced from CO or acetic acid and CO (WLP). Therefore,
the Gibbs free energy of production of ethanol from CO (A,.G,,(EtOH)) can be calculated in
two different ways, according to Eq. 11 and Eqg. 13.

1) A,.G,,(EtOH) from CO (Eq. 11)

According to Eqg. 11, it is considered that CO is directly converted to ethanol and does not
involve acetic acid. Thus, 1 mole ethanol and accordingly 2 mole CO> are assumed to be
produced. Therefore, A,.G,,,(EtOH) only depends on the CO gas pressure (Eq. 12).

4CO + 3H,0 —» CH5CH,0H + 2C0, AG? = — 271.4 kJ /mol (11)

There is production of 1 mole ethanol and 2 mole COo,

The Ideal-Gas Equation, with 22.4 L- moL™, is pV=nRT,
p=nRT/V=[2*8.314*(273.15+33)/(22.4*0.001)] Pa=227.3 kPa=2.273 bar

p-Pa, V-m®, n-mole, R=8.314, T-K

A,Gp(EtOH) = —271.4 + RTIn 222232 (12)

[pcol*

2) A,.G,,(EtOH) from CO and acetic acid

25



Considering the According to Eq. 13, it is considered that CO and acetic acid are
converted to ethanol. Gibbs free energy of ethanol production is shown in Eqg. 14. 1 mole
ethanol and accordingly 2 mole CO; are assumed to be produced. Referring to section 6.2.1,
A,.G,,(EtOH) is a function of CO gas pressure and pH (Eqg. 15).

2C0O + CH;C00™ + H* + H,0 > CH3CH,0H + 2C0, (13)
o [cH3CH30H][pco, )’ Ka+[H]

A G (ELOH) = AGY + RTIn =2 =22 + RTIn 2= (14)
—AGO 122732 Ka+[H*]

A G (EtOH) = AG? + RTIn = " + RTIn =t (15)

Fig. 2.7 shows the Gibbs free energy of production of ethanol from different CO gas
pressures (0.01-10 bar) and pH values varying from 1 to 12, at 25, 33 and 55°C. To conclude,
increased CO gas pressures and lower temperatures, among 25, 33 and 55°C, enhance
thermodynamically ethanol production (Fig. 2.7). Besides, the decrease of pH enhances ethanol
production (Fig. 2.7), which is in accordance with the experimental discussion highlighting
that a low pH enhanced ethanol production (section 4.2.1).

2.5.3 CO to butyric acid and butanol under different CO pressures and pH, at 25,
33 and 55°C

2.5.3.1 Butyric acid production

The Gibbs free energy for the production of butyric acid from CO (A,-G,,(HBu)) can be
calculated according to Eg. 16. One mole butyric acid and accordingly 6 moles CO; are
assumed to be produced. A,.G,,(HBu) is a function of CO gas pressure (Eg. 17). Then, butanol
production is thermodynamically enhanced along with CO pressure increases and slightly
enhanced at 25°C compared to 33 and 55°C (Fig. 2.8).

10CO + 4H,0 » CH3;CH,CH,COOH + 6C0, AG® = —420.8 kJ/mol (16)

There is production of 1 mole butyric acid and 6 moles CO,

The Ideal-Gas Equation, with 22.4 L- moL™, is pV=nRT,
p=nRT/V=[6*8.314*(273.15+33)/(22.4*0.001)] Pa=6.819 kPa=6.819 bar

1%6.819°

A, G, (HBu) = —420.8 + RTIn a7
[pcol*
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2.5.3.2 Butanol production

The Gibbs free energy of production of butanol from CO (A,G,,(BtOH)) can be
calculated according to Eg. 18. 1 mole butanol and accordingly 8 mole CO; are assumed to be
produced. A,.G,,(BtOH) is a function of CO gas pressure (Eg. 19). Then, butanol production
IS thermodynamically enhanced along with CO pressure increases and slightly enhanced at 25°C
compared to 33 and 55°C (Fig. 2.8).

12CO + 5H,0 » CH;CH,CH,CH,O0H + 8C0, AG® = — 486.4 kJ/mol (18)

There is production of 1 mole butanol and 8 mole COg,

The ldeal-Gas Equation, with 22.4 L- moL™, is pvV=nRT,
p=nRT/V=[8*8.314*(273.15+33)/(22.4*0.001)] Pa=9.092 kPa=9.092 bar

A, G (BtOH) = —486.4+ RTIn 1*9'9"]21:8 (19)

[pco

27



Gibbs free energy (mol/kJ)

Gibbs free energy (mol/kJ)

-150 -150
2
180+ 3 1804
180 2-180
>
=2
[
j
[
-210- 210
@
Qo
s
o
-240- -240-
0 6 8 10 12 0

Fig. 2.6 The theoretical Gibbs free energy of CO to acetic acid when the pH varies from 1 to 12, corresponding to the different CO gas pressure (0.01-10 bar) at

o oo -
NG JaC <

33°C

X
X

X

e Mmoo+ X

pH

pH

25, 33 and 55°C.

-200 2004 33°C X
2
-220 g -220+
>
=
[
-240 $ -240
(]
L
‘@
-260 2 -260
[0}
-280 280
0 6 8 10 12 0 2 6 8 10 12
pH pH

Gibbs free energy (mol/kJ)

Gibbs free energy (mol/kJ)

-280

-150

-240

-180 1

-210

pH

12

-200 1

-220

-240 4

-260

55°C

e

X

Fig. 2.7 The theoretical Gibbs free energy of CO to ethanol conversion under the different CO gas pressure

(0.01-10 bar) at 25, 33 and 55°C.

(Calculated by 1 mol ethanol produced and without considering pH)

28

g

--®- 10 bar

1.8 bar
--p- 1 bar
--®- 0.4 bar
--%-- 0.01 bar

o+

cede

pH

5 bar
- 1.5 bar
- 0.8 bar
- 0.2 bar

10

Yy

12

2 bar

- 1.2 bar
- 0.6 bar
- 0.1 bar




-210

-4 - 25°C
- ‘ Ethanol - s¥e
6 : - A - 55°C
g '
X -240 :
2 ]
g ]
c
: 4,
)
9]
= 2704
£ b "N
2 Taay
£ \E:l::::::::"“
=== frzz=-g
-300-+—— : I I I |
: 2 - r 8 10

Fig. 2.8 The theoretical Gibbs free energy of CO to ethanol, butyric acid and butanol conversion under the different CO gas pressure (0.01-10 bar) at 25, 33 and

CO pressure (bar)

Gibbs free energy (kJ/mol)

-330

-360

-390 1

-420

. . - & - 25°C -270 1 - & - 25°C
; Butyric acid i wol A Butanol - -33C
' - A - 55°C g_ ) " - 4 -55°C
\ £ -330- |
2 1
% ;—360-
<y
k‘ @ -390 4
c
[}
© 420 M
[T, L
BREEER % 450+
o SRR £ M.
FEEeeaallp '(3—480- Ml
5104 T g
T T T T T '540 T T T T T T
0 4 6 8 10 0 2 4 6 8 10
CO pressure (bar) CO pressure (bar)

55°C. (Calculated by 1 mol butyric acid production and without considering pH)

29




2.6 Conclusion

This chapter reviewed the process parameters of solventogenic syngas bioconversion, the
potential functional microorganisms and thermodynamic calculations of acid and alcohol
production. pH acted as one of the key factors influencing solvent production, some hypotheses
have been discussed. However, the mechanism of pH upon solventogenesis and metabolic
processes of microorganisms remain to be studied. Mixed cultures will act as the potential
inocula for longer carbon chain solvents production. Thermodynamic calculations revealed that
acetic acid was enhanced along with the increasing CO2/H. or CO pressure and pH, while

ethanol was enhanced as the gas pressure or pH decrease.
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Chapter 3 Homoacetogenesis and solventogenesis from H2/CO: by granular
sludge at 25, 37 and 55°C

A modified version of this chapter has been published as:
He, Y., Cassarini, C., Marciano, F. and Lens, P. N. L. 2020. Homoacetogenesis and
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Abstract

CO; fermentation is a promising process to produce biofuels like ethanol. It can be
integrated in third generation biofuel production processes to substitute traditional sugar
fermentation when supplied with cheap electron donors, e.g., hydrogen derived from wind
energy or as surplus gas in electrolysis. In this study, granular sludge from an industrial
wastewater treatment plant was tested as inoculum for ethanol production from H2/CO; via
non-phototropic fermentation at submesophilic (25°C), mesophilic (37°C) and thermophilic
(55°C) conditions. The highest ethanol concentration (17.11 mM) was obtained at 25°C and
was 5-fold higher than at 37°C (3.36 mM), which was attributed to the fact that the
undissociated acid (non-ionized acetic acid) accumulation rate constant (0.145 h') was 1.39
fold higher than at 25°C (0.104 h'). Methane was mainly produced at 55°C, while neither
acetic acid nor ethanol were formed. Ethanol production was linked to acetic acid production
with the highest ethanol to acetic acid ratio of 0.514 at 25°C. The carbon recovery was 115.7%,
131.2% and 117.1%, while the electron balance was almost closed (97.1%, 110.1% and 109.1%)
at 25°C, 37°C and 55°C, respectively. The addition of bicarbonate inhibited ethanol production
both at 25°C and 37°C. Clostridium sp. were the prevalent species at both 25 and 37°C at the
end of the incubation, which possibly contributed to the ethanol production.

3.1 Introduction

Carbon dioxide (CO») is the first largest contributor to human-induced global warming.
Renewable energy sources such as wind and solar power are facing the challenges of balancing
power production and demand. One promising approach is to convert the excess power to H»
gas, which is a good alternative for fossil fuels. However, the storage and safety of H> are big
challenges (Pereira 2013). Using Hz in CO; or syngas (mainly containing CO, Hz and CO>)
fermentation to generate biocommodities (e.g. acetic acid) or biofuel (e.g. ethanol or butanol)
is a future trend with economical and sustainable advantages (Burk et al. 2010), such as CO>
valorization (Bajon Fernandez et al. 2017, Sadhukhan et al. 2016), compared to traditional corn
(Mohammadi et al. 2011; Eisentraut 2010) or cellulosic biomass (Naik et al. 2010) fermentation.
Acetic acid and ethanol production from CO occur via the Wood-Ljungdahl pathway (WLP),
which is the most effective non-photosynthetic carbon fixation pathway by acetogens
(Charubin et al. 2019). The known acetogens comprise more than 100 bacterial species, with
Clostridium sp. as an omnipresent species (Fast and Papoutsakis 2012). In the WLP, two moles
of CO. are reduced, using H as electron donor, to form one mole of acetyl-CoA (Ragsdale

1997). Several species such as Clostridium autoethanogenum, Clostridium ljungdahlii and
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Clostridium carboxidivorans convert syngas to acetate and ethanol in pure culture fermentation
via, respectively, homoacetogenesis and solventogenesis (Abubackar et al. 2012; Guo et al.
2010). However, mixed cultures have advantages over pure cultures, such as no contamination
problems, higher flexibility and resistance to changes in operation conditions.
Homoacetogenesis (Eg. 1), solventogenesis (Eq. 2) and methanogenesis (Eq. 3) from H2/CO>
are shown in the following reactions:

2C0,(g) + 4H,(g) = CH3COOH (1) + 2H,0(l) AGE = —75.4Kk]/moL (1)

2C0,(g) + 6H,(g) = CH3CH,0H (1) + 3H,0(l) AGS = —96.5k]/moL (2)

C0,(g) + 4H,(g) - CH,(g) + 2H,0 AG? = —130.4k]/moL (3)

CH;COOH(l) - CH,(g) + CO,(g) AG? = —55k]J/moL  (4)

Anaerobic sludge from wastewater treatment processes has been studied as inoculum to
produce valuable chemicals, such as volatile fatty acids (VFASs) (Dogan et al. 2005), H2 (Liu
and Fang 2003) and ethanol (Steinbusch et al. 2008). Pretreatment methods, including heat
(Dessi et al. 2017), acid (Agu et al. 1997) and alkali (Zhu et al. 2006) treatment have been used
to eliminate the methanogens and select for spore-performing bacteria, e.g. Clostridium sp.
Heat treatment has been applied to many inocula, such as sewage sludge (Lay et al. 2012), cow
dung sludge (Lin and Hung 2008) and anaerobic sludge.

Temperature is an important factor influencing fermentation, for example, mesophilic
conditions (30-37°C) are the optimum temperature range for homoacidogenic Clostridium sp.
and has been extensively applied in syngas bioconversion (Stoll et al. 2018; Sun et al. 2019).
The CO2 to Ha ratio influences the conversion of acetic acid and ethanol (Eq. 1, 2). Bicarbonate
addition will thus increase the carbon concentration and act as buffer to avoid sharp pH drops.
Furthermore, the effect of bicarbonate on fermentation processes has been reported for
hydrogen production, while seldom for acetic acid or ethanol production (Pancha et al. 2015).
The biological reduction of gaseous inorganic carbon compounds like CO2and CO to alcohols
has been described for the synthesis of valuable chemicals, such as ethanol and butanol
(Kundiyana et al. 2011; Richter et al. 2016; Gao et al. 2013; Phillips et al. 2015). Limited
studies, however, focused on the comparison of homoacetogenesis and solventogenesis at
varied temperatures by mixed cultures (Singla et al. 2014; Liu et al. 2018). Considering the
important role of temperature on the microbial community composition during fermentation,
the present study investigated ethanol production using CO: as the sole carbon source and H>
as the sole electron donor by mixed cultures at submesophilic (25°C), mesophilic (37°C) and
thermophilic (55°C) conditions.
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3.2 Materials and methods

3.2.1 Biomass and medium composition

The anaerobic sludge was obtained from a 200 m® upflow anaerobic sludge bed (UASB) reactor
producing methane from dairy industry effluent at 20°C and a hydraulic retention time (HRT)
of 9-12 h. The total solid (TS) and volatile solid (VS) content was 42.7 (= 1.0) g/L and 24.8 (=
0.5) g/L, respectively. The granular sludge was first centrifuged at 8000 g for 10 min to remove
the supernatant and the solid was heat treated at 90 °C for 15 min as described by Dessi et al.
(2017).

1 L medium was prepared according to Stams et al. (1993) and modified as follows: 408 mg/L
KH2PO4, 534 mg/L NaHPO4-2H.0, 300 mg/L NH4Cl, 300 mg/L NaCl, 100 mg/L
MgCl2:6H.20, 110 mg/L CaCl2-2H20; 1 mL trace metal and 1 mL vitamin stock solution
(Stams et al., 1993). 1 L medium (except for CaCl2-2H>0 and vitamins) was prepared and
brought to boiling in order to remove O, cooled down to room temperature under an oxygen-
free N2 flow, then CaCl2-2H-0 and the vitamins were added as well as Na,S (0.24 g) was added

as reducing agent.

3.2.2 Batch experimental set-up

Batch tests were conducted in 125 mL serum bottles with 50 mL medium (gas: liquid ratio of
3:2) and granular sludge with an initial VS concentration of 1.0 g/L. The bottles were sealed
with rubber inlets and capped with aluminum crimp caps. A H2/CO: (v/v, 80/20) gas mixture
was injected by a gas exchanger system to an initial pressure of 1.8 (+ 0.15) bar (P1.=1.44 bar,
Pco.= 0.36 bar), in which 124.4 mL of the gas mixture was compressed in the 75 mL headspace.
Control bottles were set up with H2/CO> (v/v, 80/20) without the granular sludge and N2 (100%)
with the granular sludge with initial VS concentration of 1.0 g/L.

Hydrogen was in excess for acetic acid production (Eq.1), for which a Ho/COx ratio of less than
4/1 is required in the substrate gas. In order to enhance the carbon to hydrogen ratio, 2.1 g/L
NaHCOs3 (1.25 mmol of carbon) was added in 50 mL medium, which altered the H2/CO:x ratio
to 64/36 (v/v). 1 mL of 1M HCI was added in order to correct the pH increase upon the addition
of NaHCOa. At the start of experiments, the gas pressure was measured every 24 h. The
headspace was vacuumed and then H2/CO2 was injected again by a gas exchange system after
96 h when the gas pressure decreased below 1 bar. Then, the gas was injected every 48 h till
the end of the incubation (408 h). All experiments were performed in triplicates.

1 mL of headspace and 1 mL of liquid sample were withdrawn from each bottle every 24 h to
analyze the gas and liquid phases. The liquid sample was then centrifuged at 8000xg for 5 min
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and the supernatant was used to analyze the ethanol and acetic acid concentrations. The
microbial community of the seed granular sludge, enriched sludge samples at 25, 37 and 55°C
using H2/CO2 and 25°C using H2/CO2 + HCO3" as the substrate were analyzed.

3.2.3 Analytical methods

3.2.3.1 Gas phase

H> and CO; concentrations were measured using a HP 6890 gas chromatograph (GC, Agilent
Technologies, USA) equipped with a thermal conductivity detector (TCD). The GC was fitted
with a 15-m HP-PLOT Molecular Sieve 5A column (ID 0.53 mm, film thickness 50 pum). The
oven temperature was kept constant at 60 °C. The temperature of the injection port and the
detector were maintained constant at 250 °C. Helium was used as the carrier gas.

3.2.3.2 VFAs and solvent analysis

Ethanol and butanol concentrations were analyzed for each bottle from the liquid phase (1 mL)
using high performance liquid chromatography (Agilent Co., USA) equipped with a refractive
index detector (RID) and an Agilent Hi-Plex H column (7.7 x300 nm, 8 um). A 5 mM H2SO4
solution was used as mobile phase at a flow rate of 0.7 mL/min and with a sample injection
volume of 50 pL. The column and refractive index detector (RID) temperatures were,
respectively, set at 60°C and 55 °C. TS and VS were measured according to the EPA 2001
methods (Telliard, 2001).

3.2.3.3 Microbial analysis

DNA was extracted using a DNeasy® PowerSoil Kit (QIAGEN, Germany) following the
manufacturer’s protocol. Approximately 0.5 g of the solids was used for DNA extraction at the
end of the incubations at 25°C, 37°C and 55°C. The extracted DNA was quantified and its
quality was checked by a Nanodrop 2000c Spectrophotometer (Thermo Scientific, USA). As a
first step of the microbiome analysis, all reads with ambiguous bases ("N™) were removed.
Chimeric reads were identified and removed based on the de-novo algorithm of UCHIME
(Edgar et al., 2011) as implemented in the VSEARCH package (Rognes et al., 2016). The
remaining set of high-quality reads was processed using minimum entropy decomposition
(Eren, 2013 and 2015). Minimum Entropy Decomposition (MED) provides a computationally
efficient means to partition marker gene datasets into OTUs (Operational Taxonomic Units).
Each OTU represents a distinct cluster with significant sequence divergence to any other cluster.
By employing Shannon entropy, MED uses only the information-rich nucleotide positions
across reads and iteratively partitions large datasets while omitting stochastic variation. The
MED procedure outperformes classical, identity based clustering algorithms. Sequences can
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be partitioned based on relevant single nucleotide differences without being susceptible to
random sequencing errors. This allows a decomposition of sequence data sets with a single
nucleotide resolution. Furthermore, the MED procedure identifies and filters random "noise"
in the dataset, i.e. sequences with a very low abundance (less than = 0.02% of the average
sample size). To assign taxonomic information to each OTU, DC-MEGABLAST alignments
of cluster representative sequences to the sequence database were performed. A most specific
taxonomic assignment for each OTU was then transferred from the set of best-matching
reference sequences (lowest common taxonomic unit of all best hits). Hereby, a sequence
identity of 70%, across at least 80% of the representative sequence was a minimal requirement
for considering reference sequences. Further processing of OTUs and taxonomic assignments
was performed using the QIIME software package (version 1.9.1, http://giime.org/).
Abundances of bacterial taxonomic units were normalized using lineage-specific copy numbers
of the relevant marker genes to improve estimates (Angly, 2014). All taxonomic units with less
than 0.1% of reads are collapsed in the category "Other". OTU-picking strategy: MED.
Reference database: NCBI_nt (Release 2019-08-02). The raw data is available in OneDrive
NUIG.

3.2.4 Thermodynamic calculations

The biological reduction of H2/CO- to acetic acid, ethanol or methane and ethanol production
from acetic acid and Ha release energy at standard conditions (Schink 1997; Thauer et al., 1977).
The reaction Gibbs free energy for acetic acid production from H2/CO; and for ethanol
production from acetic acid was defined by Eq. 5 and Eq. 6, respectively (For derivation see
section 3.2.8):

, . [Acid] K, [H*]
AGr = AGr + RTlnﬁ + RTlnm (5)
[pCOZ] [sz] a
CH;CH,OH K, +[H*
AG, = AG? + RTln[g—ZZ] + RTlnLE] (6)
[Acid][pu, ] Kq[H*]

3.2.5 Carbon balance and electron balance calculation

The change of the total amount of carbon was defined as the value at time 0 compared to time
t. The change of the total amount of carbon of the substrate equals the sum of the total amount
of carbon of the products and biomass (Eg. 7), where Cg is the substrate, Cp, the products and
Cp, the biomass. Carbon recovery o was calculated by the ratio between the total amount of

carbon of the products and the substrates (Eq. 8):
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i s, (0) = i Cs; (0) = i Cpy (O +Co() (D)
i=1 i=1 j=1

a= % x 100% (8)

Y AC,,
The total amount of electron equivalents (ewtar) is defined as the sum of the electrons given per
reactant (e,,), per product p; (ep].) and per biomass (eb) (Eg. 9) (Steinbusch, et al. 2008). The
electron equivalents of the reactants and products were 12 mol e~ /mol ethanol, 8 mole™/
mol aceticacid , 0 mole”/mol CO, , 8 mole”/mol CH, and 2 mole~/molH, (For

derivation see Supporting Information). The electron recovery (p) is defined in Eq. 10:
m n

rotat = ) er )+ ) e (D +e®)  (9)
i=1 =

_2m O o 10

B - ?;leri(t) X A) ( )

3.2.6 Undissociated acids calculation

Considering the ionization of acetic acid (Eq. 11), the free acid concentrations were calculated

according to the Henderson-Hasselbalch buffer equation (Maddox et al. 2000) (Eq. 12):
CH;COOH = CH;C00~ + HY pK, = 4.757 at 25°C (11)

—-pH
107P% X CTotal acid

(HA] = — ke 10-v7

(12)

[HA]: concentration of undissociated acid

[A’]: concentration of dissociated acid

Cotal acid: cOncentration of total acid

pKa: negative decadic logarithm of the acid dissociation constant

3.2.7 Thermodynamic and electron calculation process

3.2.7.1 Thermodynamic calculation

The reaction for ethanol production from acetic acid and hydrogen could be expressed as:
CH;COO™ + H* + 2H, » CH3;CH,0H + H,0 AG? = —9.1kJ/mol (1)

The Gibbs free energy change for the reaction calculation:
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[CH;CH,O0H]
AG). = AG? + RTIn > S1
[CH3CO0~][H*][py,]

CH;COOH - CH,CO0~ + H* K, =176 x 1075 S2

[CHzCO00™][HY]

K, =
CH3;COOH

S3

Total concentration of acetic acid is:
[Acid] = [CH;C00~] + [CH;COOH] S4

From S3 and S4,

B [Acid]K,
[CH3C00 ] = m
Rewrite S1,
CH;CH,0H Ko+ [HY
AG; = AG? + RTln[3—22] + RTln“—[+]

For the reaction:
2C0, + 4H, - CH;C00~ + H* 4+ 2H,0 (2)

[CH,CO0~][H*]

AG} = AG? + RTIn Lt
[pCOZ] [sz]

From S5,

AG! = AG? + RTI [Acid] + RTI KalH]
r = o " " Ko+ [H']

[Pcoz] : [PH2]4

3.2.7.2 Electron balance calculation
C,HsOH =2 X (+4) + 5 X (+1) + (—2) + (—1) = 12 mole™ /molEthanol
C,H,0, =2 %X (+4) +4 %X (+1) + 2 X (—2) = 8 mole™ /molAcetic
CO, = (+4) + 2 x (—2) = 0 mole /molCO,
CH, = (+4) + 4 X (+1) = 8 mole” /molCH,
H, - 2H" = 2 mole™ /mol
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3.3 Results and discussion

3.3.1 Acetic acid and ethanol production at 25, 37 and 55°C from H2/CO:2 by granular
sludge

At 25°C and 37°C, the acetic acid concentration constantly increased during the incubation
period, reaching a maximum average concentration of 50.06 and 63.25 mM, respectively (Fig.
3.1a, b). Ethanol started to be produced after 88 h at 25°C, while after 64 h at 37°C. Ethanol
reached the highest concentration of 17.1 mM after 240 h of incubation at 25°C, corresponding
to an acetic acid concentration of 33.3 mM (Fig. 3.1a). After 240 h of incubation, the ethanol
concentration did not increase, while the acetic acid concentration kept increasing to 83 mM
until the end of the incubation (Fig. 3.1a). The highest average concentration of ethanol reached
a maximum of 3.36 mM ethanol at 37°C (Fig. 3.1b). Despite differences in absolute values, the
ethanol production and product ratios of each experiment showed a clear trend that more
ethanol is produced at lower temperature by granular sludge from H2/CO.. The highest ethanol
concentration in this batch tests without pH control is comparable with previous work (Table
3.1). The highest ethanol concentration of these studies varied from 3.69 to 13 mM, which is
lower than in this study. Besides, the duration of the lag phase in our study (17 d) was shorter
than that in other studies using granular sludge (21 d) or manure (30 d) as inoculum (Table 3.1).

Table 3.1 Ethanol fermentation using H2/CO2 or H2/CO2/CO as the substrate by mixed and

pure cultures in batch experiments.

Batch

. Ethanol
Inoculum Substrate _bot_tles M T/°C pH Time Gas production Reference
(viv) Liquid/Total (d)  pressure
(mM)
(mL)
Manure 1 atm
samples from CO/H; 100/250 37 7 30d daily 5.49 Xuetal
(80/20) 2015
cattle farm flushed
- 1 bar 13
Clostridium CO2/H; Stoll et al.
. . 4L 37 59 90h 4 bar 4
ljungdahlii (80/20) 7 bar < 2018
2.5 without
Clostridium CO/CO2/H; and Kim et al.
ljungdahlii ~ (20/20/5) 200250 37 68 24h  NA 6.7 with 2014
nanoparticles
Clostridium CO/CO/H, 10.9 with Kim and
ljungdahlii ~ (20/20/5) 200250 37 68 60h  NA CoFe:0; Lee 2016
Granular 50 mM Steinbusch
sludae acetic 37.5/120 30 NA 21d 0.5hbar 3.69 et al. 2008
g H,100% '
Granular CO2/H; 408 .
sludge (80/20) 50/120 25 475 h 1.8 bar 17.1 This study

The highest average ethanol concentration at 25°C was 5-fold higher than at 37°C due to

the fast acid accumulation at 37°C (Fig. 3.2). The high undissociated acid accumulation
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possibly contributed to the premature termination of ethanol production at 37°C. The
undissociated acid concentrations increased linearly with time at 25°C and 37°C (Fig. 3.2) and
the accumulation rate constant was 0.145 h! at 37°C, 1.2-fold higher than at 25°C (0.104 h%)
(Fig. 3.2). Mohammadi et al. (2014) reported that ethanol production was prevented when the
undissociated acid concentration was, respectively, 34.5 and 33.16 mM using 9 and 11 g/L
fructose as the substrate by Clostridium ljungdahlii. Maddox et al. (2000) investigated acetone-
butanol-ethanol (ABE) fermentation from glucose by Clostridium beijerinckii NRRL at 34°C
and found that when the undissociated acid concentration did not exceed 50 mM, the ABE
production was high. Ramio et al. (2015) performed batch tests using syngas (CO:H2:CO>
[32:32:8]) at 25°C and 37°C by Clostridium carboxidivorans P7 and concluded that ethanol
and butanol were produced at 25°C, but not at 37°C because of an ‘acid crash’ at pH values
below 4.8, where the microbes lose their ability to convert the acids to solvents.

CHg production was still observed at 37°C at the end of the incubation (6.7 mM) (Fig.
3.1b), whereas no CHs production was observed at 25°C (Fig. 3.1a), which was possibly
because the heat-pretreatment did not fully eliminate methanogens and methanogens regrow at
mesophilic condition, though the pH of the medium was below 5. Besides, the high H: partial
pressure in this study (1.44 bar) might be in favor of the hydrogenotrophic mesophilic
methanogens. Hydrogenotrophic methanogens in anaerobic sludge have a higher capacity of
H> consumption than homoacetogens at high H: partial pressure, neutral pH and mesophilic
temperatures (Liu et al. 2016a; Yasin et al. 2015).
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Fig. 3.1 Acetic acid and ethanol yield a) at 25°C, b) at 37°C, c) at 55 °C, d) pH, e) CO>
uptake and f) Hx uptake for the incubations with heat-treated granular sludge at 25, 37, 55 °C.

Every point shows the average of three independent batch cultures, error bars of acetic acid

and ethanol production at 25 and 37 °C indicate the standard deviation of the triplicates.

H2/CO> was injected at every time point.
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Fig. 3.2 Undissociated acetic acid concentrations and the linear fit at 25°C and 37°C using
H2/CO; as substrate by heat-treated granular sludge (0.104 h*! at 25°C, R?=0.97; 0.145 h! at
37°C, R?=0.98).

3.3.2 Threshold pH and acetic acid concentration for ethanol production

The fast acetic acid accumulation rate caused a quick decrease in pH from initially 6 to 4.5
after 144 h of incubation at 25°C and 37°C (Fig. 3.1d), while the pH at 37°C decreased faster
than at 25°C. After 144 h, the pH at both incubation temperatures (25 and 37°C) decreased
slowly to 4.1 until the end of the incubation. A minimum concentration of acidic pH (~ 4.75)
and undissociated acid (with an average concentration of 15 mM) seemed to be required for
solventogenesis. Increased CO2 and Hz pressure and pH could enhance acid production while
high H» pressure or low pH could enhance ethanol production (Eq. 5 and Eq. 6). Along with
the decrease in pH, acetic acid accumulation leveled off, as also in accordance with the
thermodynamics (Eq. 5). When ethanol started to be produced (> 1 mM), the acetic acid and
pH in each bottle were 15.2 mM and 4.68, 19.5 mM and 4.53, 12.5 mM and 4.86, respectively
(Fig. 3.3). This is a large difference among the respective triplicates, which is illustrated by the
large error bars (standard deviation) (Fig. 3.1). Considering the differences in the triplicates,
Fig. 3.3 plotted the acetic acid concentration and pH as a function of the ethanol concentration
for each triplicate bottle. The difference in acetic acid and ethanol production among the
triplicates at 25°C might be attributed to inhomogeneities among the inocula used. This might
have resulted from the heat treatment, which caused differences in the population size of the
acetogens in the inoculum at each bottle (Fig. 3.11). Indeed, there was a large difference in the
relative abundance of Clostridium sp. in the three bottles (Fig. 3.4), which was 1.5%, 30.3%
and 59.4% (Table 3.2).
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Table 3.2 The average relative abundance (%) at genus level at the end of assay using H2/CO>
as substrate at 25, 37 and 55 °C and H2/CO> + HCOs" as the substrate at 25°C by heat-treated
granular sludge.

H./CO; +
Ha/CO; HCO3 Original granular
R 37°C 55°C o sludge (%)
Taxonomy 25°C (%) (%) (%) 25°C (%)
k__ Bacteria 4.3 0.1 0.7 4.0 0.0
Atopobium 14.0 0.3 1.0 0.5 0.0
Olsenella 6.4 15 4.1 5.1 7.1
o_Marinilabiliales 6.7 0.3 1.6 5.2 9.6
Sunxiuginia 0.7 0.2 0.8 1.6 1.7
Tangfeifania 3.9 1.7 4.9 5.8 15.9
Candidatus Cloaci 01 0.4 10 06 25
monas
Thermomarinilinea 0.4 0.3 1.0 1.2 1.3
o_Clostridiales 5.0 2.4 3.2 8.6 0.4
Caloramator 0.0 4.7 19.8 1.0 0.0
30.4
Clostridium (1.5, 30.3, 56.3 9.3 39.5 0.3
59.4)
Caproiciproducens 1.3 1.4 0.5 1.9 0.0
Moorella 0.0 0.8 6.4 1.1 0.3
Thermoanagrobact 0.0 106 6.0 0.0 0.0
erium
Desulfonatronum 1.6 1.4 3.2 3.0 4.1
Desulfovibrio 1.8 0.1 0.6 2.3 8.4
Geobacter 0.5 0.8 14 0.8 1.4
Syntrophus 8.0 1.7 3.9 3.0 9.1
Desulfovirga 1.8 1.8 0.9 0.9 1.2
Syntrophorhabdus 3.2 2.8 5.1 2.4 10.7
Rectinema 0.3 0.4 0.8 0.5 2.3
Others 9.7 10.0 24.0 11.1 24.0
75 - ;
2 |l . Dol | bep : e
60 ! 4 Bottle 3 ] A Bottle 3
S {0
%45- @ b o ® Le ° ° 0
3 i - o L 4 = A? ®
% 30 “
< ?. I.A - - @ 34
15 - ‘.‘. @ ¢e
- 2 A
o# . r . . . B ‘ , : : :
o] 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Ethanol (mM) Ethanol (mM)

Fig. 3.3 Ethanol production at 25°C using H2/CO- as the substrate by granular sludge as a
function of a) the molar ethanol (x-axis) and acetic acid concentration (y-axis) and b) the
molar ethanol.
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Fig. 3.4 Relative taxonomic abundance of Clostridium sp. with heated treated granular
sludge as inoculum at the end of incubation at a) 25, b) 37 and c) 55 °C using H2/CO; as
substrate and d) raw granular sludge ; e) 25 °C using H2/CO> + HCOs" as the substrate.

Solventogenesis occurs at a pH ranging from 4.5 to 5.5, varying according to the different
strains (Table 3.3). Acetic acid production is thermodynamically more feasible with an increase
in Ho/CO, partial pressure and pH (Eq. 5, Fig. 3.5a), whereas ethanol production is
thermodynamically more favourable at elevated acetic acid concentrations and high hydrogen
partial pressure (higher than 0.1 bar) and low pH at 25 °C (Eq. 5, Fig. 3.5b). Undissociated
acetic acid can cross the cytoplasmic membrane by diffusion, reduce the intracellular pH and
disrupt the transmembrane proton motive force for ATP formation (Herrero et al. 1985). To
avoid inhibition or death of the cells due to the protons released by dissociated acids and
prevent a further pH decrease, the cells start to convert acids to neutrally charged alcohols (Liu
et al. 2014). Gottwald and Gottschalk (1985) reported that the internal pH needed to stay above
5.5 in cultures of Clostridium acetobutylicum for the shift from acid to solvent formation. The
Clostridium sp. present in the sludge (Fig. 3.11) were unable to keep a constant pH inside the
cells when grown in a phosphate-limited synthetic medium.
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Table 3.3 Shift pH from acetic acid to ethanol of Clostridium sp. or anaerobic sludge at

various temperatures using Hz or syngas as the substrate.

Shift

T

Strain Substrate (v/v) bH  (°C) Ethanol (mM) Reference
COICO; (95/5) 474 37 5.65 Guo et al. 2010
Clostridium co 475 30 1957 Abubackaret al.
autoethanogenum H./CO./N
2 2/ IN2
(65/23/9) 5 37 136.96 Mock et al. 2015
CO/ H,/CO,/N; 4.5-
(20/5/15/60) 55 37 152.17 Shen et al. 2017
Clostridium co 475 30 103.26 Ab“b‘;%klazr etal.
carboxidivorans ,
Fernandez-
CO 475 33 120.65 Naveira et al.
2016
Clostridium H»/CO4/N,
ljungdahlii (5331267200 A 37 13 Stoll et al. 2018
CO (100%) 49 33 241.30 Chak“;%olréy etal
Anaerobic sludge CO/ H2/CO4/N; .
(20/20/15/45) 4.7 37 47.83 Singla et al. 2014
H,/CO;, (80/20) 47 25 17.11 This study
a) b)
" 2 4 6 8 0 12 M Do
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Fig. 3.5 Gibbs free energy change of a) acetic acid production as a function of pH at different

CO2/H2 partial pressures and b) ethanol production as function of pH at different H» partial

pressures and 1 M acetic acid.

3.3.3 Methane production at 55°C from H2/CO:2 by granular sludge

At 55°C, acetic acid increased slowly to 4.07 mM after 134 h of incubation after which it

kept stable until the end of the incubation (Fig. 3.1c). Ethanol production was not observed at

55°C. Methane accumulated constantly with a final concentration of 126.05 mM (Fig. 3.1c).
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The pH increased to 6.3 and then kept constant at 6.0-6.5 (Fig. 3.1d). The heat pretreatment of
the inoculum at 90°C for 15 min did not inhibit methanogenesis and thermoanaerobacteria
including Thermoanaerobacteraceae and Theranaerobacterales were enriched at 55°C (Fig.
3.6). Wang et al. (2017) studied acetate production under thermophilic conditions by acetogens,
but required addition of bromoethane sulfonate (BES) to eliminate CH4 production. Besides,
the pH was above 6 (6.0 - 6.5) during the 55°C incubation, which is favorable for methane
production since usually methane production is inhibited only at pH values below 6
(Chakraborty et al., 2019). The lack of acetic acid and ethanol production was due to the
activity of hydrogen utilizing methanogens in the thermopbhilic incubation. The ratio of the
consumed Hz and CO; in the gas phase was kept at 4 after 96 h at 55°C (Fig. 3.7), which is
conform to the theoretical Ho/CO> ratio for CH4 production (Eq. 3). Besides, the low acetic
acid concentration during fermentation supports that methane was not produced from acetate
via Ho/CO> acetogenesis. Indeed, Ho/CO> methanogenesis is about 3 times more exergonic than
H2/CO> acetogenesis (Breznak and Kane 1990). Moreover, the Ho utilization threshold for
methanogens is 10-100 times lower than that of acetogens. For example, the acetogen
Acetobacterium woodii, when in a co-culture with a Hz-utilizing methanogen, using fructose
as the carbon source transfers fermentatively the generated H> to the methanogens, instead of
using it for acetogenesis as it would do in pure culture (Lovley and Klug, 1983). Development
of solventogenic communities at thermophilic conditions might thus require the deactivation
of the methanogens in the inoculum, as also required for dark (Dessi et al., 2017) and syngas
(Wang et al., 2017) fermentation.
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Fig. 3.7 a) Ethanol to acetic acid ratio using H2/CO2 or H2/CO2 + HCOg3" as the substrate at 25
and 37 °C by granular sludge; b) Consumed H: to CO. ratio using H2/CO: as the substrate at
25, 37 and 55°C by granular sludge.

3.3.4 Gas consumption and production rates

The amount of CO and H. taken up at 25°C was first lower than at 37°C till 110 h and
then higher till 336 h (Fig. 3.1 e, f), while Hz taken up at 37°C was higher than 25 °C at the end
of incubation, which might be attributed to the offset of the methane production at 37°C with
a higher H2/CO. consuming ratio than acetic acid and ethanol production (Eqg. 1, 2 and 3).
However, the amount of both CO2 and H taken up is the highest at 55°C (Fig. 3.1 e, f). The
highest CO2 consumption rate reached at 55°C was 0.779 mmol L™ h%, corresponding to the
highest H. consumption rate of 3.153 mmol L h? (Table 3.4). The average CO, and H
consumption rates in the batches producing methane at 55°C are also higher than in the batches
producing acetic acid and ethanol at 25°C and 37°C (Table 3.4).
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Table 3.4 Molar concentration changes of products with H2/CO as the carbon source at the end of the incubation.

Substrate
Conditions H,/CO; H,/CO,+HCO3
25°C 37°C 55°C 25°C 37°C 55°C
Products (mM)

Acetic acid 41.5+18.0 56.4 £9.1 43+10 1182+ 7.7 84.8 £33.7 4510
Ethanol 17.1+134 41+6.8 0 8.6+6.4 05+£0.3 0
Methane 0.2£0.2 13+£23 126.0 0.3 38.4 141.1

CO; -131.12 -134.13 -119.5° -95.92 -93.26°2 -118.92
H> -524.32 -536.4% -478.1°2 -205.1°2 -223.082 -467.4°2
Highest rates (mmol L* h)
H, consumption 1.840 1.909 3.153 2.088 1.155 4.047
CO; consumption 0.593 0.511 0.779 --b --b --b
CH4 0.005 0.020 0.955 0.002 0.289 0.929

Acetic acid 0.545 1.228 0.185 3.624 2.515 0.167

Ethanol 0.201 0.179 0 0.318 0.023 0

Highest ethanol/acetic ratio 0.514 0.346 0 0.088 0.022 0
H> consumption (%) 39.1 41.6 97.8 49.5 52.3 98.6

CO; consumption (%) 72.7 69.6 99.5 --b --b --b

Carbon recovery (%) 115.7 131.2 117.1 --b --b --b
Electron recovery (%) 97.1 110.0 109.1 117 121.3 115.9

Recovery in ethanol (%) 31.6 5.9 0 --P --P --b

Notes:

2 Negative value indicate an overall consumption of component during the experiment

b data not known since carbon is excess

56



Considering both gas consumption (i.e. H2 and CO2) and product formation (i.e. acetic
acid, ethanol and CHa4), the incubations can be divided in three phases: an adaption (0-88 h),
an accumulation (88-240 h) and a stable (240-408 h) phase. The consumption rate of H, and
CO: and the production rate of CHg, acetic acid and ethanol also demonstrate this (Fig. 3.8).
The highest acetic acid and ethanol production rates at 25°C were 0.545 mmol L™t ht and 0.201
mmol L h, respectively (Table 3.4). It should be noted that at 25°C the highest ethanol
production rate was reached later (at 134 h) than the one of acetic acid (at 64 h) (Fig. 3.8a). At
25°C, the acetic acid production rate was lower, while the ethanol production rate was higher
than at 37°C (Fig. 3.8a, b).
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Fig. 3.8 H> and CO- consumption rate, CH4, acetic acid and ethanol production rate at a)

25°C, b) 37°C and c) 55 °C by heat treated granular sludge using H2/CO- as substrate.

3.3.5 Carbon and electron balance

Bioconversion of H2/COz by granular sludge at different temperatures resulted in the
production of different amounts of acetic acid, ethanol and CH4 (Fig. 3.1). Carbon from CO-
was converted to acetic acid and ethanol at 25°C and 37°C, while CH4 was the main product
at 55°C. The total carbon of acetic acid, ethanol and CH4 production is higher than the amount
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of carbon from CO> consumption after 88 h till the end of incubation at 25, 37 and 55°C (Fig.
3.9). The mass balance based on carbon (mmol) was almost closed, while the carbon recovery
was higher: 115.7%, 131.2% and 117.1 at 25°C, 37°C and 55°C, respectively (Table 3.4). The
carbon released from calcium carbonate precipitates, upon a pH decrease, can cause a positive
carbon balance (Liu et al. 2016b). In the control experiment with 100% N, acetic acid was still
detected at the highest concentration of 1.48, 0.39 and 2.9 mM at, respectively, 25°C, 37°C and
55°C. Along with incubation time and temperature increase, the difference between carbon
consumption and production increased (Fig. 3.9). The electron balance was 97.1%, 110.1%
and 109.1% at 25°C, 37°C and 55°C, respectively (Table 3.4), which was almost closed and
unaffected by carbonate. Ethanol recovery reached 31.6% at 25°C, much higher than at 37°C
(5.9%) using H2/CO:- as the substrate.
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Fig. 3.9 Carbon distribution at the end of each batch culture (each time injecting gas means a
batch culture at a) 25°C, b) 37°C and c¢) 55°C. The columns refer to the mmol of carbon
found in the different metabolites at the end of every batch culture and the black dots

Amount of carbon (mmol)

represent their sum. The green dots with dash line represent the mmol carbon of consumed
CO.. Every column or point shown in the graphs is calculated as the average of three
independent batch cultures, error bars indicate the standard deviation of the triplicates.
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3.3.6 HCOs" enhanced acetic acid production and inhibited ethanol production

At 25°C and 37°C, the acetic acid concentration constantly increased during the whole

fermentation process, reaching a maximum average concentration of 118.17 and 81.03 mM,

respectively (Fig. 3.10a and 4b). The highest average ethanol concentration was 7.31 mM at
25°C and 0.50 mM at 37°C. The highest acetic acid production rate was 3.62 at 25°C, compared
to 2.51 at 37°C (Table 3.4). Ethanol production was not observed at 55°C. Acetic acid increased
slowly to 5 mM at the end of the incubation. The gas phase methane accumulated constantly
till a final concentration of 141.10 mM (Fig. 3.10c). The pH of both incubations at 25°C and
37°C decreased to 4.75 after 144 h of incubation and then varied between 4.5 and 5. At 55°C,
the pH increased to 7.0 after 144 h of incubation and subsequently varied between 7.0 and 7.5

until the end of the incubation (Fig. 3.10b).
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incubations with the heat-treated granular sludge at 25, 37, 55 °C in the presence of HCOs".

Every point shown in the graphs is calculated as the average of three independent batch

cultures, error bars indicate the standard deviation of the triplicates.

The ethanol concentration was lower in the presence of HCO3™ than without HCO3™ at both

25°C and 37°C (Fig. 3.10). Bicarbonate is utilized by bacteria as the carbon source, since CO>

59



dissolves from the gas phase to the liquid phase as bicarbonate (Zhu et al. 2017). Similarly, the
carbon dioxide addition induced an increased growth of acetogenic bacteria during syngas
fermentation (Heiskanen et al. 2007). Additionally, the H2:CO ratio of the 4:1 of feeding gas
is stoichiometrically higher than that (3:1) for acetic acid production (Eq. 1). The relative
abundance of Clostridium sp. was 39.5%, similar to the value obtained for the batch without
HCO3 (30.4%) at 25°C (Table 3.2), which shows that the addition of HCO3™ did not change
the bacterial community composition compared to without HCOz3™ at the genus level. However,
in the presence of HCOg', the highest acetic acid concentration at 25 and 37°C was, respectively,
2.9 and 1.5-fold higher than without the addition of HCO3s™ (Fig. 3.10). The enhanced acetic
acid production upon HCO3 addition might thus cause the accumulation of undissociated acid,
thus inhibiting ethanol production (Fig. 3.10a, b). Indeed, the pH of both incubations varied
between 4.5 and 5 at both 25°C and 37°C after 144 h of incubation (Fig. 3.10a, b). The strong
enhancement of the acetic acid concentration by HCO3™ addition provides a new strategy for
enhancing acetic acid production, which can support a high ethanol production yield when

using a two stage fermentation process (Richter et al., 2013).

3.3.7 Microbial community analysis

The analysis of the microbial community composition at the end of the batch incubations at
genus level revealed significant differences between the inoculum and the different
fermentation conditions. The initial granular sludge was dominated by the genera Tangfeifania
(15.9%), Desulfonatronum (8.4%), and Syntrophus (9.1%) and the order Marinilabilialeswhile
(9.6%), whereas other genera like Clostridium amounted to less than 1% of the whole microbial
community (Fig. 3.11). However, at the end of the incubation the microbial composition had
shifted to different dominant genera. Clostridium sp. and Olsenella were the prevalent species
at 25°C at the end of the incubation, with a relative abundance of, respectively, 30.4% and
6.4%. Samples from 37°C incubations exhibited a lower diversity at genus level and
represented a high Clostridium abundance with an average of 56.3% sequence reads and
Thermoanaerobacterium with 10.6%. Caloramator sp. (19.8%) and Thermoanaerobacterium
sp. (6.0%) were the dominant bacteria in the 55°C incubation (Fig. 3.11). The average relative
abundance of Thermoanaerobacterium, including Thermoanaerobacteraceae and
Theranaerobacterales, was 24.5% at 55°C (Fig. 3.4), which may have contributed to the
methane production at 55°C.

60



a)

25°C-3

25°C-2

Triplicate

25°C-1

0.0 0.2 0.4 0.6 08 1.0
Relative abundance

- - I
e - l

Triplicate

55"C-1

0.0 0.2 0.4 08 08 1.0
Relative abundance

25°C-C3
- -
25°C-C1

T

Triplicate

.4 08 10
Relative abundance

Fig. 3.11 Relative taxonomic abundance of the batch cultures at genus level with heated
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substrate.

3.4 Conclusions

A fermentation process that converts CO> to ethanol using H: as electron donor and anaerobic
granular sludge as inoculum was studied at submesophilic (25°C), mesophilic (37°C) and
thermophilic (55°C) temperatures. Heat pre-treatment and fermentation at 25°C efficiently
inhibited methanogens and achieved the highest ethanol production (17.1 mM). Ethanol
production occurred when both the pH decreased to 4.7 and acetic acid accumulated to 15 mM
at 25°C by granular sludge using H2/CO; as the substrate. The addition of HCO3  promoted
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homoacetogenic acetate production both at 25°C and 37°C. Microbial community analysis
showed that the addition of H,/CO> and different fermentation temperatures induced changes
in the microbial community composition, with Clostridium being the functional microorganism
at genus level at both 25 and 37°C. Methane was produced from H»/CO; at 55°C.
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Abstract

CO: fermentation by biocatalysis is a promising route for the sustainable production of
valuable chemicals and fuels, such as acetic acid and ethanol. Considering the important role
of environmental parameters on fermentation processes, granular sludge from an industrial
anaerobic wastewater treatment system was tested as inoculum for ethanol production from
H2/CO- at psychrophilic (18°C), submesophilic (25°C) and mesophilic (30°C) temperatures.
The highest acetic acid and ethanol production was obtained at 25°C with a final concentration
of 29.7 and 8.8 mM, respectively. The presence of bicarbonate enhanced acetic acid production
3.0 ~ 4.1-fold, while inhibiting ethanol production. The addition of 0.3 g/L glucose induced
butyric acid production (3.7 mM), while 5.7 mM ethanol was produced at the end of the
incubation at pH 4 with glucose. The addition of 10 uM W enhanced ethanol production up to
3.8 and 7.0-fold compared to, respectively, 2 uM W addition and the control. The addition of
2 uM Mo enhanced ethanol production up to 8.1-fold and 5.4-fold compared to, respectively,
10 uM Mo and the control. This study showed that ethanol production from H2/CO- conversion
using granular sludge as the inoculum can be optimized by selecting the operational
temperature and by trace metal addition.

4.1 Introduction

The increasing demand for fuel energy and its gradual depletion renders the development
of renewable energy necessary and emergent (Devarapalli and Atiyeh 2015). An innovative
solution is to use Cy gases (i.e., one carbon atom gases) as the substrate to produce valuable
chemicals, e.g. volatile fatty acids (VFAs) as well as ethanol and butanol by microbes
(Fernandez-Naveira et al. 2017a, Sadhukhan et al. 2016). These C1 compounds include carbon
monoxide (CO), carbon dioxide (COz), methane (CHs) and synthesis gas (CO/COz and H>
mixtures) produced from biomass and domestic/agricultural wastes. Besides, H> becomes
available from the conversion of excess power produced by renewable energy sources, such as
wind and solar power, which face challenges of balancing power production and demand. The
generation of valuable chemicals and fuels from H2/CO. and syngas (mainly containing CO,
H> and CO,) fermentation is economic and has sustainable advantages (Burk et al. 2014)
compared to traditional corn (Mohammadi et al. 2011; Eisentraut 2010) or cellulosic material
(Naik et al. 2010) fermentation. Moreover, ethanol has a higher energy density and easier
storage and transportability than Ha (Pereira 2013; Sarkar et al., 2017). Homoacetogenesis and
solventogenesis from H/CO> occur according to reactions 1 and 2:

2C0,(9) + 4H,(g) » CH3CO0H (1) + 2H,0(1) AG? = —75.4K]/moL (1)
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2C0,(g) + 6H,(g) » CHsCH,0H(D) + 3H,0(1)  AG? = —96.5k]/moL (2)

with AG? is the standard reaction Gibbs energy, T = 298.15K and P = 100kPa

Granular sludge from Upflow Anaerobic Sludge Bed (UASB) wastewater treatment plants
can be used as inoculum for VFAs (Dogan et al. 2005) and ethanol (Steinbusch et al. 2008)
production. UASB sludge consists of mixed microbial communities and its full-scale
applications have less contamination problems compared to pure cultures. Temperature is an
important factor influencing fermentation, for example, mesophilic conditions are optimum for
homoacetogen Clostridium sp. in syngas fermentation (Shen et al., 2017; Singla et al., 2014).
Limited studies focus on psychrophilic or submesophilic conditions for alcohol production
from C; gas or syngas by mixed cultures (Liu et al., 2018). Instead, substantial studies focused
on mesophilic conditions despite submesophilic conditions are with merits of low energy
consumption for high temperature control (Ramié-Pujol et al., 2015). Also the pH can
significantly affect both biomass growth and the product formation rate. As the external pH
begins to drop due to acid accumulation, an organism may begin to produce alcohols to prevent
a further drop in pH (Padan et al. 1981; Cotter et al. 2009). Glucose addition to the medium
can enhance alcohol production via overexpressing the ferredoxin-dependent aldehyde
oxidoreductase (AOR) gene in Clostridium carboxidivorans (Cheng et al., 2019). AOR is
involved in conversion of carboxylic acids into their corresponding alcohols without ATP
consumption in acetogens such as C. ljungdahlii and C. autoethanogenum (Cheng et al., 2019;
Liu et al. 2012). Besides, glucose offers extra carbon source and releases CO> during the
glycolysis pathway, which can be re-assimilated via the Wood Ljungdahl pathway (WLP) with
H> as electron donor and thus enhance the carbon conversion efficiency.

Acetic acid and ethanol are produced from CO: by acetogens via the Wood-Ljungdahl
pathway (WLP) catalyzed by different enzymes (Fast and Papoutsakis 2012). Formate
dehydrogenase (FDH) is one of the key enzymes in the WLP, converting CO: into acetyl-CoA
and leading to the production of acetate. Acetate yields acetaldehyde catalyzed by ferredoxin
aldehydeoxydoreductase (AOR). Then, ethanol is produced through the reduction of
acetaldehyde by alcohol dehydrogenase (ADH) catalyzing the reduction of acetyl CoA to
ethanol (Jiann-Shin 2010; Andreesen and Makdessi 2008). Several studies compared the effect
of trace metal addition on ethanol production from syngas in pure cultures of Clostridium
ragsdalei (Saxena and Ralph, 2011). The presence of W enhances ethanol production
compared to the absence of W from carbon monoxide by anaerobic granular sludge
(Chakraborty et al., 2020). Molybdate (Mo) is an analog of tungsten (W) and binds in the active
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sites of some enzymes, such as AOR and ADH (Fernandez-Naveira et al., 2017b). Other trace
metals like zinc (Zn) and nickel (Ni) can stimulate alcohol production by enhancing the FDH
and ADH synthesis and activity (Yamamoto et al. 1983).

Based on our previous study on the optimization of ethanol production from H2/CO, the
highest ethanol production was reached at 25°C compared to 37 and 55 °C by anaerobic
granular sludge (He et al., 2020). This study further investigated homoacetogenesis and
solventogenesis under submesophilic conditions, i.e., 18, 25 and 30 °C using CO; as carbon
source and H> as sole electron donor by the same anaerobic granular sludge as used by He et
al. (2020). Besides, the effects of pH, carbon source (HCO3™ and glucose supplementation) and
trace metals on ethanol production were also investigated.

4.2 Materials and methods

4.2.1 Biomass

The anaerobic granular sludge was obtained from a 200 m® UASB reactor producing
methane from dairy industry effluent at 20°C and a hydraulic retention time (HRT) of 9-12 h.
The total solid (TS) and volatile solid (VS) content was 42.7 (+ 1.0) g/L and 24.8 (x 0.5) g/L,
respectively. The granular sludge was first centrifuged at 8000 g for 10 min to remove the
supernatant and the pellet was heat- treated at 90 °C for 15 min to select for spore forming
acetogens as described by Dessi et al. (2017).

4.2.2 Medium composition

Medium was prepared according to Stams et al. (1993) and modified as follows: 408 mg/L
KH2PO4, 534 mg/L NaHPO4-2H,O, 300 mg/L NH4CIl, 300 mg/L NaCl, 100 mg/L
MgCl2:6H20, 110 mg/L CaCl2-2H20; 1 mL trace metal and 1 mL vitamin stock solution
(Stams et al., 1993). 1 L medium (except for CaCl2-2H,O and vitamins) was prepared and
brought to boiling in order to remove O, cooled down to room temperature under an oxygen-
free N2 flow, then CaCl,-2H>0 and the vitamins were added as well as Na»S (0.24 g/L) as
reducing agent.

4.2.3 Experimental set-up

Batch tests were conducted in 125 mL serum bottles with 50 mL medium (gas: liquid ratio
of 3:2) and granular sludge with an initial VS concentration of 1.0 g/L. The bottles were sealed
with rubber inlets and capped with aluminum crimp caps. A H2/CO> (v/v, 80/20) gas mixture
was injected by a gas exchanger system (GW-6400-3111, Germany) to an initial pressure of
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1.8 (= 0.15) bar (PH2=1.44 bar, Pco2= 0.36 bar), in which 124.4 mL of the gas mixture was
compressed in the 75 mL headspace. Blank experiments were set up with a Ho/CO2 (v/v, 80/20)
headspace without the granular sludge as well as a N> (100%) headspace with the granular
sludge (initial VS concentration 1.0 g/L). At the start of the experiments, the gas pressure was
measured every 24 h. Ho/CO was injected when the gas pressure was detected below 1 bar.

All experiments were performed in triplicates.

4.2.4 Experimental design

In order to enhance the C/H ratio of the substrate and thus enhance the electron donor
utilization efficiency considering the substrate C/H ratio is 1/4 lower than the theoretical
utilization ratio (Eqg. 1), 2.1 g/L NaHCO3 (1.25 mmol carbon) was added in 50 ml medium to
increase the CO2/H ratio to theoretically obtain a H2/CO; ratio of 64/36 (v/v). 1 mL 1M HCI
was also added to balance the pH increase by NaHCO3 (He et al., 2020).

The first batch test was set up at different temperatures (18, 25 and 30°C) using H2/CO>
or H2/CO; with HCOgz". The second batch test was performed at 25°C at different pH 7, 6 and
5 and 0.3 g/L glucose with initial pH of 6. 0.3g/L glucose + H2/CO2, H2/CO2 with no glucose
and 0.3 g/L glucose with no H2/CO. were supplied again when they were totally consumed.
The third batch test was set up with different trace metal concentrations, namely 2 uM W (20x),
2 uM Mo (20x%), 10 uM W (100x), 10 uM Mo (100x), 10 uM Ni (100x) and 50 uM Zn (100x)
compared with 0.1 uyM W, 0.1 uM Mo, 0.1 uM Ni and 0.5 uM Zn in the control. Incubations
with medium with no trace metals were set up as control experiments.

Headspace (1 mL) and liquid (1 mL) samples were withdrawn from each vial every 24 h
to analyze the gas and liquid phase. Liquid samples were centrifuged at 8000xg for 5 min and
the supernatant was filtered with a syringe using a 0.22 um PTFE-filter prior to analyzing
ethanol and acetic acid concentrations.

4.2.5 Analytical methods

4.2.5.1 Gas-phase analysis

H», CO2 and CH4 concentrations were measured using a HP 6890 gas chromatograph (GC,
Agilent Technologies, USA) equipped with a thermal conductivity detector (TCD). The GC
was fitted with a 15-m HP-PLOT Molecular Sieve 5A column (ID 0.53 mm, film thickness 50
um). The oven temperature was kept constant at 60 °C. The temperature of the injection port
and the detector were maintained constant at 250 °C. Helium was used as the carrier gas.
Standard gas mixtures of CHs, Hz2 and CO2 were measured every time along with the sample
measurements.
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4.2.5.2 VFAs and alcohols analysis

VFA and alcohol concentrations were analyzed for each bottle from the liquid samples (1
mL) using high performance liquid chromatography (Agilent Co., USA) equipped with a
refractive index detector (RID) and an Agilent Hi-Plex H column (Internal diameter x length,
7.7 x300 mm, size 8 pum). A H2SO4 solution (5 mM) was used as mobile phase at a flow rate
of 0.7 ml/min and with a sample injection volume of 50 pl. The column temperature was set at
60°C and the RID detector at 55 °C. Total solid (TS) and volatile solid (VS) were measured
according to standard methods (EPA, 2001). Calibration curves from 0.5 to 100 mM acetic
acid, ethanol and butyric acid were made. The carbon (C) and electron (e”) recoveries were
calculated according to our previous study (He et al., 2020).

4.3 Results

4.3.1 Effect of initial pH on H2/CO:2 bioconversion at 25°C

The highest ethanol production was 2.5, 3.6 and 1.7 mM at initial pH of 7, 6 and 5,
respectively (Table 4.1). The highest ethanol concentration was reached at an initial pH of 6,
while the highest acetic acid concentration at pH 7 (Fig. 4.1A, B, Table 4.1). A neutral initial
pH enhanced the acetic acid production, but this may not be the best condition for ethanol
production (Fig. 4.1A). The pH decreased along with time: after 168 h of fermentation all pH
values had decreased below 5 (Fig. 4.1D). Ethanol production was detected at 120 h for the
batches with initial pH of 7 and 6, while for pH 5, ethanol was observed at 360 h (Fig. 4.1). It
was noted that at initial pH 5, the acetic acid concentration reached 7.4 mM at 120 h, similar
for the batch experiment at pH 6 with an acetic acid concentration of 9.0 mM, but ethanol
production was not observed (Fig. 4.1B, C). The C and e- recovery were, respectively, 123.6%
and 123.1% at pH 5, 151.8% and 137.1% at pH 6, 112.6% and 116.0% at pH 7 (Table 4.1). A
small amount of acetic acid (data not shown) production was detected in the control bottles
without Ho/CO- (with 100% N2) (Table 4.1).

4.3.2 Effect of temperature on H2/CO2 fermentation by granular sludge

Acetic acid was the main fermentation product with the highest acetic acid concentration
of 6.5 (£ 2.6), 29.7 (x 3.3) and 27.0 (x 2.4) mM at 18°C, 25°C and 30°C, respectively (Table
4.2). The pH decreased along with the acetic acid accumulation from initially pH 6 t0 5.0, 4.4
and 4.4 at 18°C, 25°C and 30°C (Fig. 4.2B), respectively. The highest ethanol concentration of
8.8 mM was obtained at 25°C with the highest average production rate of 0.03 mmol L h'
(Table 4.2). Ethanol started to be produced when acetic acid was more than 16.3 mM and 21.6
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mM and the pH was lower than 4.9 at 25°C and 4.7 at 30°C, respectively (Fig. 4.2A).The
highest ethanol production rate was 0.11 mmoL-L-h after 140 h of incubation at 30°C, while
the highest acetic acid production rate was 0.32 mmoL-L™*-ht after 120 h of incubation at
25°C (Fig. 4.3, Table 4.2).
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Fig. 4.1 Acetic acid and ethanol production from H2/CO- by heat-treated granular sludge at
25°C at (A) pH 7, (B) pH 6, (C) pH 5 and (D) change of pH over time.

The mesophilic (30°C) or psychrophilic (18°C) temperatures with an initial incubation pH
of 6.0 negatively affected the ethanol production. The highest C and e recovery obtained at
25°C were 120.4 (£ 36.9) % and 82.3 (£ 31.0) %, respectively (Table 4.2). The acetic acid
concentration after 72 h of incubation varied at 0.8, 2.7 and 11.2 mM in thel8, 25 and 30°C
incubations, respectively (Fig. 4.2A), which demonstrated that higher temperatures reduced the
lag phase of the acetic acid production. The average acetic acid and ethanol production rate
were much lower at 18°C than at 25°C or 30°C (Table 4.2). At 30°C, the C and e recovery
were 88.5 (+ 20.0) % and 75.5 (x 20.0) %, respectively, which were both lower than at 25°C.
The lowest C and e”recovery of 25.5 (+ 10.2) % and 20.5 (+ 8.2) %, respectively, were observed
at 18°C (Table 4.2).
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Fig. 4.2 Acetic acid and ethanol yield and pH change using (A) and (B) H2/CO3; (C) and (D)
H2/CO2 + HCOz3 by heat-treated granular sludge at 18, 25, 30 °C. Every point shown in the
graphs is calculated as the average of three independent batch cultures, error bars indicate the
standard deviation of the triplicates.

Upon the addition of HCOs', the acetic acid production was highly enhanced at 25°C and
30°C, while the ethanol production was below 4 mM (Fig. 4.2C). Up to 122.7 (+ 5.8) mM
acetic acid was obtained, which was 4.1-fold more than the highest acetic acid concentration
(29.7 £ 3.3 mM) without HCO3™ addition at 25°C (Table 4.2). Similarly, the highest acetic acid
concentration with HCOs™ was 3.0-fold higher than without HCOz™ at 30°C (Table 4.2). The
highest acetic acid production rate amounted to 0.97, 0.79 and 1.58 mmoL-L*-h*! at 18°C,
25°C and 30°C, respectively, which are all higher than in the absence of HCO3™ (Fig. 4.3B,
Table 4.2). The pH increased initially from 6 to 6.2 at 120 h at 18, 25 and 30°C. At the end of
the incubation, the pH varied between 6.2 to 6.5 at 18°C, decreased to 5.6 at 25°C and 5.3 at
30°C (Fig. 4.2D). Overall, the pH kept stable between 5.2 to 6, although the acetic acid
concentration was much higher than in the absence of HCO3™ (Fig. 4.2D).
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Fig. 4.3 Gas pressure using (A) H2/CO», (B) H2/CO. with HCOs by heat-treated granular
sludge at 18, 25, 30 °C. Every point shown in the graphs is calculated as the average of three
independent batch cultures, error bars indicate the standard deviation of the triplicates.

4.3.3 Effect of glucose on H2/COz2 bioconversion at 25°C

The fermentation process using solely H2/CO: could be separated in four stages (Fig. 4.4):
stage | (0-120 h) is the acetic acid accumulation phase, stage 11 (120-192 h) and 11l (192-264
h) represent, respectively, the quick acetic acid production and butyric acid accumulation,
whereas ethanol was produced in stage IV (264-552 h). In stage |, when using glucose +
H2/CO:; as the substrate, acetic acid was not detected after 48 h of incubation, then 16.5 mM
acetic acid and 0.45 mM butyric acid were observed at 120 h. Thereafter, acetic acid production
rate reached its maximum (0.32 mmoL-L*-h™) at 168 h in stage 11 (Fig. 4.4A). The acetic acid
concentration kept relatively stable during stage I, during which the butyric acid
concentration started to increase (from 0.5 to 3.3 mM) (Fig. 4.4A). Ethanol started to increase
during stage IV and reached 5.7 (x 2.4) mM when the pH decreased below 4 (Fig. 4.4A, D).

When using glucose as the sole substrate, the acetic acid concentration reached 7.9 mM at
48 h. The highest acetic acid concentration reached 14.8 mM after 360 h of incubation. The
highest butyric acid (3.3 mM) and ethanol (0.6 mM) concentrations were obtained at 360 h
(Fig. 4.1C, Table 4.1). The distinct change when adding glucose was the quick decrease in pH
from initially 6 to 4.8 after 48 h of incubation (Fig. 4.4D). During stage Il and Ill, the pH
decreased quickly to below 4 for the batches with both glucose and H2/CO> and to 4.5 for the
glucose only batches (Fig. 4.4D). Compared to the Ho/CO> solely incubation (Fig. 4.4B), the
addition of glucose enhanced the butyric acid production. The C and e recovery were,
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respectively, 89.1% and 99.6% in the batches with glucose, compared to 89.0% and 80.4% for
glucose + Ho/CO> (Table 4.1).
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Fig. 4.4 Acetic acid, ethanol and butyric acid production by heated-treated granular sludge at

25°C using (A) glucose+H,/COz, (B) H2/CO2and (C) glucose as the substrate and (D) change

of pH. The dashed vertical lines represent the different phases in the fermentation process; I:
0-120 h, 11: 120-192 h, 111: 192-264 h, 1V: 264-552 h.
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Table 4.1 Effect of pH, carbon supplements and trace metals on the maximum acetic acid and ethanol concentrations and H; and CO,

consumption from H,/CO; by heat-treated anaerobic granular sludge (at the end of incubation).

Products (mM)

Conditions Butyric e c0: C recovery ¢ recovery
Acetic acid scid Ethanol CO> H, CHs consumpt consumpt %) (%)
ion (%) ion (%)
pH 7 653+7.9 0.6+0.2 2.6+3.1 -46.9*  -96.7° 0 355 69.0 123.6 123.1
pH6 599+6.3 0.7+0.2 85+3.1 -38.0*  -86.1? 0 31.5 55.7 151.8 137.1
pHS 58.1+29.6 0.4+0.3 1.7+2.7 -40.3*  -81.72 0 29.4 58.0 112.6 116.0
Glucose 14.8+0.3 3.3+0.2 0.6+0.5 --b --b 0 --b --b 89.1 99.6
Glucose+H»/CO, 449 +11.5 3.7+0.5 57+24 -39.3*  -1049* 0 37.5 56.2 89.0 80.4
Control 384+15.8 0 7.6+43 -42.7*  -80.82 0 26.8 56.5 141.2£262 176.5+20.2
2 uM W 333+13.8 0 39+2.6 -36.9*  -81.5? 0 26.6 48.2 130.0£18.7 145.6+£52.8
10 ypM W 53.0+4.4 0 14.8+10.2 -48.5*  -107.1* 0 34.9 63.3 153.0£20.0 172.7+£22.8
2 uM Mo 40.2+16.0 0 11.3+2.1 -47.2*  -91.7° 0 31.5 64.6 141.9+£251 178.4+328
10 uM Mo 66.9£11.0 0 1.4+1.1 -51.0*  -95.5? 0 31.2 66.7 1749158 204.1+£9.8
10 uM Ni 42.7+6.9 0 3.7+£22 -40.3*  -70.9? 0 23.2 52.8 150.5+13.5 197.1£20.9
50 uM Zn 28.5+7.7 0 33+£23 -34.0*  -47.9? 0 16.6 47.4 122.6 +£12.0 203.5+30.0

a Negative values indicate an overall consumption of component during the experiment

b data not known since carbon is excess
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Table 4.2 Effect of HCOz™ on the maximum acetic acid and ethanol concentration from H>/CO- by heat-treated anaerobic granular sludge at

initial pH 6
Substrate
System conditions H»/CO, H,/CO,+HCO5
18°C 25°C 30°C 18°C 25°C 30°C
Products (mM)
Acetic acid 6.5£2.6 29.7+£3.3 27.0+2.4 24.3+31.2 122.7+5.8 81.3+23.3
Ethanol 0.1 8.749.2 3.6+£3.7 0.1 6.3+7.8 4.3+£7.0
CO, 29.3 35.8 38.5 -- -- --
H, 73.3 115.6 95.0 -- -- --
Undissociated acid -- 22+0.1 19+3.2 -- 36+7.5 16+12.5
H> consumption (%) 26.4 41.7 34.0 -- -- --
CO; consumption (%) 423 51.6 55.3 -- -- --
C recovery (%) * 25.5+10.2 120.4+36.9 88.5+20.0 -- -- --
¢ recovery (%) ° 20.5+£8.2 82.3+£31.0 75.5£20.0 -- -- --
Highest rate (mmoL-L"!'-h™)
H: consumption 0.455 1.160 0.492 -- -- --
CO; consumption 0.188 0.411 0.229 -- -- --
CH4 0 0 0 0 0 0
Acetic acid 0.145 0.32 0.289 0.97 0.79 1.58
Ethanol 0.00 0.11 0.05 0.00 0.09 0.10

@ carbon recovery; ° electron recovery
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4.3.4 Effect of trace metals (W, Mo, Zn, Ni) on H2/CO2 fermentation at 25°C

Upon the addition of 2 and 10 pM W, acetic acid production constantly increased to the
highest concentration of 33.3 (+ 13.8) and 53.0 (£ 4.4) mM, respectively (Fig. 4.5A). Ethanol
kept increasing after 120 h with the addition of 10 uM W and reached 14.8 (= 10.2) mM (Fig.
4.5A). The addition of 10 pM W also reached the highest mole ratio of ethanol to acetic acid
of 0.48 at 263 h and 0.28 at the end of the incubation (Fig. 4.6). With the addition of 2 uM W,
ethanol increased to 3.2 mM then kept relatively stable till 3.9 (+ 2.6) mM at the end of the
incubation (Fig. 4.5A). The addition of 2 uM W reached the highest mole ratio of ethanol to
acetic acid of 0.26 at 131 h and 0.12 at the end of the incubation (Fig. 4.6). The addition of 10
uM W enhanced ethanol production up to 3.8 and 7.0 fold than with, respectively, 2 uM W and
the control. Upon the addition of 2 and 10 uM W, H> consumption was, respectively, 81.5 (£
32.5) and 107.1 (= 50.5) mM (Fig. 4.7A), which are both higher than in the absence of trace
metals (80.8 £ 14.0 mM, Fig. 4.7A). The addition of 10 puM W to the medium enhanced the
ethanol production with the highest ethanol to acetic acid ratio of 0.48.

Upon addition of 2 and 10 uM Mo, the acetic acid concentration constantly increased to
the highest value of 40.2 (+ 16.0) and 66.9 (x 11.4) mM, respectively (Fig. 4.5B). Ethanol kept
increasing with the addition of 2 uM Mo and reached 11.3 (+ 2.1) mM at the end of the
incubation (Fig. 4.5B). However, ethanol was not significantly produced, with the maximum
concentration of 1.4 (£ 1.1) mM with 10 uM Mo. The addition of 2 uM Mo enhanced ethanol
production up to 8.1 and 5.4-fold, respectively, compared to 10 uM Mo and the control. The
acetic acid production with the addition of 2 and 10 uM Mo was, respectively, 6.7 mM and 5.6
mM at 120 h, which was lower than the 11.7 mM produced by the control (Fig. 4.5B). The
acetic acid concentration increased quickly to a higher acetic acid concentration with 10 pM
Mo compared to with 2 uM Mo and the control after 120 h. The pH decreased along with the
accumulation of acetic acid (Fig. 4.5E). The addition of 2 pM Mo reached the highest ethanol
to acetic acid ratio of 0.28, while the ratio was 0.02 for 10 uM Mo addition at the end of the
incubation (Fig. 4.6).

With the addition of 10 uM Ni, the highest acetic acid and ethanol concentration amounted
to, respectively, 42.7 (= 6.9) mM and 3.7 (x 2.2) mM (Fig. 4.5C). The highest acetic acid and
ethanol concentration with the addition of 50 pM Zn were 28.5 (£ 7.7) mM and 3.3 (+ 2.3) mM,
respectively. Either 10 uM Ni or 50 uM Zn did not significantly enhance the ethanol production.
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The presence of 50 uM Zn inhibited the acetic acid production compared to the control (Fig

4.5C).
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Fig. 4.5 Acetic acid and ethanol production by heat-treated granular sludge using H2/CO> as
the substrate at 25°C with the addition of (A) 2 uM, 10 uM W, (B) 2 uM, 10 uM Mo, (C) 10
UM Ni, 50 uM Zn, (D) No trace metals and (E) and (F) change of pH.

Surprisingly, the ethanol concentration in the incubation without trace metal
supplementation is higher than with the control (Fig. 4.5D). The highest acetic acid and ethanol
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concentration reached 46.7 (£ 8.3) and 2.1 (x 1.9) mM, respectively, in the control. With no
trace metals addition, ethanol started to be produced after 131 h and quickly increased to 6.7
mM, and then slightly increased to 7.6 mM at the end of the incubation. Ethanol production
started at 131 h with a concentration of 1.7 mM, and then kept stable till the end of the
incubation (2.1 mM) in the control (Fig. 4.5D).

Overall, the acetic acid production was enhanced by the addition of 10 uM Mo, followed
by 10 uM W and 2 uM Mo, whereas the presence of 50 uM Zn, 2 uM W, 10 uM Ni or the
absence of trace metals inhibited acetic acid production compared to the control (Fig. 4.5). The
ethanol production was the highest in the presence of 10 uM W, followed by 2 uM Mo, while
the absence of trace metals reached a higher ethanol production than the 10 pM Ni, 10 uM Mo,
2 uM W, 50 uM Zn and control incubation (Fig. 4.5).

The decrease in pH corresponded to the accumulation of acetic acid. In the presence of 10
UM Mo, the pH reached the lowest value at the end of the incubation and the acetic acid
concentration reached the highest compared to 2 pM and the control (Fig. 4.5e). Ethanol
production started after 120 h; the pH varied from 4.75 to 5.5 (Fig. 4.5E). In the presence of 2
uM Mo and 10 uM W, ethanol production was enhanced even though the pH dropped to 4.2
(Fig. 4.5E). The cumulative H> uptake in all media was between 211.7 and 245.3 mM. The
cumulative CO» uptake with different trace metal concentrations was between 61.4 and 68.7
mM (Fig. 4.7).
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Fig. 4.6 The mole ratio of ethanol to acetic acid by heat-treated granular sludge using H2/CO>
as the substrate at 25°C with the standard medium, control and addition of 2 uM, 10 uM W, 2
uM, 10 uM Mo, 10 uM Ni and 50 uM Zn
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H2/CO:> as the substrate at 25°C with initial pH 6.

4.4 Discussion

4.4.1 Effect of temperature and pH on solventogenesis

This study showed that the highest ethanol concentration was produced at an initial pH of

6 at 25°C in the H2/CO2 incubations. An initial pH of 6 favored the ethanol production
compared to pH 7 and 5 from H2/CO; by granular sludge (Fig. 4.1). Ethanol production via
solventogenesis is linked to the accumulation of undissociated acetic acid and pH (Richter et

al. 2016). Solventogenesis occurs when the pH decreases to 4.5 to 5 and the undissociated

acetic acid is able to cross the cytoplasmic membrane by diffusion: alcohol formation then

avoids cell damage or death by the protons that would be released by dissociated acetic and
butyric acids (Baronofsky et al., 1985; Jones and Woods 1986; Richter et al. 2016). It should
be noted that a low pH can stimulate ethanol production, however, incubations conducted with

initial pH 5 did not reach higher ethanol concentrations than the incubation with initial pH 6.
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Table 4.3 Hz, CO2 and CH4 concentration at initial pH 5, 6 and 7 by heated-treated granular
sludge using Ho/CO: as the substrate at 18, 25 and 30°C.

Temperatur ~ Time/ Hz mmol H> Stdev CO; mmol CO; Stde
e h average mM average mM v

96 2.92 41.75 0.00 0.69 9.88 0.00

2590 140 2.27 32.38 0.00 0.60 8.55 0.00
170 2.52 35.94 14.98 0.37 5.35 4.20

240 3.60 51.45 4.95 0.68 9.74 1.73

96 1.98 28.30 0.00 0.09 1.36 0.00

30°C 140 3.35 47.79 0.00 0.50 7.10 0.00
170 391 55.81 1.14 0.80 11.38 0.26

240 3.64 52.01 7.72 0.79 11.32 1.94

96 3.12 44.54 0.00 0.45 6.48 0.00

18°C 140 3.66 52.28 0.00 0.69 9.85 0.00
170 4.00 57.09 2.77 0.84 12.05 1.03

240 3.50 49.94 2.10 0.81 11.61 0.75

This could be because pH 6 facilitated cell growth and reached higher acetic acid
concentrations than at pH 5 (Fig. 4.1). Considering the acetic acid concentration of pH 5 and 6
were lower than the pH value that induces an ‘acid crash’ (Mohammadi et al., 2011), the higher
acetic acid concentration at pH 6 may obtain a higher ethanol production than at pH 5. Besides,
fermentation at an initial pH 5 may have provided an unfavorable environment for cell growth,
since the growth pH for the known autotrophic Clostridium sp. ranges from pH 5 to 7
(Fernandez-Naveira et al., 2017a). Kundiyana et al. (2011) studied the ethanol production by
C. ragsdalei from 10 g corn steep liquor purged daily with syngas (5% Hz, 15% CO2, 20% CO)
with initial incubation at pH 7, 6 and 5 at 32, 37 and 42°C. Without a buffer, their experiment
at initial pH 5 produced less ethanol than at pH 7 and 6 at 32°C (Kundiyana et al., 2011).
With an initial pH of 6, submesophilic temperatures (25°C) enhanced ethanol production
from H2/CO2 by granular sludge in this study (Fig. 4.2). The growth temperature of most
acetogens ranges from 20 to 42°C, with the optimum at 37°C (Naik et al. 2010; Munasinghe
and Khanal 2010). Fermentation at 25°C, which is below the optimum temperature, might
slow down microbial metabolism and hence avoid the ‘acid crash’ phenomenon.
Solventogenesis is negatively affected or even terminated by a sharp increase of undissociated
acids, a so called ‘acid crash’ (Ramio-Pujol et al. 2015). Such an acid crash can be mitigated
by slowing down the microbial metabolism, e.g., by lowing the temperature, thus reducing the
acid accumulation rates. Similarly, 10 g corn steep liquor and syngas (5% Ha, 15% CO3, 20%
CO) were fermented by C. ragsdalei at 32°C, 37°C and 42°C and 1.89 g/L of ethanol was
obtained at 32°C, which is 2.7 fold higher than at 37°C (0.69 g/L) with an initial incubation pH
of 6.0 (Kundiyana et al., 2011). The temperature of 18°C is lower than the reported growth

temperatures for most of acetogens (Mohammadi et al., 2011), which likely caused the lower
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acetic acid production than at 25 and 37°C. Our previous tests demonstrated the Clostridium
genus was successfully enriched under mesophilic and submesophilic conditions using the
same inoculum (He et al., 2020). Chakraborty et al. (2020) demonstrated enhanced ethanol
production from C; gas by granular sludge and Clostridium autoethanogenum was successfully
enriched at 33°C. Similarly, Samanides et al. (2020) reported an increased relative abundance
of Clostridium of 65.9% in anaerobic granular sludge for acetic acid production, when first
exposed to heat (95°C for 30 min) and incubated with 100% CO- and 100 g/L zero valent iron
at 33°C.

The higher C recovery in acetic acid and ethanol production from CO; (Table 4.1) can be
attributed to the fact that granular sludge used as inoculum contains a certain amount of calcium
carbonate precipitates. Calcium carbonate can precipitate both in the core and on the surface
of granular sludge and the surface part of the calcium carbonate precipitates contributes to the
aggregation of the granules (Yang et al., 2010). UASB sludge can reach a calcium carbonate
content of up to 90% of the ash content in anaerobic wastewater treatment systems (Van
Langerak et al. 1998). The high C recovery is in accordance with our previous results using the
same UASB sludge (He et al., 2020). The carbon released from the calcium carbonate
precipitates results in a positive carbon balance.

Methane was not observed during the whole incubation (Table 4.3), which was attributed to
the heat-pretreatment and initial pH of 6. Similarly, Modestra et al. (2020) reported that both
heat and acid treatment of granular sludge inhibited methane production and enriched for

homoacetogenic bacteria when using gaseous substrate Ho/COx.

4.4.2 Effect of organic and inorganic carbon source on solventogenesis

Upon HCOs3™ addition to increase the C/H ratio, acetic acid production by granular sludge
from H2/CO2 was enhanced at 18°C, 25°C and 30°C, but not ethanol production. The failure
of enhanced ethanol production could be due to the higher pH caused by the HCO3™ buffering
capacity. Ethanol production is triggered at low pH, for instance, 4.5-5 (Ganigué et al., 2016).
However, the additional HCOs™ acts as a buffer and prevents the pH decreasing sharply. The
high acetic acid and lower ethanol production might thus be attributed to the higher pH: 5.2
and 6 for, respectively, without and with HCOgz™ addition than without HCO3" addition (Fig.
4.2D). On the other hand, HCOz3 offered extract carbon and increased the acetic acid
production. Maddox et al. (2000) reported undissociated acid formation above 57-60 mM
induced an ‘acid crash’. However, the highest undissociated acetic acid concentrations obtained

in this study were 36 and 16 mM at 25 and 30°C, respectively (Table 4.2), thus lower than the
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reported value at which an acid crash occurs. Upon the addition of HCO3", the Clostridium
genus had a similar relative abundance compared to without HCOs" addition at 25°C from the
same inoculum (He et al., 2020).

Glucose enhances the growth of C. autoethanogenum and C. carboxidivorans (Fernandez-
Naveira 2017a; Cheng et al., 2019). Addition of 0.3 g/L glucose in H2/CO- gaseous substrate
mainly increased the acetic and butyric acid concentration, while the ethanol concentration was
a bit decreased (Table 4.1). The inhibited ethanol production can be attributed to the different
conversion pathway of the organic substrate glucose (such as glycolysis) and the inorganic
substrate Ho/CO». Marcellin et al. (2016) investigated the energy metabolism of a model
acetogen C. autoethanogenum showing that during heterotrophic growth, cells relied mainly
on the Embden—Meyerhof-Parnas (EMP) glycolysis pathway, whereas under autotrophic
conditions exclusively the WLP pathway is used. The energy yield (ATP and redox state) is,
however, unaffected between heterotrophic and autotrophic growth. Fernandez et al. (2017)
investigated the glucose (30 g/L) bioconversion profile at constant pH 6.2 and 5.2 by
Clostridium carboxidivorans. Acetic acid was formed as the first metabolite and butyric acid
appeared a few hours later and kept increasing, while ethanol was produced during the
acidification stage at pH 6.2. Fernandez et al. (2017) also found that the glucose consumption
stopped after 72 h at pH 5.2. In this study, when the pH dropped to below 4 during stage IV
(Fig. 4.4D), increasing concentrations of acetic acid, butyric acid and ethanol were observed
(Fig. 4.4A). It should be noted that a small amount of ethanol was produced at a pH value as
low as 4 by the granular sludge used in this study (Fig. 4.4A), which is seldom reported before.
This might be due to the presence of both heterotrophic and autotrophic acetogens that convert
glucose and produce ethanol in the enriched sludge.

4.4.3 Enhanced ethanol production by trace metal addition

Ethanol production from H2/CO> by granular sludge was enhanced by the addition of 2
uM Mo or 10 uM W, while the addition of 10 uM Mo, 2 uM W, 10 uM Ni, and 50 uM Zn did
not significantly affect the ethanol production. There are only few studies on the effect of trace
metals on ethanol production by mixed cultures compared to studies using pure cultures.
Saxena and Tanner (2011) increased the SeO4> and WO.%~ concentration to 5.3 and 6.8 uM,
respectively, which resulted in an increased ethanol production from synthesis gas by
Clostridium ragsdalei from 35.73 mM under standard metal concentrations to 54.4 and
72.3 mM, respectively, upon SeO4>" and WO4>~ addition. They also observed that ethanol
production decreased to 23.64 mM at higher concentrations of Mo (8.3 pM). The highest mole
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ratio of ethanol to acetic acid of 0.48 with 10 pM W is in accordance with the highest ethanol
production in this study (Fig. 4.6). Abubackar et al. (2015) investigated the carbon monoxide
fermentation by Clostridium autoethanogenum and obtained the highest ethanol to acetic
acid ratio of 0.19 in experiments with 0.75 uM W.

Saxena and Tanner (2011) found that ethanol production from synthesis gas by C.
ragsdalei decreased to 22.02 and 1.55 mM when Fe, Co, Mo and W were eliminated from the
medium. This study, however, showed that without trace metals, the ethanol production was
enhanced compared to the control. Nutrient-stress conditions such as lack of trace elements
may also stimulate the shift from acetic acid to ethanol. Richter et al. (2016) performed
proteomic and metabolomic analyses on a two-stage syngas fermentation (Clostridium
ljungdahlii) system and did not find a difference in the abundance of enzymes of the central
metabolic pathways, concluding that nutrient limitation and the resulting growth limitation
redirect reducing equivalents toward ethanol production. The Hz to CO. consumption ratio
varies between 2.1 and 2.5 (Fig. 4.7D) and thus conform the production of a mixture of acetic
acid and ethanol (Eqg. 1, 2, Table 4.1). The trace metals affected the enzymes such as FDH,
AOR and ADH to catalyze acetic acid and ethanol production and thus strengthen the
homoacetogens, such as the Clostridium genus as reported by He et al. (2020). The W-
containing AOR enzyme has been reported in Clostridium thermoaceticum (Strobl et al., 1992).
Besides, W can serve as a potential acting element for CO> reduction FDHs, W even becomes
an essential element for nearly all enzymes of the AOR family (Fernandez-Naveira et al. 2019).
This study reported lower ethanol production with Mo than W, despite the close chemical
similarities between Mo and W. However, it has been demonstrated that W, different than Mo,
can be selectively transported into some prokaryotic cells by two ABC-type transporters that
contain the binding protein TupA or WtpA (Andreesen and Makdessi 2008).

4.5 Conclusion

The optimum conditions for ethanol production by anaerobic granular sludge using
H>/CO: as the substrate were 25°C and an initial pH of 6. An initial pH of 7 enhanced acetic
acid production, while an initial pH of 5 totally inhibited ethanol production. The use of glucose
and CO as co-substrate enhanced butyric acid production (3.3 mM), while ethanol production
occurred at a pH as low as 4. The presence of 10 uM W and 2 uM Mo enhanced the ethanol
production by 7.0 and 5.4-fold, respectively.
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Chapter 5 Enrichment of homoacetogens converting H2/CO: into acids and

ethanol and simultaneous methane production

93



Abstract

An anaerobic granular sludge was enriched to utilize Ho/CO> in a continuous gas-fed up-flow
anaerobic sludge reactor by applying operating conditions expected to produce acetic acid,
butyric acid and ethanol. Three stages of fermentation were found: Stage | with acetic acid
accumulation with the highest concentration of 35 mM along with a pH decrease from initial 6
to 4.5. In Stage I, H2/CO> was replaced by 100% H> to induce solventogenesis, whereas butyric
acid was produced with the highest concentration of 2.5 mM. At stage III with 10 pM tungsten
(W) addition, iso-valeric acid, valeric acid and caproic acid were produced at pH 4.5 -5.0. In
the batch tests inoculated with the enriched sludge taken from the bioreactor (day 70), however,
methane production occurred at pH 6. Exogenous 15 mM acetate addition enhanced both the
H> and CO2 consumption rate compared to exogenous 10, 30 and 45 mM acetate by the
enriched sludge. Exogenous acetate was failed to be converted to ethanol using Ha as electron
donor by the enriched acetogens.

5.1 Introduction

CO- fermentation to generate bio-commodities (e.g. acetic acid (Karekar et al., 2020)) or
biofuels (e.g. ethanol (He et al., 2020) and methane (Liu et al., 2016)) relieves the paradox of
fossil fuel utilization and carbon emission reduction. CO> fermentation simultaneously
mitigates carbon emission and generates valuable bioenergy products and hence becomes a
promising economical and sustainable way of biofuel production (Burk et al. 2010; Bhatia et
al., 2019; Gunes et al., 2021).

H> and CO> can be converted to VFAs and alcohols via the Wood-Ljungdahl pathway
(WLP) by autotrophic acetogens, mainly containing Clostridium spp. According to the two
stage fermentation theory for CO: bioconversion, the first stage is acetogenesis with
accumulation of acetic acid, followed by solventogenesis under stress conditions such as
nutrient limitation or low pH (Mohammadi et al. 2012). The mechanism of solventogenesis,
however, still remains to be explored. One of the widely recognized mechanisms to induce
solventogenesis is a low pH (Ganigué et al., 2016). Low pH (below 5) induces more
undissociated acids that can enter the cells, which convert the acids to neutral charged ethanol
to avoid their death caused by an intracellular pH drop (Padan et al. 1981; Cotter et al. 2009).
On the other hand, microorganisms are one of the key components in CO2 autotrophic
fermentation, e.g. Clostridium autoethanogenum (Abrini et al., 1994) and Clostridium
carboxidivorans (Liou et al., 2005; Fernandez-Naveira et al., 2017). Several pure strains have

been studied, however, mixed culture fermentations are easier to implement at large scale than
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pure cultures with the merits of resistance to non-sterile conditions (Liu et al., 2014). The
potential products converted from Hz and CO: include:
2C0,(g) + 4H,(g) » CH3;COOH(1) + 2H,0(1) AGY = —754K]/mol (1)
2C0,(g) + 6H,(g) » CH;CH,0H (1) + 3H,0(1) AGY = —965k]/mol  (2)
C0,(g) + 4H,(g9) » CH,(g) + 2H,0 AGY = —130.4k]/mol (3)
CH3;CO0H() + 2H,(g) » CH;CH,0H(I) + H,0(l) AG? = —25.2Kk]/mol  (4)

Limited studies reported ethanol production from H2/CO (Modestra et al., 2020; Stoll et
al., 2018). The positive role of exogenous acetate on ethanol production by a Clostridium strain
has been reported using syngas as the gaseous substrate (Xu et al., 2020). However, whether
acetic acid with H> can be directly converted to ethanol by mixed cultures remains to be
explored. Therefore, one possible strategy for enhancing solventogenesis is to supply
exogenous acetate with Hz as the electron donor under low pH by mixed cultures.

Tungsten (W) is an important trace element involved in the formation of enzyme activity
such as formate dehydrogenase (FDH), one of key enzymes in the Wood-Ljungdahl pathway,
converting CO: into formate. It has been reported that FDH synthesis could be stimulated in
the presence of W (Yamamoto et al. 1983). The other key metalloenzyme related to W is
alcohol dehydrogenase (ADH) catalyzing the reduction of acetyl CoA to ethanol (Andreesen
and Makdessi 2008). Tungsten can enhance ethanol production from carbon monoxide by
anaerobic granular sludge (Chakraborty et al., 2020).

This study investigated CO> and H> fermentation by heat-treated granular sludge in a
bioreactor with both gas and medium circulation at 25°C. It was assumed that ethanol
production could be enhanced by feeding 100% H. or tungsten from acetic acid produced by
homoacetogens. Acetate produced from Hz/CO; or pure H; as the gaseous substrate and ethanol
degradation were further investigated in batch tests by the enriched sludge taken from the
reactor after 70 days of operation, from which the homoacetogenesis, methanogenesis and
solventogenesis potential was assessed.

5.2 Materials and methods

5.2.1 Biomass and medium composition

The same inoculum anaerobic granular sludge from a wastewater treatment plant was used
as in our previous study on acids and alcohol production from H2/CO; (He et al., 2020). The
total solid (TS) and volatile solid (VS) content was 42.7 (+ 1.0) g/L and 24.8 (x 0.5) g/L,
respectively. The granular sludge was first centrifuged at 8000 g for 10 min to remove the
supernatant and the pellet was heat-treated at 90°C for 15 min to select for spore forming

95



acetogens as described by Dessi et al. (2017). The medium was prepared according to a
previous study (He et al., 2020).

5.2.2 Experimental design

5.2.2.1 Semi-continuous gas fed bioreactor

An up-flow semi-continuous gas fed reactor was set-up with a total working volume of 1
L (Fig. 5.1) and liquid flow rate was 60 mL/min by a Verdeflex pump (Utrecht, The
Netherland). A 10 L gas bag filled with H2/CO- (80/20 v/v) was connected on the gas outlet.
H2/CO, gas was cycled at a gas flow rate of 10 mL- min controlled by gas tight tubes using a
Verdeflex pump (Utrecht, The Netherland) and a mass flow meter (FMA-1618A, Omega, San
Antonio, US). The temperature was controlled at 25°C by a water jacket.

The semi-continuous gas fed bioreactor operation included three stages. In stage | (0-26
d), the reactor was fed with H2/CO> gas (80/20 v/v) with initial pH of 6.0 for acetic acid
production without pH control. In stage 11 (day 27-50), Ho./CO2 was replaced by 100% H- to
stimulate ethanol production at a pH controlled at 4.5-5. In stage Ill (day 50-70), 10 uM
tungsten was added to the medium to stimulate solventogenesis according to the report of
Chakraborty et al. (2020), while the gas phase was still 100% Ho.

Microbial community analysis was conducted for the anaerobic granular sludge in
duplicate (G-a, G-b) on 10 mL bioreactor suspension samples at the end of stage I, Il and 1l
(in triplicate, 111-a, b and c). At the end of the stage I (day 26, the log phase of the autotrophic
acetogens) to sustain and further enrich the sludge, 10 mL liquid sludge from the reactor was
inoculated into two 120 mL batch bottles with 50 mL liquid medium (duplicate). H2/CO2 (80/20,
v/v) was used as the substrate and the initial pH was 6.0. The bottles were incubated at 150
rpm and at 25°C in a water-bath shaker.

pH
‘ control

(
——( L H,/CO,
—
- |
T i -
ALl AT
Temperature

control

Fig. 5.1 Diagram of the up-flow gas reactor with pH control
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5.2.2.2 Batch studies on different Ho/COx ratio utilization by enriched sludge

Batch experiments were conducted in 120 mL serum bottles with 50 mL medium and 5%
enriched sludge (day 70). The bottles were sealed with rubber stoppers and capped with
aluminum crimp caps. All bottles were pressurized with pure Hz or H2/CO2 (80/20 v/v) at an
initial pressure of 1.8 bar and were incubated at 150 rpm and at 25°C.

To elucidate the conversion pathway and failure of solventogenesis in the reactor, batch
tests of H2/CO2, 15 mmoL-L* acetate+ H,/CO2 and 10 pM tungsten+ H»/CO2 were conducted
using the bioreactor sludge as the inoculum. The enriched sludge from gas fed reactor after 70
days fermentation was used as the inoculum for the following batch tests. To investigate the
effect of exogenous acetate on ethanol production using H> as electron donor, the bottles were
sparged with 100% H> and H./CO- (v/v, 80/20) and 5% inoculum at an initial pressure 1.8 bar.
Acetate was added to make the final concentration of 10, 15, 30 and 40 mmoL-L, respectively.
To test whether acetic acid and ethanol degradation occurred in the reactor, 15 mmoL-L*
acetate + 5 mmoL-L™ ethanol, 30 mmoL-L* acetate + 15 mmoL-L™* ethanol were added with
H2/CO- (v/v, 80/20) in the headspace in batch tests using 5% enriched sludge.

5.2.3 Analysis

5.2.3.1. Gas phase

H>, CO2 and CH4 concentrations were measured using a HP 6890 gas chromatograph (GC,
Agilent Technologies, Palo Alto, USA) equipped with a thermal conductivity detector (TCD).
The GC was fitted with a 15-m HP-PLOT Molecular Sieve 5A column (ID 0.53 mm, film
thickness 50 mm). The oven temperature was kept constant at 60°C. The temperature of the
injection port and the detector was maintained constant at 250°C. Helium was used as the
carrier gas.
5.2.3.2. VFAs and solvent analysis

VFAs, ethanol and butanol concentrations were analysed for each bottle from the liquid
phase (1 mL) using high performance liquid chromatography (Agilent Co., Palo Alto, USA)
equipped with a refractive index detector (RID) and an Agilent Hi-Plex H column (Internal
diameter x length, 7.7 X300 mm, size 8 pum). A H2SOj4 solution (5 mM) was used as mobile
phase at a flow rate of 0.7 ml/min and with a sample injection volume of 50 pl. The column

temperature was set at 60°C and the RID detector at 55 °C.

5.2.3.3. Microbial analysis
DNA was extracted using a DNeasy® PowerSoil Kit (QIAGEN, Germany) following the
manufacturer’s protocol. Approximately 0.5 g of the solids from the samples was used for DNA
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extraction. The extracted DNA was quantified and its quality was checked by a Nanodrop

2000c Spectrophotometer (Thermo Scientific, USA). A total of 1,103,482 sequences were

obtained from all investigated samples (Table 5.1). For more details on microbial community

analysis, please see section 3.2.3 (Chapter 3). The raw data is available in OneDrive NUIG.
Table 5.1 The operational taxonomic units (OTUSs) sequence table per sample statistics for

microbial community analysis. Samples taken from suspended sludge at 10 d, and the end of
stage I, Il, 11 (111-a, b and c are triplicates) and the granular sludge inoculum (G-a, G-b) at
genus level. The two batch bottles used the sludge taken from the bioreactor as inoculum

(stage I, day 26) (I-a, 1-b).

Count after )
Sequences  Sequences ) o Median sequence
Sample Input ] ) lineage-specific
assigned to  assigned to length after
(V3V4a)  sequences copy-number )
OTUs taxa ) preprocessing
correction
10d 72702 66109 66109 19727 424
| 58761 53699 53699 17182 424
I 63815 57402 57402 18719 424
ll-a 59467 52177 52177 15680 422
Ii-b 58181 51113 51113 15304 422
Ii-c 56605 49821 49821 15285 422
I-a 174983 126305 126305 30873 402
I-b 175270 134029 134029 32259 402
G-a 163540 136572 136572 74150 422
G-b 160028 129594 129594 73452 422
Total 1043352 856821 856821 312631 4186

5.3 Results

5.3.1 Enrichment of acetogenic sludge and production of acids and ethanol in gas fed

reactor

During the reactor operation, after 10 days of adaption, acetic acid started to be produced
and reached 35 mM (Fig. 5.2a, Eq. 1). Ethanol was detected at day 11 and increased to 1.35
mmoL-L* at day 12 but it was then degraded (Fig. 5.2a, Eq. 2). Instead, butyric acid started to
be produced at day 12 when ethanol degradation occurred and increased to 0.5 mmoL-L™? at
day 26. Propionic acid started to be produced at day 14 and reached 1.82 mmoL-L? at day 26.
The pH was decreased along with the accumulation of acetic acid and kept at 4.5-5.0 after day
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21 (Fig. 5.2b). However, ethanol production was not observed when the pH was as low as 4.5
from day 21 to 26 (Fig. 5.2a).

To stimulate ethanol production from acetic acid, H2/CO2 was replaced by 100% H> at day
27 (Stage 11, 27-50 d). Indeed, 100% H> addition induced ethanol production and it reached 1.2
mmoL-L* at day 37 (Fig. 5.2a, Eq. 4). Thereafter, ethanol production started to decrease and
to a concentration of 0.5 mmoL-L? (Fig. 5.2a). Meanwhile, butyric acid accumulated and
reached 2.4 mmoL-L* (Fig. 5.2a). After feeding 100% H, both ethanol and butyric acid
production occurred from day 30 to 37, but butyric acid kept increasing along with the
consumption of ethanol from day 37 to 50. The concentration of both acetic acid and propionic
acid decreased at the end of the stage I1.

At stage III, 10 uM tungsten addition induced both acetic acid and butyric acid degradation,
accompanied with the production of valeric acid and caproic acid, respectively, 1.3 and 0.4
mmoL-L* at the end of incubation (Fig. 5.2a).
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Fig. 5.2 Ho/CO> fermentation in a semi-continuous gas fed reactor by anaerobic granular
sludge. a) acids and ethanol production, b) change of pH and c) H2, CO2 concentration from
H2/CO;z or Hz by granular sludge. The substrate of stage I, Il and 11 are, respectively, H2/COg,
Hz>and Hz + 10 uM tungsten.
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5.3.2 Effect of exogenous acetate and tungsten addition on H2/COz2 conversion by
enriched sludge

When using H2/CO; as the substrate (the control) for the enriched sludge (day 70), acetic
acid was produced with a final concentration of 6.1 mmoL-L™? (Fig. 5.3a, Table 5.2). Methane
production was observed along with the acetic acid production and 36.6 mmoL-L™ methane
had accumulated at the end of the incubation (Fig. 5.3a). H, and CO. consumption was,
respectively, 160 and 40.6 mmoL-L* at the end of the incubation (Fig. 5.3a).
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Fig. 5.3 Hz2 and CO2 consumption and CHj, acetate and ethanol production by enriched
sludge sampled on day 70 from the bioreactor using a) H2/CO>, b) H2/CO> + 15 mM acetate
and c) Ho/CO2+ 10 uM tungsten as the substrate and d) change of pH in these incubations.
Table 5.2 The highest production of acetic acid and ethanol, CH4 accumulation, H2 and CO»

consumption at the end of incubation by enriched sludge in batch tests.

Compound H2/CO2 H2/CO2+ 15 mM Hac  H2/CO2+ 10 pM W
Acetic acid (mM) 6.1+4.5 15.5+0.1 5.9+3.4
Ethanol (mM) 0.1+0.1 0.9+05 0
CHs (mM) 36.6 + 28.6 59.7+ 3.4 67.6+5.2
H> consumption (mM) 174.8+84.1 262.0+10.4 285.5+19.4
CO2 consumption (mM) 51.7+18.2 73.3+10 71.1+1.0
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With 15 mmoL-L™* acetate addition, 0.9 mmoL.L™ ethanol was produced after 144 h but
it was degraded after 192 h and did not accumulate at the end of the incubation. However,
methane production was observed and accumulated to 60.0 mmoL-L™ at the end of the
incubation. The acetic acid concentration slightly decreased from initially 15 to 13 mmoL.L™*
at the end of the incubation (Fig. 5.3b). H. and CO2 consumption was, respectively, 262.0 and
73.3 mmoL-L™ at the end of the incubation (Fig. 5.3a) and was correspondingly 1.6 fold and
1.8 fold higher than the control to which no external acetate was provided. The H> and CO>
consumption rate increased to, respectively, 0.85 and 0.26 mmoL-L™*-h™ compared to the
control of 0.59 and 0.18 mmoL-L*-h'* (Table 5.2).

The addition of 10 uM tungsten enhanced the H, and CO> consumption of 285.8 and 71.1
mmoL-L, respectively, at a H> and CO. consumption rate of 1.02 mmoL-L*-h* and 0.25
mmoL-L2-h?, respectively, compared to the control. Methane (67.6 mmoL-L™) was produced
at the end of the incubation (Fig. 5.3c). The methane production was from acetate as the
substrate since the produced acetic acid at 144 h (6.0 mmoL-L1) was almost totally consumed
in the 10 uM W+H2/CO2 incubation upon completion of the experiment (Fig. 5.3c, d).
Surprisingly, the pH of the control and the 10 uM tungsten incubation decreased quickly even
below 4 after 192 h but methane production was still detected (Fig. 5.4d).

5.3.3 Effect of exogenous acetate on with H2/COz2 conversion by enriched sludge

Initially, acetate was not significantly consumed while it slightly increased at the initial
concentration of 15 and 30 mmoL-L™? acetate (Fig. 5.4a). Methane production reached 14.9,
59.7, 5.2 and 14.0 mmoL-L? along with the increased initial 10, 15, 30 and 45 mmoL-L*
acetate concentration. Correspondingly, CO2> consumption was respectively, 27.7, 73.3, 19.8
and 25.4 mmoL-L™, whereas the H, consumption amounted to 78.9, 261.9, 45.4 and 73.1
mmoL-L™, respectively. Correspondingly, the pH decreased from initial 6 to 5.0-5.2 at both
initial 15 and 30 mmoL-L™ acetate due to the positive net acetic acid production (Fig. 5.4e).
The gas pressure was decreased slowly during the incubation, because part of the gas pressure
came from the methane production (Fig. 5.4f).

The 15 mM acetate addition reached the highest CHa4 production, CO2 and H2 consumption
compared with 10, 30 and 45 mmoL-L acetate, while the acetic acid concentration slightly
decreased at the end (Fig. 5.4). 10 and 50 mmoL-L* acetate had a similar effect on the CH4
production and Hz and CO2 consumption, while supplementing 30 mmoL-L* acetate obtained
the lowest CH4 production, CO2 and Hz consumption.
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Further experiments demonstrated that when using 100% H: and in the absence of COx,
the ethanol production process did not happen after 240 h incubation. The pH did not change
during the incubation and the gas pressure did not decrease. The failure of acetate and H>
utilization might be because the enriched acetogens were mostly autotrophic acetogens, which
was further confirmed by the microbial community analysis (see below).
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5.3.4 Acetate and ethanol conversion in the presence of H2/CO2 by enriched sludge

Acetate and ethanol were added to simulate the conversion process, i.e. the reverse 3
oxidation pathway, to further assess if longer chain VFA were produced, as observed in the
reactor. With 15 HAc+5 EtOH and 30 HAc+15 EtOH, methane production was observed and
reached, respectively, 54.1 and 46.3 mmoL-L™. Neither ethanol nor longer chain fatty acids
were produced during the incubation.

With 15 mmoL-L* acetate and 5 mmoL-L? ethanol addition, CH4 production and CO;
and Hz consumption were all higher compared to the incubations supplied with 30 mmoL-L*
acetate and 15 mmoL-L* ethanol addition (Fig. 5.5). Both the acetate and ethanol concentration
slightly decreased during the incubation (Fig. 5.5a, b). The pH was slightly increased possibly
due to the decreased dissolved CO: in the liquid medium induced by the consumption of
headspace CO: (Fig. 5.5c). The gas pressure decreased slowly and showed a similar trend
between the 15 HAc+5 EtOH and 30 HAc+15 EtOH groups.
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pressure change by enriched sludge sampled on day 70 using H2/CO as the substrate.
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The enriched sludge was further checked for the addition of glucose to possibly enhance
the biomass grow and mixotrophy. However, the ethanol production did not significantly
enhance compared to the solely glucose fed incubation (Fig. 5.6).
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Fig. 5.6 Effect of glucose (0.5 g/L) on H2/CO2 bioconversion by enriched sludge.

5.3.5 Microbial analysis

Microbial analysis of the suspended sludge of the bioreactor showed the relative
abundance of acetogens related at class level Clostridia. On day 10, when the acetic acid started
to be produced, they comprised a relative abundance of 3.1%, it increased to 11.4% at the stage
I1 and 9.4% at the stage I11, finally reaching about 25-26% (Fig. 5.7a).
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For the Clostridium genus, the relative abundance with 0.1% at day 10 increased to,
respectively, 0.5% at stage 11, 0.7% at stage Il and about 3.5% at the end of each stage (Fig.
5.7b). Fig. 5.8 shows the acetic acid and ethanol production in the batch bottles inoculated with
enriched sludge from the bioreactor at day 70. The microbial analysis data (I-a, 1-b of bottle 1,
2, respectively) showed that the higher relative abundance of the Clostridium genus compared
to the reactor sludge sampled on day 10. Clostridium was enriched with a relative abundance
of 3.5% in the bioreactor (day 70) and increased to 18.5 and 22.0 % in the enriched batch bottle
1 and 2 (Fig. 5.7b).
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Fig. 5.8 Acetic acid and ethanol production of the two enriched bottles using sludge from the
bioreactor (day 26, stage 1) as inoculum.

Fig. 5.7c shows the distribution of the Clostridium genus. The Clostridium genus and other
acetogens belonging to the Clostridia class occupied above 60% at the end of the incubation
(I-a, b, ) (Fig. 5.7¢). In the Clostridia class, the relative abundance of the Caproiciproducens
genus increased from 3.2% on day 10 to about 30% at the end of the incubation. The increase
and enrichment of Caproiciproducens was corresponding to the increased caproic acid
production at the end of the incubation. Small amounts of the Ethanoligenens genus were
enriched with around 3% at the end of the incubation (triplicates, 111-a, b, ¢), which might have
contributed to the ethanol production process during the fermentation. The Oscillibacter genus
existed during the whole fermentation process with a relative abundance of 9.8% at day 10,
then decreased to 5.8% at the end of the incubation (Fig. 5.7¢). Oscillibacter is known to be
involved in acidogenesis during dark fermentation (Goud et al., 2017) and this microorganism
might play a role in the acetic acid accumulation during the adaption stage. change by enriched
sludge sampled on day 70 using H2/CO: as the substrate.
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5.4 Discussion

5.4.1 VFAs and ethanol production by anaerobic granular sludge in the gas fed reactor

This study showed that 100% H addition induced both butyric acid and ethanol production,
while 10 uM tungsten induced caproic acid production at a pH as low as 4.5-5.0. Ethanol
production was observed during the H2/CO, fermentation process and 100% H> as electron
donor, but it was subsequently degraded. Considering the inoculum applied was an undefined
mixed culture, ethanol has been degraded to acetic acid in the presence of CO2 (Eq. 5) or used
as the electron donor for butyric acid production (Eg. 6).

2CHsCH,0H(D) + 2C0,(g) —» 3CH,CO0H() A GY% = —32.2kJ/mol (5)

CH,CH,0H(l) + CH;COOH(l) » CH;CH,CH,COOH (L) + H,0 (6)

The first ethanol degradation (day 11) was possibly due to its oxidation to acetic acid in
the presence of CO; since butyric acid production was insignificantly observed at that time
(Fig. 5.2a). The second ethanol decrease (day 37-50) possibly supplied butyric acid production
via the reverse B oxidation pathway (Grootscholten et al. 2013), during which the butyric acid
concentration increased along with the ethanol consumption (Fig. 5.2). Considering ethanol
production occurred at pH of 6.5 at day 11, at the second ethanol decrease at pH 4.5, the pH
increase might induce ethanol accumulation.

The presence of CO2 on ethanol utilization could have induced formation of longer chain
fatty acids. Roghair et al. (2018) reported butyric acid and caproic acid production via
controlling the ethanol use under different CO> loading rates (0.5 and 2.5 LCO.-L*-d?) by
anaerobic granular sludge. However, our previous study using the same anaerobic granular
sludge demonstrated that the ethanol oxidation to acetic acid was priority over chain elongation
in the presence of CO; at initial pH 5.7 and 6.5 by the same anaerobic granular sludge (He et
al., 2022).

H> acted as electron donor for chain elongation process, which has been reported in the
literature (Baleeiro et al., 2021). Tungsten enhanced chain elongation process at pH 4.0-4.5.
Caproic acid production occurred at a pH as low as 4, which was seldom reported since chain
elongation processes generally occur at high pH value (Ganigué et al., 2016). On the other hand,
acetogens adding a carbon to the carbon chain could be enriched after the second ethanol
degradation and further contributed to the chain elongation process. Further research is required
with 33C NMR and labelled substrate (e.g., CO,, ethanol and acetate) to elucidate the
biochemical conversions in the sludge.
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5.4.2 Methane production in batch tests by enriched sludge in batch tests

This study showed that, with gaseous H2/CO2, 15 mM acetic acid addition reached the
highest methane production, CO. and Hz consumption compared to the 0, 10, 30 and 45
mmoL-L* acetic acid addition by enriched sludge (day 70) (Fig. 5.3a, b, Fig. 5.4). Despite of
the different extent of gas consumption, methane occupied the main product of the enriched
sludge. An initial pH of 6 could be attributed to the methane production in batch tests by the
enriched sludge while methane production was totally inhibited at pH 4.5-4.7 in the bioreactor.
The inhibited methane production in the reactor could be attributed to the heat pre-treatment
and the long-time operation at low pH of 4.5. However, along with the operation, methanogens
could be enriched in the inoculum although the production of methane can be inhibited at a pH
of 4.5 (Fernandez-Naveira et al., 2017). Although methane production can be inhibited when
the pH was lower than 6, its production has been observed in a few reactors operating at low
pH, especially along with increased operation time (Chakraborty et al., 2019). Another reason
might be the gas feeding mode or different mass transfer rate between 1 bar gas pressure in the
reactor, whereas an initial 1.8 bar in the batch bottles. Higher gas pressure induced more CO>
dissolution in the medium and may stimulate hydrogenotrophic methanogens (Roghair et al.
2018).

5.4.3 Effect of exogenous acetate on acetogenesis and methanogenesis by enriched
sludge

This study showed that exogenous acetate with 10, 15, 30 and 45 mmoL-L™ cannot be
used for ethanol or methane production in the presence of 100% H> by the enriched sludge.
Even with H2/CO; as the gaseous substrate, the maximum acetate consumption occupied 13.3%
(thus 2 mmoL-L™) in the 15 mmoL-L* acetate incubation. Ethanol (Eg. 7) and methane (Eq.
8) production from exogenous acetate failed using 100% H as electron donor by the enriched
sludge. This might be because the enriched microorganisms after 70 days incubation in the
bioreactor were autotrophic acetogens, such as the Clostridia and Bacilli class using CO>
instead of acetate as the substrate.

2CH;COOH + H, — CH3;CH,CH,COOH (7)

CH5COOH + H, - CH, + CO, (8)
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5.5 Conclusion

Autotrophic acetogens were enriched in a H2/CO- gas fed reactor for acetic acid, butyric
acid and caproic acid production from heat-treated anaerobic granular sludge treating dairy
wastewater. 100% H> induced butyric acid and ethanol production at pH 4.5-5, but ethanol was
degraded and might have contributed to the butyric acid production. 10 uM tungsten addition
induced caproic acid production at pH 4.0-4.5. The Clostridia order was enriched at the end of
the gas fed reactor and contributed to VFAs and ethanol production. The enriched sludge
mainly produced methane from H2/CO2, exogenous acetate and ethanol in batch incubations at
pH 6 and 25°C. The enriched sludge failed to convert acetate and 100% H; to ethanol at an
initial pH of 6.
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Chapter 6 Selective butanol production from carbon monoxide by an

enriched anaerobic culture

A modified version of this chapter has been published as:
He Y., Lens, P. N. L., Veiga, M. C. and Kennes, C. 2022. Selective butanol production from

carbon monoxide by an enriched anaerobic culture. Science of the Total Environment, 806,
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Abstract

An anaerobic mixed culture able to grow on pure carbon monoxide (CO) as well as syngas
(CO, CO2 and Hy) that produced unusual high concentrations of butanol was enriched in a
bioreactor with intermittent CO gas feeding. At pH 6.2, it mainly produced acids, generally
acetic and butyric acids. After adaptation, under stress conditions of CO exposure at a partial
pressure of 1.8 bar and low pH (e.g., 5.7), the enrichment accumulated ethanol, but also high
amounts of butanol, up to 6.8 g/L, never reported before, with a high butanol/butyric acid molar
ratio of 12.6, highlighting the high level of acid to alcohol conversion. At the end of the assay,
both the acetic acid and ethanol concentrations decreased, with concomitant butyric acid
production, suggesting C, to Cs acid bioconversion, though this was not a dominant
bioconversion process. The reverse reaction of ethanol oxidation to acetic acid was observed
in the presence of CO produced during CO fermentation. Interestingly, butanol oxidation with
simultaneous butyric acid production occurred upon production of CO, from CO, which has
to the best of our knowledge never been reported. Although the sludge inoculum contained a
few known solventogenic Clostridia, the relative taxonomic abundance of the enriched sludge
was diverse in Clostridia and Bacilli classes, containing known solventogens, e.g, Clostridium
ljungdhalii, Clostridium ragsdalei and Clostridium coskatii, confirming their efficient
enrichment. The relative abundance of unassigned Clostridium species amounted to 27% with

presumably novel ethanol/butanol producers.

6.1 Introduction

Biofuels such as ethanol and butanol are commercially produced from sugars, corn starch
and lignocellulosic biomass (Munasinghe and Khanal, 2010). Alternatively, these feedstocks
can be gasified to syngas, a mixture of CO, CO: and Hz, which can then also be converted to
ethanol, butanol or other valuable chemicals by biocatalysis (Kennes et al., 2016; Wang et al.,
2014). Syngas fermentation has raised attention recently, among others for its advantage of
using non-food feedstock (Devarapalli and Atiyeh, 2015). In addition, in biomass gasification
the whole feedstock (cellulose, hemicellulose and lignin) is converted to syngas, while
fermentation processes only use the cellulose and hemicellulose fractions of the lignocellulosic
biomass. Also, syngas is an off gas of the steel industry, thus this cheap gas substrate can make
syngas-based butanol production more economical (Yu et al., 2015). CO is one of the main
components of syngas. Therefore, its biological conversion to biofuels such as ethanol and

butanol has become a promising approach (Fernandez-Naveira et al., 2017a). Butanol has a
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similar energy content as gasoline and a higher commercial value than ethanol. It can
potentially replace and reduce fossil fuel consumption (Fast et al., 2015).

The low energy density and toxicity of CO limit its use in biological processes, but some
acetogens such as Clostridium carboxidivorans, Clostridium autoethanogenum, C. ljungdahlii
and Clostridium aceticum can convert CO to acids, ethanol (Arslan et al., 2019; Devarapalli et
al., 2016; Richter et al. 2013) and, occasionally, butanol (Phillips et al., 2015; Fernandez-
Naveira, 2016a). Acetogens possess the key enzyme carbon monoxide dehydrogenase to
convert CO to CO», with acetyl-CoA as main intermediate, following the Wood-Ljungdahl
metabolic pathway (WLP) (Ferndndez-Naveira et al., 2017a). The production of alcohols from
CO takes place in two stages, i.e. acids (e.g. acetic acid and butyric acid) are produced first
(acetogenesis, Eqg. 1, 2) along with cell growth, followed by the production of alcohols such as

ethanol and butanol (solventogenesis, Eq. 3, 4):
CO + 2H,0 - CH3;COOH + CO, AG® = — 154.6 k]/mol (1)

10CO + 4H,0 > CH;CH,CH,COOH + 6C0, AG® = —420.8k]/mol (2)
4CO + 3H,0 —» CH,CH,OH + 2CO, AG® = — 271.4kJ/mol (3)

12CO + 5H,0 —» CH;CH,CH,CH,O0H + 8C0, AG® = — 486.4 kJ/mol (4)

Solventogenesis has been shown to be triggered by stress conditions, such as high CO
partial pressure, nutrient limitation or low pH (Benomar et al. 2015; Mohammadi et al. 2012).
For example, C. autoethanogenum and C. ljungdahlii produced ethanol when the pH of the
medium was around 4.75 to 5 under mesophilic conditions, while acids were produced at higher
pH values (Guo et al., 2010; Fernandez-Naveira et al., 2016a; Stoll et al., 2018). Besides
Clostridium spp., some other bacteria have occasionally been reported to produce alcohols. For
example, the alkaliphilic species Alkalibaculum bacchi grows at pH 6.5-10.5 and also produces
ethanol and acetate from CO/CO2 (Allen et al., 2010).

Limited studies have reported mixed culture C:-gas fermentation for the production of
alcohols, such as butanol, from 100% CO (Chakraborty et al., 2019). Only some Clostridium
strains, such as pure cultures of C. carboxidivorans (Fernandez-Naveira et al., 2016a, 2016b,
2017b) and co-cultures of C. autoethanogenum and Clostridium kluyveri (Diender et al., 2016)
produce these alcohols from 100% CO. From a practical point of view, however, mixed culture
fermentations are easier to implement at large scale compared to pure cultures, as they do not
require sterile bioreactor conditions compared to pure cultures (Kamil et al., 2019). Moreover,
they are more resistant to unfavorable environmental conditions, such as low pH, which enables
easier implementation at large scale compared to pure cultures (Liu et al., 2014). On the other
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hand, the production of butanol from CO by mixed cultures has been scarcely studied
(Fernandez-Naveira et al., 2017a; Humphreys and Minton, 2018).

Anaerobic sludges from wastewater treatment plants are a source of microbial species
capable of CO to alcohol conversion (Arantes et al., 2020). CO can be metabolized by a variety
of trophic groups present in these anaerobic sludges such as methanogens, hydrogenogens and
acetogens (Li et al., 2020). Heat pretreatment is an effective way to inhibit methanogens and
select spore-forming acetogens, converting CO into acids and solvents (Cai and Wei, 2004;
Monlau et al., 2013). To date, studies that reached high butanol concentrations from C1 gases
are scarce (Fernandez-Naveira 2017a). Concentrations exceeding 2.7 g/L have never been
reported from syngas or pure CO bioconversion (Ferndndez-Naveira et al., 2016a). Therefore,
this study aimed at obtaining higher and selective ethanol and butanol production using CO as
the sole carbon source with an anaerobic granular sludge as inoculum in an intermittent gas-
fed incubation to enrich for efficient CO converting solventogenic acetogens from anaerobic
granular sludge. In addition, a pH shift from 6.2 to 5.7 was applied for inducing
solventogenesis from CO. The conversion pathway for selective butanol production by the
enriched sludge in CO fed batch reactor was elucidated.

6.2 Materials and methods

6.2.1 Biomass

Anaerobic granular sludge was obtained from a 200 m® upflow anaerobic sludge bed
reactor producing methane from dairy industry effluent (He et al., 2020) at 20 °C and a
hydraulic retention time of 9-12 h (He et al. 2020). The total solids (TS) and volatile solids
(VS) content were 42.7 (£ 1.0) g/L and 24.8 (= 0.5) g/L, respectively. The anaerobic sludge
was first centrifuged at 8000 g for 10 minutes to remove the supernatant and then heat treated
at 90 °C for 15 minutes as described by Dessi et al. (2017).

6.2.2 Medium composition

The culture medium was prepared according to Stams et al. (1993) with some
modifications as follows (/L): 408 mg KH2PO4, 534 mg Na;HPO4-2H20, 300 mg NH4Cl, 300
mg NaCl, 100 mg MgCl-6H,0, 110 mg CaCl2-2H.0; 1 mL trace metal and 1 mL vitamin
stock solution (Stams et al., 1993). Once prepared, medium (except for CaCl,-2H>O and
vitamins) was brought to boiling to remove O, then cooled down to room temperature under
an oxygen-free N2 flow. CaCl2-2H>0 and the vitamins were subsequently added, as well as
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NazS (0.24 g) as the reducing agent. To enhance the biomass growth, 0.5 g/L yeast extract was
used from day 70 onwards in the fed batch reactor and in all batch experiments.

6.2.3 Experimental set-up

6.2.3.1 Gas-fed enrichment

Intermittent gas-fed enrichment experiments were carried out in two 1 L serum bottles
(Fisherbrand, FB-800-1100, Waltham, U.S., fed batch reactors) with 300 mL medium and heat-
treated anaerobic granular sludge at an initial VS concentration of 1.0 g/L (Fig. 6.1). The first
fed batch reactor was set-up with no pH control for 127 days fermentation (FB1). Enriched
sludge was obtained after 127 days fermentation in FB1 and used as the inoculum for a second,
pH controlled, CO fed batch reactor (FB2, see 6.4.1.2) with pH controlled at 6.2 and 5.7 for 35
days fermentation, as well as several batch tests (see 6.4.2) to study its metabolic properties.

The fed batch reactors were sealed with a gas tight septum fitted with a pH probe (9,5%300
mm, VWR) in the middle. The pH probe was connected to a pH controller (Cole-Parmer 300,
Cambridgeshire, UK) and pH was adjusted using either 1 M NaOH or HCI solutions by two
pumps (Verdeflex, The Netherland). The fed batch reactors were agitated at 150 rpm by a
shaker (Infors AG CH-4103, Bottmingen, Switzerland) at 33 °C in a thermostatic chamber.
Considering the positive role of CO partial pressure of 1.7 or 2.5 bar on solventogenesis (Hurst
and Lewis, 2010; Lanzillo et al., 2020) and for consistency with the gas pressure of 1.8 bar of
our previous study (He et al., 2020), an initial CO pressure of 1.8 bar was used in this study.
CO was supplied to the headspace of the reactor as the sole carbon source and electron donor
to reach an initial gas pressure of 1.8 bar. When the gas pressure decreased below 1 bar, as a
result of bacterial CO gas consumption (corresponding to one CO feeding), the reactor was
flushed with fresh pure CO for about 5 minutes, until reaching again a gas pressure of 1.8 bar.

In FB1, CO was added 19 times in total. An initial pH of 6.2 was applied at stages | and V
and an initial pH 5.7 was applied at stage 11, 111, IV and VI (Table 6.1). The pH was adjusted
at the beginning of each CO feeding since the pH was not controlled (Table 6.1).

6.2.3.2 Batch experiments

Batch experiments of conversion pathway elucidation were conducted in 500 mL serum
bottles with 100 mL medium and 10% enriched sludge taken from the first CO fed bioreactor
operating for 127 days. Batch experiments of CO and syngas fermentation were conducted in
125 mL serum bottles with 30 mL medium and 10% enriched sludge. The bottles were sealed
with rubber stoppers and capped with aluminum crimp caps. All bottles were pressurized with
CO or syngas at an initial pressure of 1.8 bar and were incubated at 150 rpm and at 33°C.
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Enriched sludge in this study refers to the sludge taken from the CO fed FB1 after 127 days of

operation.
im
33°C constant room NaOH Hel
;
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Fig. 6.1 Schematic diagram of the CO fed batch reactor set-up.
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Table 6.1 The operational conditions and production profile, highest alcohol to acids ratio and highest concentration of acids and alcohols in
period 1 (0- 99 d) and Il (100-127 d) in FB1 using CO as the sole substrate by the heat treated enriched anaerobic culture.

Duration Period | (0-99 d) Period 11 (100-127 d)
Stage Il
) | ety | Gr 9| smenv | swev | s
d) 4°C (100- 106 d) (107-1104d) (111-127 d)
. . (40-70 d)
Operational conditions Initial pH 6.2 5.7 5.7 5.7 6.2 5.7
Main oroducts H Acetic Ethanol Ethanol Acetic acid Butanol
P § acid Butanol Butanol Butyric acid
Yeast extract 0 150 mL fresh medium replacement and 0.5 g/L YE
addition at 100 d
Acetic acid 45 7.2
Ethanol 1.0 2.2
Highest concentrations Propionic acid 0.4 0.4
(o/L) Butyric acid 0.9 3.0
Butanol 0.4 6.8
CO2 accumulation 151.9 261.0
pH 3.8-6.2 4.8-6.5
Ethanol/acetic acid 5.1 3.6
Highest ratio Butanc_)I/butyrlc 06 126
acid
CO conversion efflczce;/rcl);:y to acids and alcohols 303 214
Carbon balance (%) 91.0 68.2
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6.2.4 Experimental design

6.2.4.1 Fed-batch reactor operation

6.2.4.1.1 Biomass enrichment and selective butanol production in FB1

The operation for the enrichment in FB1 had two periods. Period | lasted for 99 days and
was comprised of several stages, i.e. Hz production (stage I, 15-33 d), acetic acid accumulation
(stage 1, 34-40 d) and ethanol and butanol production (stage I11, 41 — 100 d) stage. Along with
acetic acid accumulation, the FB1 reactor pH was adjusted back to pH 4.8-5.2 at day 36-40 to
avoid the pH decreasing further and stimulate ethanol production (Ganigué et al., 2016) and
the pH was sustained at 4.8-5.2 till 69 d. At day 40 (the beginning of stage I11), the reactor was
maintained at 4°C in the fridge for 30 days and later put back at 33°C. Therefore, a 10 days
adaptation period was required from day 70 to 80 (Fig. 6.2).

After 99 days CO feeding (the start of Period I1), considering only limited activity of acid
and alcohol production was detected and exhaustion of some nutrients was expected, 150 mL
medium was removed and replaced by 150 mL fresh medium with initial pH of 6.2. 0.5 g/L
yeast extract (YE) was added to the medium in order to obtain a higher biomass concentration
and reduce the adaptation period, as YE is well known to stimulate CO converting bacterial
growth (Diender et al., 2016). Period Il comprised of an acetic acid accumulation (stage 1V,
100-106 days), butyric acid production (stage V, 107-110 d) and butanol accumulation (stage
VI, 111-127 d) stage.

6.2.4.1.2 Controlled pH at 6.2 and 5.7 in the FB2

To better understand the effect of pH on ethanol and butanol production, FB2 was operated
with pH control at high pH 6.2 to obtain acetic acid and butyric acid production and low pH
5.7 to stimulate solventogenesis. FB2 was inoculated with 10% enriched sludge from FB1. In

total, 12 times CO was added to this bioreactor, which was operated for 35 days.

6.2.4.2 Batch tests

6.2.4.2.1 Metabolic pathway elucidation in enrichment

Experiments were performed to test if some of the observed bioconversions with the
enriched sludge (sampled day 127 d in FB1) follow the reverse B-oxidation pathway and to try
to elucidate why ethanol and butanol concentrations occasionally decreased during the
fermentation process in case of CO2 accumulation. Four experimental assays were conducted
with 2.2 g/L acetic acid and 6 g/L ethanol and with either 100% N2 or 100% CO; at initial pH
5.7 and 6.2, using 10% enriched sludge as inoculum.

To investigate the effect of accumulated CO> on butanol oxidation during the fermentation
process, a batch experiment was set up with 3.8 g/L butanol and with CO> in the gas phase, at
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either initial pH 6.5 or 5.7 with 10% enriched sludge (sampled on day 127) as inoculum to
investigate possible butanol oxidation to butyric acid by CO..

6.2.4.2.2 Ethanol and butanol production from CO/syngas by enriched sludge in batch tests

The enriched sludge taken from FB1 (127 d) was tested for syngas bioconversion in 125
ml serum bottles with 10% inoculum and 30 ml culture medium with 0.5 g/L yeast extract
addition. The headspace was flushed with syngas, i.e. CO/CO2/H2/N2 (v/v, 20/20/10/50) or 100 %
CO to an initial pressure of 1.8 bar. Control bottles were set up with 100% N at the initial
pressure of 1.8 bar and 10% enriched sludge as inoculum. All experiments were performed in
duplicate.

6.2.4.3 Sampling

In FB1 and FB2, the gas pressure was measured daily. 1 mL of liquid sample was
withdrawn daily for measuring the cell concentration (ODeoo) and pH. It was then centrifuged
at 8000xg for 5 min and the supernatant was used to analyze the short chain volatile fatty acids,
ethanol and butanol concentrations. 1 mL gas sample was taken at the end of each CO feeding
to determine the Hz, CO, CO. and CH4 concentrations in FB1. In the batch tests, the cell
concentration, pH, short chain volatile fatty acids, ethanol and butanol concentrations were
analyzed every two days after cell growth was observed.

6.2.5 Carbon balance calculation

The change of the total amount of carbon was defined as the carbon concentration at time
0 compared to time t. The change of the total amount of carbon of the substrate equals the sum
of the total amount of carbon of the products and biomass (Eq. 5). The carbon recovery o was

calculated by the ratio between the total amount of carbon of the products and the substrates

(Eq. 6): - - -
D6 0= C (0= 60+ (5)
i=1 i=1 j=1

S AC,,

L% 100% (6
¥ AC, % (6)

=

where Cg, is the substrate carbon, ij the product carbon and
Cy, the carbon concentration of the biomass
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6.2.6 Microbial analysis

DNA was extracted using a DNeasy® PowerSoil Kit (QIAGEN, Germany) following the
manufacturer’s protocol. 10 mL enriched sludge taken from the CO fed FB1 after 127 days of
operation was used for DNA extraction. The extracted DNA was analyzed by Metagenomics-
Seq (Illumina PE150, Q30 > 80%) (Novogene, UK). Taxonomic annotation analysis involved
comparing metagenomic reads to the database of taxonomically informative gene families (NR
database) to annotate each metagenomic homolog (Mende et al., 2012). Taxonomic diversity
involves identifying those reads that are marker gene homologs to a database of taxonomically
informative gene families, using sequence or phylogenetic similarity to the database sequences
(NR database; Buchfink et al., 2015) to taxonomically annotate each metagenomic homolog
(MEGAN; Huson et al., 2011). According to the abundance table of each taxonomic level,
various analyses were performed including Krona analysis, bar plot for abundant species and
heatmap of abundance (Ondov et al., 2011). For more details on the analysis procedure, please
see the following:

6.2.6.1 Experimental procedures of Metagenomic sequencing

1) Sample testing. There are mainly three methods for DNA samples: (1) DNA degradation
degree and potential contamination was monitored on 1% agarose gels. (2) DNA purity
(OD260/OD2gy, OD260/OD230) was checked using the NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). (3) DNA concentration was measured using Qubit® dsDNA Assay Kit
in Qubit® 2.0 Flurometer (Life Technologies, CA, USA). OD value is between 1.8~2.0, DNA
contents above 1ug are used to construct a library.

2) Library construction. A total amount of 1ug DNA per sample was used as input material
for the DNA sample preparations. Sequencing libraries were generated using NEBNext®
Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer’s
recommendations and index codes were added to attribute sequences to each sample. Briefly,
the DNA sample was fragmented by sonication to a size of 350bp, then DNA fragments were
end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing with
further PCR amplification. At last, PCR products were purified (AMPure XP system) and
libraries were analysed for size distribution by Agilent2100 Bioanalyzer and quantified using
real-time PCR.

3) Sequencing. The library preparations were sequenced on an Illumina NovaSeq platform

and paired-end reads were generated.
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6.2.6.2 Bioinformatic Analysis

1) Data Quality Control: Raw Data contained a certain percentage of low-quality data after
sequencing. To ensure the accuracy and reliability of the subsequent information analysis,
quality control and host filtering of the raw data were carried out to obtain effective data (Clean
Data);

2) Metagenome Assembly: Metagenome was assembled based on Clean Data after quality
control of each sample, and put the unutilized reads of each sample together for mixed assembly
to explore the information of low-abundance species of the samples;

3) Gene Prediction: The gene prediction was carried out by MetaGeneMark based on the
scaftigs which were assembled by single and mixed samples. Pool the predicted genes together
for dereplication to construct gene catalogue. Based on the Clean Data of each sample from the
gene catalogue, the abundance information of the gene catalogue for each sample could be
obtained,;

4) Taxonomy Annotation: This procedure involved comparing metagenomic reads to the
database of taxonomically informative gene families (NR database) to annotate each
metagenomic homolog. The abundance tables of different taxonomic ranks were based on gene
abundance table.

The raw data is available in OneDrive NUIG.

6.2.7 Analytical methods

Gas pressure was measured by a pressure gauge (LEO1, Keller, Winterthur, Switzerland).
Acetic, propionic and butyric acid as well as ethanol and butanol were determined by high
performance liquid chromatography (HPLC, HP1100, Agilent Co., Palo Alto, USA) equipped
with a refractive index detector and Agilent Hi-Plex H Column (300x7.7 mm) as described by
Arslan et al. (2019). A 5 mmoL-L™ H,SO4 solution was used as the mobile phase at a flow rate
of 0.80 mL/min. The sample injection volume was 20 pL and the column temperature 45 °C.
The cell concentration was determined with a spectrophotometer (Hitachi, Model U-200,
Pacisa & Giralt, Spain) at a wavelength of 600 nm (Arslan et al., 2019).

H2 and CO were determined on a HP 6890 gas chromatograph (GC, Agilent Technologies,
Madrid, Spain) equipped with a thermal conductivity detector (TCD) and a 15-m HP-PLOT
Molecular Sieve 5A column (ID 0.53 mm; film thickness 50 pm) as described by Arslan et al.
(2019). The initial oven temperature was kept constant at 50 °C for 5 min and then raised by
20 °C/min for 2 min, to reach a final temperature of 90 °C. The temperature of the injection

port and the detector were maintained constant at 150 °C. Helium was used as the carrier gas

123



at a flow rate of 2 mL/min. CO2 and CH4 were measured on an HP 5890 gas chromatograph
(GC, Agilent Technologies, Spain) equipped with a TCD (Arslan et al., 2019). The injection,
oven, and detection temperatures were maintained at 90, 25, and 100 °C, respectively. The area
obtained from the GC was correlated with the concentration of the gases as described by
Chakraborty et al. (2019).

6.3 Results

6.3.1 Enrichment and selective butanol production by anaerobic granular sludge in FB1

6.3.1.1 Acetic acid and butyric acid production from CO at initial pH 6.2 (Period I)

During Stage | (15-33 d) of Period I, H2 production was initially observed, with a transient
accumulation of 0.39 g/L acetic acid after two weeks (Fig. 6.2a). H> started being produced
concomitantly with CO consumption and this lasted till 33 d (Fig. 6.2d), suggesting an initial
enrichment of H> producing bacteria. After that, hydrogen accumulation leveled off with a
simultaneous boost in acetic acid production (Fig. 6.2a). The gas pressure increased from 1.8
bar initially to a maximum of 2.6 bar due to H2 and CO2 production (Fig. 6.2b). The pH of the
enrichment medium decreased from an initial pH 6 to pH 5.3 when H; started being produced
(Fig. 6.2c). The CO consumption rate increased from 2.89 to 31.12 mmoL-L*-d* and both the
H. and CO; production rate increased, respectively, from 1.89 to 41.27 mmoL-L*-d and 1.48
and 25.37 mmoL-L*-d! from 21 to 27 d (Fig. 6.2e). When H: production levelled off, the
accumulation of H, and CO; reached, respectively, 66.7 and 66.6 mmoL-L™ and the amount
of CO consumed reached 88.8 mmoL-L™ (Fig. 6.2d).

Stage 1 (34-40 d) was dominated by acetic acid accumulation. The highest concentration
of acetic acid reached 4.2 g/L at 40 d, together with 0.66 g/L butyric acid. A small peak of 0.45
g/L ethanol was found at day 32, but then gradually decreased to reach 0.01 g/L on day 40. The
CO consumption rate decreased at 27-33 d, but then increased from 5.14 to 15.15 mmoL-L™2-d"
Lat 33-40 d (Fig. 6.2e).

Stage 111 (41 — 99 d) was characterized by ethanol and butanol production after a 10 days
adaptation period from day 70 to 80, subsequent the 30 day storage of the sludge at 4 °C (Fig.
6.2a). The highest ethanol, butanol and butyric acid concentrations were, respectively, 0.98,
0.35 and 0.89 g/L (Fig. 6.2a). Acetic acid showed a slight decrease (3.79 to 3.56 g/L), while
ethanol increased from 0.15 g/L to 0.80 g/L from 81 to 91 d (Fig. 6.2a). Thereafter, the acetic
acid concentration increased from 3.56 g/L at 61 d to 4.50 g/L at 94 d during which the CO
pressure slowly decreased (Fig. 6.2d). The ethanol concentration increased to 0.98 g/L at 96 d
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(Fig. 6.2a, c). After day 96, another stable phase of acetic acid and ethanol production

established till the end of Period | (day 99).
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Fig. 6.2 CO bioconversion for ethanol and butanol production by heat-treated granular sludge
in an intermittent gas-fed bioreactor (FB1) with initial CO gas pressure of 1.8 bar. a)
Production of acetic acid (HAc), propionic acid (HPr), butyric acid (HBu), ethanol (EtOH)
and butanol (BtOH), b) gas pressure, ¢) pH, d) CO2 and H. production and CO consumption
and €) CO; and Hz production and CO consumption (mmoL L d?) at each CO feeding. The
orange dots inside the dash box in panel represent 1.8 bar CO feeding. The red cross mark in

panel c) represents pH adjustment to 5.7 each time CO was added.

6.3.1.2 Selective butanol production from CO at pH 5.7-6.5 (Period 1)

After one week incubation in a culture medium with initial pH of 5.7 (stage 1V, 100-106
days), the acetic acid concentration decreased from 2.4 to 1.3 g/L, while 0.82 and 0.95 g/L of,
respectively, ethanol and butanol were produced along with a pH increase from 5.7 to 6.0 (Fig.
6.2a). The pH increase was due to the consumption of acetic acid with concomitant production
of neutrally charged ethanol and butanol. The CO consumption rate and CO> production rate
reached their highest value of, respectively, 68.60 and 24.42 mmoL-L™*.d"* at 109 d (Fig. 6.2e).

During stage V (107-110 d), acetic acid and butyric acid concentrations increased again,
up to 7.21 g/L acetic acid and 2.94 g/L butyric acid till 110 d, which was attributed to the
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transient pH increase, known to stimulate acidogenesis. During this stage, the accumulation of
these acids induced a pH decrease to 4.5-5.

Stage VI (111-127 d), at pH often below 5, was a high butanol production stage. On 111-
119 d, acetic acid was rapidly consumed, dropping from 7.21 to 1.0 g/L. Interestingly, the
ethanol concentration also decreased from 2.2 to 0.8 g/L (discussed below, see 3.3.1 and 4.2),
while the butyric acid concentration increased slowly up to its highest concentration of 3.0 g/L.
Simultaneously, the butanol concentration increased rapidly up to 4.0 g/L at 119 d, while the
butyric acid concentration remained stable. After day 119, both acetic acid and ethanol
concentrations decreased to below 1.0 g/L, and also butyric acid was quickly consumed. This
was accompanied by a second fast increase of the butanol concentration, which reached 6.8
g/L at 127 d. It was observed that butanol production occurred when the medium pH was 5.7,
though it raised to 6.4 due to the consumption of acetic acid and butyric acid (Fig. 6.2c). To
sustain continuous butanol production, the pH was regularly, manually, adjusted to 5.7, each
time CO was added (Fig. 6.2c).
6.3.1.3 Carbon balance of FB1

In Period I (0-99 d), the carbon balance was almost closed and reached 91.0%, to which
the unaccounted carbon used for cell growth should be added (Table 6.1). The level of CO
bioconversion to organic compounds (acids and alcohols) and CO> (mmol carbon) in Period Il
(100- 127 d) was 21.4% and 46.8%, respectively, reaching 68.2% in total at the end of the
incubation period (Fig. 6.3).
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Fig. 6.3 Carbon balance for ethanol and butanol production using CO as the sole carbon
source by heat-treated granular sludge in an intermittent gas-fed bioreactor (FB1). The input
mmol carbon of CO consumption and distributed as CO» and acids and alcohols production,
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6.3.2 Conversion pathways for selective butanol production by enriched sludge

6.3.2.1 CO and syngas conversion

The enriched sludge from FB1 at 127 d was tested in batch assays using pure CO and syngas
(COI/CO2/H2/N2, 20/20/10/50, v/v) as the substrates. After two weeks incubation with CO as
the substrate, 1.30 g/L ethanol and 0.30 g/L butanol were produced, while 2.40 g/L ethanol and
0.33 g/L butanol were obtained from syngas (Fig. 6.4 a, b). The partial pressure of CO in the
syngas in this study was 0.36 bar, which is much lower than in 100% CO at 1.8 bar. The
presence of 1.8 bar CO extended the lag phase of bacterial growth (Fig. 6.4), but the cell
concentration reached an ODeoo Of 1.72 after 14 days incubation was higher than in the OD
(1.56) obtained using syngas at the end of the incubation (Fig. 6.4c, d). These batch tests
confirmed that the enriched sludge from CO fed FB1 enabled ethanol and butanol production

from both CO and syngas.
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6.3.2.2 Ethanol oxidation in the presence of CO; by enriched sludge

At high or low initial pH (6.5 or 5.7) with N2 in the headspace, neither exogenous acetic
acid nor ethanol were significantly consumed after 11 days of incubation (Fig. 6.5a, b).
However, after 30 days incubation, 1.5 g/L ethanol was consumed with the concomitant
production of 0.4 g/L acetic acid, 0.6 g/L butyric acid and 0.8 g/L butanol along with the pH
dropping to 5.67 from the initial pH 6.5 (Fig. 6.5a). The production of acetic acid could be
from ethanol oxidation, and the production of butyric acid demonstrated a C> to C4 acid
conversion process occurred during the long time (30 d) incubation. At initial pH 5.7, 0.9 g/L
ethanol was consumed, while 0.5 g/L acetic acid was produced, and both the butyric acid and
butanol concentrations showed a slight increase (<<0.1 g/L), while the pH decreased to 5.24 at
day 30 (Fig. 6.5b). The highest cell concentration at initial pH 6.5 and 5.7 reached, respectively,
an OD of 0.25 and 0.3 (Fig. 6.5a, b).

With N in the headspace, at 30 d, the produced carbon was in total 83.8 mmoL-L™* C
distributed over 13.3 mmoL-L* C acetic acid, 27.2 mmoL-L* C butyric acid and 43.2
mmoL-L* C butanol, while the total carbon consumed was 82.0 mmoL-L* C with 65.2
mmoL-L? C being ethanol and 16.7 mmoL-L™ C likely to be 0.5 g/L YE. Thus, the carbon
balance of this batch test from consumed ethanol and YE to acetic acid, butyric acid and butanol
was almost closed. Hence, part of the ethanol was converted to C4 compounds.

In the presence of CO,, ethanol started to be converted to acetic acid after 5 d at initial
high pH 6.5 (Fig. 6.5c) and 7 d at initial low pH 5.7 (Fig. 6.5d), eventually reaching a total
conversion of ethanol to acetic acid. The mole ratio of consumed ethanol to acetic acid, in the
presence of CO2, was 0.80 and 0.76, respectively, at initial pH 6.5 or pH 5.7 (Fig. 6.5€). This
is close to the theoretical ratio of acetic acid production from ethanol and CO> (Eq.7) (Bao et
al., 2019).

2CH5CH,0H + 2C0, —» 3CH;COOH AG® = —32.2Kk]/mol  (7)
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Fig. 6.5 Effect of exogenous acetic acid and ethanol addition on the production of acetic acid,
propionic acid, butyric acid, ethanol and butanol, change of pH and ODsoo by enriched sludge
(sampled day 127 from FB1) in batch tests. a) N2 + initial pH 6.5, b) N2 + initial pH 5.7, ¢)
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in panel c) and d) represent manual pH adjustment.
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6.3.2.3 Butanol oxidation in the presence of CO; by the enriched sludge

With initial pH 6.5, the butanol concentration decreased while the butyric acid
concentration was produced along with the pH slightly decreasing after 5 days incubation (Fig.
6.6a, c). Thereafter, the butanol concentration further decreased to 2.5 g/L while the pH
decreased to 6.2 at day 10. Butanol was subsequently completely consumed within 1 day (Fig.
6.6a, c). Atinitial pH 5.7, butanol decreased to 3.1 g/L at day 5 and was then quickly consumed,
reaching 0.6 g/L (85% consumption) within 2 days (Fig. 6.2b, d). Acetic acid and butyric acid
accumulated to, respectively, 2.0 and 3.6 g/L along with the pH decrease to 4.5 (Fig. 6.6b, d).
The pH was then adjusted to 5.7 at day 7 (Fig. 6.6d). Butanol was completely consumed after
12 days and 2.5 g/L acetic acid and 4.5 g/L butyric acid were obtained at the end of the
incubation (Fig. 6.6b). The cell concentration reached the highest ODegoo of 0.4 at both initial
pH 6.5 and 5.7 (Fig. 6.6¢, d). The mole ratio of butanol consumption to butyric acid production
was 0.92 and 1.08, respectively, at initial pH 6.5 and 5.7, which is close to the theoretical ratio
of 1 (Eq. 8) (Schaefer et al., 2010; Fernandez-Naveira et al., 2017a).

2 CH3(CH,),CH,0H + 2C0, — 2CH;(CH,),COOH + CH3COOH AG® = —498.3 kJ/mol (8)
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6.3.3 Ethanol and butanol production by the enriched culture at pH 6.2 and 5.7 in FB2

Fig. 6.7b shows that the gas pressure decreased in incubations of the enriched sludge (sampled

day 127 from FB1), when the pH was controlled at 6.2, from 1.8 bar to 1 bar during days 14 of

incubation, during which 0.9 g/L acetic acid and 0.3 g/L butyric acid were produced. After a

2" CO feeding (pressurization to 1.8 bar) on day 14 at the same pH value, the gas pressure

decreased again to 1.1 bar within 24 h and 3.2 g/L acetic acid and 1.0 g/L butyric acid

accumulated. It is noteworthy to observe that the small amount of ethanol (0.48 g/L) originating

from the inoculum was also completely consumed by day 15 (Fig. 6.7a). With the high CO

consumption, the cell concentration doubled between the 1% and 2" CO supply, i.e., the ODgoo

increased from 1.0 to 2.0 between days 14-16 (Fig. 6.7a).
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sludge (sampled day 127) with intermittent CO gas feeding (FB2) on days 0, 14, 16, 17, 18,
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Considering the dominant production of acetic and butyric acids, but without any
significant ethanol and butanol accumulation at pH 6.0-6.2, the pH was decreased to 5.7 on day
16 to observe its possible effect on solventogenesis (Fig. 6.7b). 1.8 bar CO decreased to 1.2 bar
after 24 h and the concentrations of acetic acid and butyric acid reached, respectively, 4.0 and
1.3 g/L, whereas the ethanol concentration increased to 0.4 g/L at 17 d (Fig. 6.7a). Subsequently,
both ethanol and butanol concentrations increased to, respectively, 2.7 and 2.1 g/L at day 24
after the 8" CO addition (Fig. 6.7a). Thereafter, the production of both acids and alcohols
stabilized (Fig. 6.7a). Therefore, 50 mL fresh medium was added to re-supply nutrients. From
then onwards, the cell concentration increased to an ODeoo of 2.5 and the acetic acid
concentration increased to 4.9 g/L at day 35, while the ethanol and butanol concentrations did
not further increase (Fig. 6.7a).

When operating at a pH of 5.7, alcohols were produced, though it was noted that ethanol
and butanol production was inhibited when the gas pressure decreased from 1.8 bar to 1.35 bar
(days 16.5-17). This was attributed to the accumulation of CO, and the possible reverse
reaction of conversion of alcohols back to acids (Eq. 7, 8), as observed in previous tests (Fig.
6.5 and 6.6). Therefore, 1.8 bar CO was subsequently added every 24 h to avoid CO>
accumulation since the accumulation of CO2 may cause ethanol and butanol oxidation (Fig. 6.5
and 6.6).

6.3.5 Microbial community analysis

The relative taxonomic abundance of the enriched sludge sampled from the bioreactor
(day 127) when reaching 6.8 g/L butanol is shown in a Krona figure (simplified as Fig. 6.8).
The relative abundance was 61% bacteria, 5% archaea and 34% unknown. The Firmicutes
phylum occupied 75% of the bacteria, mainly represented by the Clostridia (47%) and Bacilli
(49%) class (Fig. 6.8a). The Clostridiales order occupied 98% in the Clostridia class, which
was mainly distributed over the Ruminococcaceae 14%, Clostridiaceae 21% and 40%
Oscillospiraceae families (Fig. 6.8a). The Clostridium genus occupied 91% of the
Clostridiaceae family, distributed as Clostridium strain W14A (29%), C. ragsdalei (10%), C.
estertheticum (5%) and C. ljungdahlii (3%) (Fig. 6.8b). Some well-studied solventogenic
species such as C. autoethanogenum, C. carboxidivorans and C. kluyveri occupied,
respectively, 1%, 0.6% and 0.6% of the Clostridium genus (Fig. 6.8b). The relative abundance
in the Clostridiaceae family (8%) and Clostridium genus (7%) of bacteria in the enriched
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sludge is much higher than, respectively, 1.7% and 0.3% of the bacteria in the granular sludge
inoculum (Fig. 6.9) (He et al., 2020).
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Fig. 6.8 Relative taxonomic abundance at a) genus and b) Clostridium species level of the
enriched sludge from FB1 at day 127.
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6.4 Discussion

6.4.1 Selective butanol production by CO fed anaerobic sludge

6.4.1.1 Selective butanol production

This study showed a CO gas-fed enrichment can produce a butanol concentration as high
as 6.8 g/L (Fig. 6.2) with a butanol/butyric acid ratio of 12.6 (Table 6.1). This is, to the best of
our knowledge, the thus far highest reported butanol concentration (Table 6.2). The much
higher selective production of butanol with the microbial culture enriched in this study can be
explained by the broader metabolic potential of the enriched mixed populations compared to
pure cultures, in combination with the pH value and the stressful environmental conditions
such as increased CO partial pressure (Fig. 6.2a, b). Indeed, the microbial community analysis
showed that various Clostridium species were enriched, including C. carboxidivorans in the
class Clostridia and other CO converting acetogens in the class Bacilli. The positive effect of
increased CO partial pressure on cell growth and ethanol production has been reported for some
pure strains, e.g. C. carboxidivorans (Lanzillo et al., 2020). Hurst and Lewis (2010) studied
the effect of the CO partial pressure (Pco) on ethanol production in C. carboxidivorans and
found that cell growth increased by 440% when increasing the Pco from 0.35 to 2 bar. Ethanol
production was not observed when the Pco was 0.35 bar (Hurst and Lewis, 2010). When the
Pco was 0.5, 0.7 and 1.05 bar, ethanol was produced in the non-growth phase. Conversely, if
Pco was increased to 2 bar, ethanol production was growth-associated. Lanzillo et al. (2020)
investigated the cell growth and ethanol/butanol production by C. carboxidivorans at a CO
pressure varying between 0.5 and 2.5 bar. The best condition for alcohol production was an
initial 1.7 bar CO, yielding 0.4 g/L ethanol and 0.13 g/L butanol (Lanzillo et al., 2020).
Similarly, this study obtained a selective butanol production in FB1 as well as 2.7 g/L ethanol
and 2.1 g/L butanol in FB2 using 1.8 bar CO as the substrate, of which the gas pressure (1.8
bar) was consistent with the reported optimum CO partial pressure (1.7-2.0 bar) (Hurst and
Lewis, 2010; Lanzillo et al., 2020).

Fig. 6.2a shows that the increase in butanol concentration in the bioreactor with
intermittent CO gas feeding occurred in two steps: the first butanol increase occurred at 111-
119 d, when the acetic acid and ethanol concentrations decreased, while the butyric acid
concentration remained relative stable. The stable butyric acid concentration was assumed to
be due to its simultaneous production from the C1 gas and conversion to butanol via the WLP
pathway (Fernandez-Naveira et al., 2017a). The second butanol increase was observed at pH

5.7 along with the decrease in butyric acid concentration and reached 6.8 g/L at the end of the
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incubation (Fig. 6.2a). The optimal pH for solventogenesis is generally slightly acidic in most
acetogenic bacteria, though some strains, e.g. C. aceticum, have recently been shown to
produce alcohols at near neutral pH (Arslan et al., 2019).

It should be noted that 0.5 g/L yeast extract addition in Period Il might also have played a
positive role in biomass growth, which can be seen from the shorter adaption time than in
Period I (Fig. 6.2). Yeast extract is an important, partly undefined, source of nutrients and
micronutrients required for microorganisms (Abubackar et al., 2015), especially for syngas
fermenting microorganisms, e.g. strain C. carboxidivorans P7 (Wan et al., 2017) and C.
autoethanogenum DSM 10061 (Abubackar et al., 2012). Abubackar et al. (2012) investigated
the effect of the yeast extract concentration (0.6—-1.6 g/L) on biological solvent production by
C. autoethanogenum DSM 10061 and used the Minitab analysis with a two level four factor
(2%). Lowering the YE concentration resulted in the production of more reduced compounds
such as ethanol. Diender et al. (2016) investigated the production of fatty acids and solvents by
a synthetic co-culture of C. autoethanogenum and C. kluyveri grown on CO. The co-culture
was only capable of growing efficiently with 0.5 g/L yeast extract. Yeast extract concentrations
lower than 0.5 g/L resulted in strong negative effects on the acid and alcohol production rates,
and significantly increased the lag phase. Yeast extract can somewhat favor the biomass grow
at unfavorable pH. For instance, in a bioreactor with continuous CO supply and 1 g/L yeast
extract at low pH 5.75, the maximum biomass concentration obtained was comparable to the
maximum biomass concentration at pH 6.0 (Abubackar et al., 2015). Therefore, 0.5 g/L yeast
extract addition from day 100 onwards (start of Period I1) might have played a positive role on
the cell growth and alcohol production in this study.

6.4.1.2 Ethanol and butanol production by pH shift from 6.2 to 5.7

The pH control of the CO fed FB2 demonstrated that the shift of pH from 6.2 to 5.7
stimulated both ethanol and butanol production by the enriched sludge (Fig. 6.7). This agrees
with the intermittent gas-fed FB1 experiment, suggesting enhanced butanol production (Period
I1) when the pH was manually adjusted around 5.7 (Fig. 6.2a, c). This shift at pH 5.7 in this
study is slightly higher than previously reported pH values, between 4.5-5.5, that induce
solventogenesis in syngas fermentation. Low pH does stimulate ethanol production from CO
and syngas as shown by Chakraborty et al. (2019), who achieved ethanol production by
anaerobic granular sludge after decreasing the pH from 6.2 to 4.9. The highest butanol
concentration of 1.18 g/L was reached after 41 days of incubation at pH 4.9 (Chakraborty et
al., 2019).
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6.4.1.3 Carbon balance

The CO conversion efficiency was higher in Period I (91%) compared to Period Il (68%)
(Table 6.1). The frequent pH decreases in Period Il might have damaged or killed the cells,
resulting in the low carbon utilization. Mohammadi et al. (2012) reported a CO conversion
efficiency of 93% with C. ljungdahlii in a reactor with continuous syngas (55% CO) feeding.
In another experiment with C. ljungdahlii in a bubble column bioreactor, the CO bioconversion
was only 60% from syngas (25% CO) (Morinaga and Kawada, 1990).

6.4.1.4 Microbial community analysis

C. carboxidivorans is the only reported Clostridium species that can produce butanol from
C1 gases (Fernandez-Naveira et al., 2016a), although its relative abundance is very low in the
enriched sludge (0.6%) (Fig. 6.8b). It should be noted that the relative abundance of unassigned
Clostridium is 27% of the Clostridium genus and thus some unassigned Clostridium spp. might
have contributed to the butanol production (Fig. 6.8b). Considering the diversity of the
Clostridium genus in the enriched sludge, a broad range of acetogenic organisms can be
involved in CO bioconversion to metabolites such as butanol through species interactions, that
are not possible in pure cultures. For instance, Clostridium species such as C. autoethanogenum
and C. kluyveri have never been observed to produce butanol or hexanol individually in pure
monocultures. However, a co-culture of both organisms was found to accumulate both butanol
and hexanol (Diender et al., 2016). Considering the mixed culture in the enriched sludge, the
positive role of mixed Clostridium strains might have contributed to enhanced alcohol
production in FB1.

Concerning the other detected bacteria, Ruminococcus species of the Ruminococcaceae
family have been shown to produce H (Kotay et al., 2008). In the Oscillospiraceae family, the
relative abundance of the Oscillibacter genus reached 97% (Fig. 6.8a), which is known to be
involved in acidogenesis during dark fermentation (Goud et al., 2017) and butyric acid
production by microbial electrosynthesis using CO2 as the substrate (Dessi et al., 2021).
Besides the class Clostridia, the Psychrobacillus psychrotolerans species occupied as high as
57% of the class Bacilli and 20% of bacteria (Fig. 6.8a). The relative abundance of the
Rhodococcus genus reached 12% of the bacterial population and some species of Rhodococcus,
such as Rhodococcus erythropolis N9T-4 can utilize CO to CO> under oligotrophic conditions
(Fig. 6.8a) (Ohhata et al., 2007).
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6.4.2 Ethanol and butanol oxidation in the presence of CO2

Attempts of metabolic pathway elucidation in the enrichment experiments (Fig. 6.3)
suggest that ethanol consumption during butanol production was due to its conversion back to
acetic acid in the presence of CO,. However, ethanol was completely oxidized to acetic acid
with COz only after 11 days (Fig 3c, d), while part of the ethanol was used for C4 compound
production in a N2 atmosphere (without COy) after 30 days of incubation (Fig 3a, b). Hence,
ethanol oxidation to acetic acid was dominant compared to its utilization for C4 acid conversion
with the accumulation of CO,. The same ethanol oxidation process to acetic acid has been
demonstrated in solventogenic acetogens such as C. aceticum (Arslan et al., 2019). $3C-labeled
ethanol and acetate experiments with another strain, C. ljungdahlii, revealed that ethanol
production occurred during the exponential phase and that ethanol could then be oxidized to
acetate via the aldehyde ferredoxin oxidoreductase pathway in the presence of 1 bar CO and at
controlled pH 6.0 (Liu et al., 2020). Though ethanol oxidation to acetic acid had been reported
in pure cultures of solventogenic Clostridia (Arslan et al., 2019; Liu et al., 2020), butanol

oxidation to butyric acid has to the best of our knowledge not been reported before.
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Table 6.2 Maximum ethanol and butanol concentrations achieved during syngas and CO fermentation by pure and mixed cultures in batch and

continuous bioreactor systems.

Reactor Workin Temperat Maimum
Microorganism eactor Gas composition 0 g Time/d € pf atu pH alcohols (g/L) Reference
configuration volume (L) re/°C
Ethanol Butanol
Alkalibaculum CO/CO2/H2IN2 .
bacchi CP15 CSTR (20/15/5/60) 3.3/7 51 37 8.0 6.0 1.1 Liuetal., 2014
CO/CO2/N2 _ Rajagopalan et
Bubble column (25/15/60) 451/6.2 10 37 5.3~5.75 1.6 0.6 al. 2002
CO/CO2/H2/N;
HFR (20/15/5/60) 8 15 37 6 24.0 NA Shen et al. 2014
CO/CO2/H2/N2 Ukpong et al.
CSTR (20/15/5/60) 3/75 11 37 5.7 15 0.5 2012
Fernandez-
- CSTR 100% CO 1.212 21 33 5.75,4.75 5.55 2.66 Naveira et al.
C. carboxidivorans 2016
P7 .
Fernandez-
CO/CO,/H2/N; )
CSTR (30/10/20/40) 1.2/2 14 33 6.2,5.2 5.9 2.1 Naveira et al.
2019
CO/CO,/HA/ Ar
Batch (56/20/9/15) 0.03/0.125 5 37 NA 3.64 1.35 Shen et al. 2020
CO/CO2/H; Phillips et al.
Batch (70/20/10) 0.03/0.282 25 37 No control 3.0 1.0 2015
CO/CO./H;
Batch (40/30/30) 0.045/0.25 15 37 5.0-7.0 3.6 1.0 Sun et al. 2018
CSTR 100% CO 1212 7 30 6.0, 4.75 0.9 Na  Abubzciaretal
C. autoethanogenum Abubackar et al
Batch 100% CO 0.075/0.2 NA 30 5.75, 4.75 0.65 NA 2012 '
. . CSTR CO/CO./H; 1/2 (CSTR) 5.5 (CSTR) Richter et al.
C.ljungdahlii 5 16 column (BC) (60/5/35) 416 (BC) 83 35 43-48@BC) 207  NA 2013
. CO/CO2/H2IN; Arslan et al.
C. aceticum CSTR (30/5/15/50) 1.212 52 30 6.98 5.6 NA 2019
. - CO/CO2/H2/IN; Devarapalli et
C. ragsdalei Trickling bed reactor (38/28.5/28.5/5) 1 70 37 5.8-4.6 5.7 NA al. 2016
Anaerobic sludge Fed batch reactor CO 0.2/1 127 33 5.7-6.45 2.2 6.8 This study
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Based on the observed compounds consumed and produced during butanol production (Fig.
6.2), different scenarios of conversion pathways for selective butanol production were
considered. Firstly, it was checked (see section 3.2) if some bacterial populations could have
converted acetic acid and ethanol to butyric acid via the reversed -oxidation pathway, since
those two C, compounds were sometimes consumed while the concentration of butyric acid
increased (Fig. 6.2a). As a result, butyric acid could then have been converted to butanol via
the acetyl-CoA pathway by solventogenic acetogens in the intermittent gas-fed reactor. The
reverse B-oxidation pathway using acetate (C2) as carbon backbone and ethanol (C) as an
electron donor can lead to n-butyrate (C4) production, which has been described in species such
as C. kluyveri (Agler et al., 2012; Richter et al., 2016; San Valero et al., 2019). However, our
experiments with exogenous acetate, ethanol and either CO, or N2 showed that butyric acid
production from acetic acid and ethanol was not a relevant mechanism (Fig. 6.5), while ethanol
oxidation to acetic acid in the presence of CO> was feasible instead (Fig. 6.5). Further research
on the carbon flow and the biochemical mechanisms of C, and C4 compound formation from
CO and CO:z is thus required, e.g., using nuclear magnetic resonance (NMR) spectroscopy with
13C CO labelled substrates (Gurudata, 2011).

6.4.3 H2 production during start-up period

H> production was observed during the initial 15-33 days, but then shifted to acetic acid
production (Fig. 6.2d). At each CO feeding, the molar ratio of H> production to CO
consumption was close to 1 (Fig. 6.10), which is in accordance with the theoretical ratio of H»
production from CO (Eq. 7). One explanation is that hydrogen-utilizing acetogens were slowly
enriched to become dominant after 30 days of operation along with the accumulation of H> and
the presence of CO and CO: (Fig. 6.5). Hydrogenic acetogens can indeed be enriched from
anaerobic sludge in the presence of CO (Liu et al., 2016).

Considering the accumulation of CO> during the fermentation process, it is not possible to
discriminate between a direct conversion of CO to acetate (Eq. 1) and an indirect conversion

via Hz and CO; as intermediates (Eg. 9 and Eq. 10):
CO +H,0 - H, + CO, AG® = —20.1 kJ/mol  (9)

2C0, + 4H, - CH;COOH + 2H,0 AG® = —75.4k]/mol  (10)
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This could be elucidated by NMR spectroscopy with 2C labelled substrates in future
studies.
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Fig. 6.10 a) Net production rates of acetic acid, propionic acid, butyric acid, ethanol and butanol
in the intermitted fed reactor in mmol C L™ d* and b) CO consumption and production of
COz and Ha. The blue triangle inside the dash square means CO feeding.

H> production from CO by both pure or mixed cultures has been reported under mesophilic,
thermophilic and hyper-thermophilic conditions in pure cultures of Carboxydothermus
hydrogenoformans, Carboxydocella thermoautotrophica and Thermincola carboxydiphila
(Table 6.3). CO is oxidized by carbon monoxide dehydrogenase (CODH retaining a Ni—-Fe
active site) to produce CO», and electrons are transferred by ferredoxin to an energy-
converting hydrogenase that reduces protons to molecular Hx (Simon et al., 2015). Generally,
the growth rates of mesophilic hydrogenogenic bacteria on CO are low and enough biomass
needs to develop before the phase of anaerobic CO conversion to H> production can start
(Parshina et al., 2005). Thermophilic conditions are generally more favorable leading to a
higher biohydrogen yield (Table 6.3).

From an energetic point of view, the Gibbs free energy of hydrogen production from CO
(-20.1 kJ/mol, Eq. 9) and water is much higher than both acetic acid production from CO and
water (-154.6 kJ/mol, Eq. 1) or CO2 and Hz (-75.4 kd/mol, Eq. 10). The optimal growth pH of
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the known CO converting hydrogenic strains (Table 6.3) is near neutral under both mesophilic
and thermophilic conditions. None of these strains were observed in the enriched sludge from
the bioreactor at day 127 (Table 6.3). The Rhodospirillales order with relative abundance lower
than 0.1% was identified in the enriched sludge. However, H> production was observed at pH
5.3-5.5 in this study (Fig. 6.2c). One possible explanation could be the presence of specific
CO-utilizing/H2-producing strains considering the diverse microbial populations present in
anaerobic sludge (Wan et al., 2016). It should be noted that the molar ratio of CO consumption
to H2 production was conform to the theoretical ratio of 1 (Eq. 9) (Fig. 6.2d), which confirms
that Hz production originates from CO and not from acetic acid bioconversion.

Table 6.3 Environmental conditions of H production using CO as substrate by pure cultures

and enrichments.

Growth Optimum Optimum
Biocatalysts Substrate Temperature/ Temperature/ pH ppH Reference
°C °C
Carboxydothermus 100% CO 40-78 70-72 _ 6.8-7.0 Svetlichny et
hydrogenoformans al. 1991
Carboxydocella 0 6.5- Sokolova et
thermoautotrophica 100% CO 40-68 58 7.6 .0 al. 2002
Thermincola 0 6.7- Sokolova et
carboxydiphila 100% CO 37-68 55 9.5 8.0 al. 2005
Parshina et
al. 2005
Desulfotomaculum 0 6.0- Visser et al.
nigrificans 100% CO 30-68 5 gg 6872 2014 (DOI:
10.4056/sigs
4718645)
Rhodospirillum 0 Dadak et al.,
rubrum 100% CO - 30 - 7.5 2016
Rhodopseudomonas 0 _ _ Pakpour et
palustris PT 60% CO 30 ! al. 2014
. Simpa et al
0, - - -
Anaerobic sludge 100% CO 55 2004
Activated sludge 100% CO 55 -- 10 -- Wz;rz)iegal.
Anaerobic granular 150, - 33 - 55 - This study
sludge
Note: ‘--’ represents data not reported.

6.5 Conclusions

CO and syngas metabolizing solventogenic bacteria were enriched from heat-treated
anaerobic granular sludge treating dairy wastewater at pH 5.7-6.5 and produced up to 6.8 g/L
butanol with initial CO pressure of 1.8 bar in an intermittent gas-fed bioreactor. The high
selective production of butanol with the enriched culture could be explained by the broader
metabolic potential of the mixed bacterial inoculum compared to pure cultures. Upon the
accumulation of CO; in the bioreactor, the enriched mixed culture also occasionally reoxidized
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ethanol and butanol to acetic acid and butyric acid, respectively. Additional tests under
controlled pH demonstrated that a low pH (5.7) stimulated ethanol and butanol production by
the enriched culture. Although the original sludge hardly contained acetogenic/solventogenic
Clostridia, the microbial analysis of the enriched ethanol/butanol producing community
showed the applied enrichment procedure efficiently selected for a range of Clostridium
species, including several alcohol producers, such as C. ljungdhalii, C. ragsdalei and C.
coskatii, in addition to other unidentified species which could include new solventogenic
strains.
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Chapter 7 Enhanced ethanol production from carbon monoxide by

enriched Clostridium bacteria

A modified version of this chapter has been published as:
He Y., Lens, P. N. L., Veiga, M. C. and Kennes, C. 2022. Enhanced ethanol production
from carbon monoxide by enriched Clostridium bacteria. Frontiers in Microbiology 12, 754713.
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Abstract

Carbon monoxide metabolizing Clostridium spp. were enriched from the biomass of a
butanol-producing reactor. After six successive biomass transfers, ethanol production reached
as much as 11.8 g/L with minor accumulation of acetic acid, under intermittent gas feeding
conditions and over a wide pH range of 6.45 to 4.95. The molar ratio of ethanol to acetic acid
exceeded 1.7 after the lag phase of 11 days and reached its highest value of 8.6 during the
fermentation process after 25 days. Although butanol production was not significantly
enhanced in the enrichment, the biomass was able to convert exogenous butyric acid (3.2 g/L)
into butanol with nearly 100% conversion efficiency using CO as reducing power. This
suggested that inhibition of butanol production from CO was caused by the lack of natural
butyric acid production, expectedly induced by unsuitable pH values due to initial acidification
resulting from the acetic acid production. The enriched Clostridium population also converted
glucose to formic, acetic, propionic, and butyric acids in batch tests with daily pH adjustment
to pH 6.0. The Clostridium genus was enriched with its relative abundance significantly
increasing from 7% in the inoculum to 94% after five successive enrichment steps.
Unidentified Clostridium species showed a very high relative abundance, reaching 73% of the
Clostridium genus in the enriched sludge (6" transfer).

7.1 Introduction

A significant portion of biomass sources like straw and wood is poorly degradable, but the
gasification of these carbon rich waste materials to produce synthesis gas mainly with carbon
monoxide (CO) and Hz as a starting substrate for fermentation could offer a solution to this
problem (Mohammadi et al., 2011). CO is a toxic gas and is present in several industrial
gaseous emissions such as those of steel plants (Yu et al, 2016). Its microbiological conversion
to (bio)fuels such as ethanol and butanol via the water-gas shift reaction by microorganisms
has gained increased attention recently (Fernandez-Naveira et al., 2017a).

The low energy density and toxicity of CO limits its application in environmental
biotechnology, but a limited number of acetogens can convert CO to acids, ethanol and,
occasionally, butanol and even hexanol (Fernandez-Naveira et al., 2017a). These acetogens
possess the key carbon monoxide dehydrogenase enzyme, which converts CO to CO», with
acetyl-CoA as main intermediate, following the Wood-Ljungdahl pathway (WLP) (Fernandez-
Naveira et al., 2017a). The production of alcohols from CO takes place in two stages; i.e. first
accumulation of volatile fatty acids takes place and then solventogenesis occurs (Richter et al.,
2013; Abubackar et al., 2018). Only a low number of solventogenic carboxydotrophic
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acetogens have been isolated so far from a variety of environments such as soil, sediments,
anaerobic sludge and animal manure, including Clostridium ljungdahlii (Tanner et al., 1993),
Clostridium autoethanogenum (Abrini et al., 1994), Clostridium carboxidivorans (Liou et al.,
2005) and Butyribacterium methylotrophicum (Lynd et al., 1982). Other acetogenic bacteria,
known to produce acetic acid, have only recently been shown to have solventogenic potential
with the accumulation of high amounts of ethanol, including Clostridium aceticum (Arslan et
al. 2019), Acetobacterium wieringae Strain JM grown on 1.70 bar CO (Arantes et al., 2020)
and Clostridium sp. AWRP grown on syngas (Lee et al., 2019).

Although syngas bioconversion has been studied with several pure strains, mixed culture
fermentations may be easier to implement at large scale compared to pure cultures, as they may
be more resistant and do not require sterile conditions (Charubin et al., 2019). More
importantly, the presence of a broad range of acetogenic organisms in mixed cultures could
have the potential to achieve metabolic yields that are theoretically not possible in pure
cultures. Although mixed cultures may raise challenges of stability of the microbial
composition, these can be overcome by controlling parameters such as pH and CO substrate
concentration. Mixed cultures may exhibit syntrophic or complementary behaviour and may
thus better withstand poor environmental conditions such as a low pH or nutrient limitation
and have better abilities for adaptation. For instance, C. autoethanogenum can convert CO or
syngas to ethanol and acetate, but when co-cultured with Clostridium kluyveri, the co-culture
ends up producing butanol or hexanol with CO as reducing power, not found in any of those
individual strains (Diender et al., 2016).

Despite this huge potential, hardly any study has reported and optimized ethanol and
butanol production in mixed cultures using 100% CO as the carbon source. Chakraborty et al.
(2019) investigated a two stage fermentation using anaerobic sludge as inoculum, in which first
6.18 g/L acetic acid was produced from continuous CO gas feeding by an enriched anaerobic
sludge at a controlled pH of 6.2. Then, in the same continuous stirred tank reactor (CSTR),
11.1 g/L ethanol and 1.8 g/L butanol accumulated when the pH was decreased to 4.9. The aim
of this study was to first enrich CO metabolizing, solvent producing acetogens using 100% CO
as the carbon and energy source. The enriched bacteria were then determined and the functional
acetogens were identified via microbial community analysis. Secondly, this study further
explored the effect of exogenous butyric acid and glucose on enhanced butanol production as
well as the effect of pH regulation on enhanced ethanol and butanol production by the enriched
acetogenic bacteria.
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7.2 Materials and methods

7.2.1 Source of inoculum

The inoculum was obtained from a fed batch incubation producing for 6.8 g/L butanol
operated with intermittent gas feeding using CO as the sole carbon and energy source after 127
days operation (He et al., 2022). The microbial community of the inoculum was mainly
composed of Clostridia (37%) and Bacilli (36%) class (He et al., 2022) and 7% Clostridium
genus (Table 7.2).

7.2.2 Medium composition

The culture medium was prepared as described previously (He et al., 2021). A 1 L culture
medium was prepared according to Stams et al. (1993) and modified as follows: 408 mg/L
KH2PO4, 534 mg/L NaHPO4-2H,0, 300 mg/L NH4Cl, 300 mg/L NaCl, 100 mg/L
MgCl2:6H.0, 110 mg/L CaCl2-2H20; 1 mL trace metal and 1 mL vitamin stock solution
(Stams et al., 1993). Once prepared, the 1 L medium (except for CaCl>-2H>O and vitamins)
was brought to boiling in order to remove O, and it was later cooled down to room temperature
under an oxygen-free N2 flow. Then CaCl,-2H.0 and the vitamins were added, as well as Na>S
(0.24 g) as the reducing agent.

7.2.3 Experimental set-up

7.2.3.1 Enrichment of CO converting acetogens

Enrichments were obtained by successive transfer of active cultures (10% v/v) into fresh
medium with a headspace CO pressure of 1.8 bar. 100 mL medium was dispensed into 500 mL
flasks, 10 mL enriched sludge was added as inoculum, and the pH was adjusted to 6.2 with 2
M HCI under CO gas flow. The bottles were then sealed with rubber stoppers, capped with
screw caps, and incubated with steady agitation (150 rpm) in the dark. When the gas pressure
decreased below 1 bar, as a result of bacterial C1-gas consumption, the bottle was flushed with
fresh pure CO for about 5 minutes, until again reaching a gas pressure of 1.8 bar. To avoid
inhibition of solventogenesis at low pH, its value was adjusted to 6.0-6.4 at the beginning of
each CO addition. To enhance cell growth, yeast extract was added, after filtration through a
0.22 um filter, to reach a final concentration of 0.5 g/L. As soon as microbial growth was
observed, i.e. ODeoo increased and acetic acid and alcohols were produced, 10 mL inoculum
was transferred into another flask under the same conditions.
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In the 6™ transfer, the last CO addition started with an initial CO gas pressure of only 1.5
bar, as the glass serum bottles started after 27 days fermentation under gas pressures as high as
1.8 bar. In the 7" and 8" transfer, the CO pressure was further decreased to 1.2 bar.

7.2.3.2 Enhanced butanol production from exogenous butyric acid by enriched Clostridium
populations

To assess and demonstrate the butanol production potential of the enriched culture after
the 5™ transfer on CO, the enriched sludge was further inoculated in a 1L serum bottle with
200 mL culture medium and with the addition of 3.2 g/L exogenous butyric acid. The initial
pH was 6.2 and 100% CO was introduced as electron donor to reach an initial gas pressure of
1.8 bar. The same CO feeding procedure was used as described in section 2.3.1.

7.2.3.3 Exogenous glucose consumption by the enriched sludge

To investigate the sugar utilization and possible endogenous acid production used for
ethanol and butanol production, the enriched biomass of the 6™ transfer with dominant
Clostridium spp. was incubated with either pure glucose or glucose and CO as the substrates.
25 mL medium was dispensed into 125 mL conical flasks, 2.5 mL enriched sludge was added
as inoculum (10%) and the pH was adjusted to 6.2 with 2 M HCI under N2 gas flow. The
headspace was flushed with N> or CO, glucose was added to reach a final concentration of 5
g/L in duplicate experiments. The bottles were then sealed with rubber stoppers, capped with
screw caps, and incubated with steady agitation (150 rpm) in a dark environment.

7.2.3.4 Ethanol production from CO with pH control at 6.2 and 5.7 in intermittent gas-fed
bioreactors

The poor butanol production among the transfers was expected to be due to the low butyric
acid production, likely induced by unfavourable pH values and the natural pH drop. Therefore,
CO conversion by the enriched culture was further investigated under pH controlled conditions
at pH 5.7 and 6.2, and also without pH control using 10% enriched sludge from the 7" transfer.
pH control experiments were carried out in two 1 L serum bottles with 200 mL culture medium
and with pH control at either pH 5.7 or 6.2 by supplying 1M HCI or 1M NaOH. The same CO
feeding procedure was used as described in section 2.3.1.
7.2.3.5 Sampling

The gas pressure was measured daily. Liquid samples (1 mL) were withdrawn for
measuring the cell concentration (ODeoo), then centrifuged at 8000xg for 5 min and the
supernatant was used to quantify the concentrations of acids and solvents.
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7.2.4 Analytical methods

The cell concentration was determined with a spectrophotometer (Hitachi, Model U-200,
Pacisa & Giralt, Spain) at a wavelength of 600 nm with medium solution as the blank (Arslan
et al., 2019). pH was measured by pH meter (Mettler Toledo, Zurich, Switzerland).

Acetic acid, propionic acid, butyric acid, ethanol and butanol were determined on a high
performance liquid chromatography (HPLC, HP1100, Agilent Co., USA) equipped with a
refractive index detector using an Agilent Hi-Plex H Column (300%7.7 mm). A 5 mM H2SOq4
solution was used as mobile phase at a flow rate of 0.80 mL/min, with a sample injection

volume of 20 pL and a column temperature of 45 °C (Arslan et al., 2019).

7.2.5 Microbial analysis

The microbial community composition of different successive transfers of the inoculum,
2nd 4t 5t gth 7t 8t exogenous butyric acid addition (HBu), glucose fermentation (Glucose),
pH 6.2 and pH 5.7 were analyzed. DNA was extracted using a DNeasy® PowerSoil Kit
(QIAGEN, Germany) following the manufacturer’s protocol. 10 mL sludge was used for DNA
extraction at the end of the incubations of successive transfers. The extracted DNA was
quantified and its quality was checked by a Nanodrop 2000c Spectrophotometer (Thermo
Scientific, USA). The extracted DNA were analyzed by Metagenomics -Seq (Illumina PE150,
Q30 > 80%) (Novogene, UK). The procedures of metagenomic sequencing are detailed in
https://en.novogene.com/services/research-services/metagenomics/shotgun-metagenomic-
sequencing/ and Zhang et al. (2018) and section 6.2.6 (Chapter 6). The raw data is available in
OneDrive NUIG.

Table 7.1 The Statistic of gene catalogues

ORFs NO. 954,675
integrity: start 150,041(15.72%)
integrity: none 39,733(4.16%)
integrity: all 547,831(57.38%)
integrity: end 217,070(22.74%)
Total Len.(Mbp) 590.04

Average Len. (bp) 618.06

GC percent 48.03

Note: "ORFs NO." means number of genes in gene catalogue. "integrity :start" represents amount and
percentage of genes only containing start codon. "integrity: end" represents amount and percentage of
genes only containing stop codon. "integrity: none" represents amount and percentage of genes not
containing start or stop codon. "integrity: all" represents amount and percentage of genes containing
both start and stop codon. "Total Len. (Mbp)" means the total length of gene catalogue (million).
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"Average Len." means the average length of genes in gene catalogue. "GC Percent" means the
prediction of GC content of genes in gene catalogue.

The gene catalogues have been depicted in Table 7.1 and Fig. 7.1. Taxonomy annotation
analysis involved comparing metagenomic reads to the database of taxonomically informative
gene families (NR database) to annotate each metagenomic homolog. Taxonomic diversity
involves identifying those reads that are marker gene homologs to a database of taxonomically
informative gene families using sequence or phylogenetic similarity to the database sequences
(NR database) (Buchfink et al., 2015) to taxonomically annotate each metagenomic homolog
(MEGAN, Huson et al., 2011).

According to the abundance table of each taxonomic level, various analyses were
performed including Krona analysis, bar plot for abundant species and heatmap of abundance.
Principal-component analysis (PCA) based on Bray-Curtis distance was used to evaluate the
similarity of samples. The distance was calculated according to relative taxonomic abundance
(Buchfink et al., 2015). The final results were exhibited by combining the clustering result and
relative abundance of different samples at the phylum level.
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Fig. 7.1 Distribution of scaftig length (>=500bp)
(YH1- The enriched sludge at the end of the bioreactor for 6.8 g/L butanol production,
YH2- 2" transfer, YH3- 4" transfer, YH4- 5" transfer, ER1- 6" transfer, ER2- 7", ER3- 8",

ER4- 5 HBu (Exogenous 3.2 g/L butyric acid), ER5- 6" transfer grows on 5 g/L glucose, C1-
pH 6.2, C2- pH 5.7).
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7.3 Results

7.3.1 Enrichment of CO-converting acetogens

In the 1% transfer, CO was added twice (i.e., two CO additions) at 0 and 18 d (Fig. 7.2A).
After 16 days of fermentation, 0.6 g/L acetic acid and 1.3 g/L ethanol were produced (Fig.
7.2B). Both the acetic acid and ethanol concentration reached their highest value of 0.9 and 1.7
g/L, respectively, at day 18 along with a gas pressure decrease from 1.8 to 1.0 bar and the pH
dropped to 4.65 (Fig. 7.2A, B). Then both the acetic acid and ethanol concentration decreased
to, respectively, 0.5 and 1.0 g/L at day 24. The ODeoo gradually increased to a maximum value
of 0.72 after 24 days of incubation. 0.1 g/L butyric acid had accumulated at day 18 and kept
stable till the end of incubation day 24, while butanol production was stimulated during the
second CO fermentation and reached 1.0 g/L at day 24. Some other acids were detected as well,
such as 0.6 g/L propionic acid and 0.3 g/L valeric acid, which further contributed to induce a
pH decrease to 5.11 at the end of the incubation (Fig. 7.2A).

In the 2" transfer, CO was added at 0, 16, 21, 30 and 33 d, respectively (i.e. five CO
additions) (Fig. 7.2C). Ethanol started being produced and reached 0.9 g/L at day 16 while the
acetic acid concentration remained low, with only 0.4 g/L being detected, and the pH dropped
to 4.6 (Fig. 7.2D). Then the ethanol concentration kept increasing to 1.7 g/L, while the acetic
acid concentration was 0.3 g/L along with the pH decreased to 4.7 and the ODsoo reached its
highest value of 1.537 at day 22 (Fig. 7.2D). Thereafter, acetic acid started to accumulate
quickly and reached 3.1 g/L, while the ethanol concentration decreased to 0.7 g/L at the end of
the incubation (Fig. 7.2D). Meanwhile, the net amounts of butyric acid and butanol increased
to 1.1 and 0.8 g/L, respectively (Fig. 7.2D). The concentrations of propionic and valeric acid
were, respectively, 1.7 and 1.2 g/L, at the end of the incubation (Fig. 7.2D).

During the 3™ transfer, CO was supplied twice, at day 0 and 19. After approximately 17
days of adaption, the net acetic acid and ethanol concentrations increased to reach 1.1 and 1.0
g/L, respectively, at day 19, with the pH dropping to 4.4 (Fig. 7.2E, F). The net amount of
ethanol reached its highest concentration of 1.8 g/L, along with a steep decrease of the acetic
acid concentration to 0.1 g/L at day 22 when the gas pressure decreased from 1.8 to 1.7 bar
(Fig. 7.2E, F). However, the ethanol and acetic acid concentrations decreased to 0.4 g/L at day
26 (Fig. 7.2E). The butanol concentration increase occurred after adding CO at pH 6.2 at day
19, then it remained stable at 0.6 g/L (Fig. 7.2F). Both 0.5 g/L propionic acid and 2.5 g/L valeric
acid were also found at day 26 (Fig. 7.2E, F), when the highest cell concentration of 1.163
(ODe0o) was obtained.
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Fig. 7.2 Enrichment of CO converting solventogenic bacteria among the five transfers using
CO as the carbon source by enriched sludge with initial CO gas pressure of 1.8 bar. (A), (C),
(E), (G) and (1) represent the changes of gas pressure and pH of the 1%, 2", 3" 4t and 5%
transfer, respectively. (B), (D), (F), (H) and (J) represent cell concentration (ODsoo) acetic
acid (HAc), propionic acid (HPr), butyric acid (HBu), ethanol (EtOH), isovaleric acid (i-
Hval) and butanol (BtOH) production of the 1%, 2", 31 4™ and 5" transfer, respectively. The
dash lines in Figure (A), (C), (E), (G) and (I) represent 1.8 bar CO addition and pH
adjustment.

With the 4™ transfer, CO was supplied at day 0, 6 and 10, respectively. The net ethanol
and acetic acid production reached 1.0 and 1.4 g/L, respectively, along with the pH decreasing
to 4.23 at day 6 (Fig. 7.2G, H). The ethanol concentration kept increasing and reached 2.4 g/L,
with the pH dropping to 5.0 (Fig. 7.2G, H). Finally, the ethanol concentration slightly increased
to 2.8 g/L at day 11 of the last CO addition (Fig. 7.2G, H). The cell concentration increased to
0.793 after the first CO addition and reached the highest value of 1.55 after the second CO
addition (Fig. 7.2G, H).

Acetic acid and ethanol production were dominant in the 5" transfer but with a quite higher
ethanol concentration than in all previous transfers (Fig. 7.21). CO was supplied four times at
day 0, 7, 8 and 12 (Fig. 7.21). After 5 days adaption to the 5™ transfer, the acetic acid and
ethanol concentrations increased to 0.4 and 1.3 g/L, respectively, with the pH decreasing to
5.22, while the ODeoo increased to 0.655 at day 7 (Fig. 7.21, J). The second CO addition lasted
only one day, with a very fast gas consumption, and the acetic acid and ethanol concentrations
increasing to 2.3 and 2.6 g/L, respectively, with the pH dropping to 4.31 and the ODeoo
increasing to 1.753 at day 8 (Fig. 7.21, J). With the last two CO additions in the 5" transfer, the
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cell concentration remained roughly stable, while acetic acid and ethanol concentrations
increased to 6.5 and 5.0 g/L, respectively (Fig. 7.21, J).

The enrichment strategy of five successive transfers had efficiently selected for acetic
acid/ethanol producing organisms, with only minor concentrations of other metabolites, such
as propionic and valeric acid. The unstable propionic acid and valeric acid production at the
1%, 2" and 3" transfer could be attributed to the change of microbial community composition
during the enrichment, for instance, the relative abundance of Clostridium bacteria was
enriched 52% at the 2" transfer, while it was increased to 78% of the 4™ transfer (Table 7.2).
The exponential biomass growth phase led to an exponential production of metabolites, while
the accumulation of end products slowed down once the steady biomass concentration was
reached (Fig. 7.2). Ethanol consumption, which was observed towards the end of each
incubation period during the first three transfers, was not observed anymore from the fourth
transfer onwards (Fig. 7.2). The net ethanol production was enhanced 3 fold at the 5" transfer
compared to the first one. The relatively high production of 5.0 g/L ethanol in batch tests using
CO as the carbon source was seldomly reported so far, except some studies conducted in
bioreactors using syngas as the substrate (Table 7.3). This high ethanol concentration can be
even significantly increased further, as shown in the additional experiments described

hereafter.
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Table 7.2 Relative abundance of Clostridium spp. at genus level in the initial inoculum sludge and the 2", 4™, 5t 6" 7"and 8™ transfer as
well as in the incubation with exogenous butyric acid (HBu) and glucose addition (Glucose), controlled pH 6.2 and pH 5.7.

Inoculum 2nd 4th 5th 6t 7th gth
sludge transfer | transfer | transfer |transfer|transfer |transfer HBu Glucose  |pH 6.2|pH 5.7
5t transfer | 6™ transfer 7 ¢
Inoculum source enriched enriched . ransfer
sludge sludge enriched sludge
The relative abundance of 7 52 78 9% 81 84 88 88 9 8l | 88
Clostridium genus in bacteria
The relative abundance of
Clostridium genus in the total 4 43 66 85 73 73 81 82 7 69 76
sample
Species hame Clostridium (Genus level) %
Clostridium strain W14A 29 0.7 2 0.9 2 1 1 0.4 11 2 1
Clostridium ragsdalei 10 2 4 4 4 4 4 4 3 4 4
Clostridium estertheticum 5 0.008 0.007 0.009 0.0007 | 0.002 | 0.002 0.0007 0.05 0.005 [ 0.01
Clostridium ljungdahlii 3 8 8 8 8 8 8 8 0.9 8 8
Clostridium coskatii 2 4 4 5 4 4 4 4 0.6 4 4
Clostridium magnum 1 0.3 0.3 0.1 0.06 0.08 0.3 0.1 4 0.4 0.5
Clostridium autoethanogenum 1 5 5 6 6 6 6 6 0.4 5 5
Clostridium sp. P1 S10 A1B 0.9 0.2 0.07 0.01 0.01 0.07 0.02 0.05 2 0.1 0.03
Clostridium amylolyticum 0.8 0.2 0.09 0.03 0.05 0.04 0.04 0.03 2 0.08 | 0.06
Clostridium botulinum 0.7 0.2 0.3 0.2 0.2 0.2 0.2 0.2 2 0.2 0.2
Clostridium homopropionicum 0.4 0.02 0.04 0.01 0.004 0.003 0.1 0.01 10 0.05 | 0.03
Clostridium carboxidivorans 0.6 0.4 0.4 0.4 0.3 0.7 0.6 0.3 0.8 0.4 0.4
Clostridium kluyveri 0.6 0.3 0.4 0.3 0.3 0.3 0.4 0.3 0.4 0.3 0.3
Clostridium tyrobutyricum 0.5 0.7 0.8 0.8 0.7 0.7 0.8 0.7 0.2 0.7 0.7
Clostridium sp. C105KS0O15 0.08 0.009 0.08 0.002 0.01 0.04 0.04 0.4 3 0.01 | 0.004
Clostridium cadaveris 0.07 0.5 0.7 0.1 0.2 0.2 0.2 1 14 0.5 0.4
Clostridium butyricum 0.07 0.009 0.02 0.005 0.0006 | 0.002 0.02 0.003 1 0.03 | 0.06
Clostridium sp. BNL1100 0.03 0.002 0.003 0.0001 | 0.0003 | 0.002 | 0.007 0.008 1 0.03 | 0.01
Other identified Clostridium spp. 17.3 6.5 2.8 1.1 1.2 2.7 1.3 1.5 14.7 2.2 3.3
Unidentified Clostridium spp. 27 71 71 73 73 72 73 73 29 72 72

Note: The bolded values in Glucose column represent the increased relative abundance of Clostridium spp. compared to the successive transfers. The bolded
values in the last raw represent the high relative abundance of unidentified Clostridium spp.
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Table 7.3 Highest ethanol and butanol concentrations during syngas/CO fermentation using various biocatalysts.

Highest alcohols

. . Reactor . Working .
Microorganism configuration Gas composition volume (L) Time/d pH (g/L) Reference
Ethanol  Butanol
. . CO/CO2/H2/N: i
Alkalibaculum bacchi CP15 CSTR (20/15/5/60) 3.3/7 51 8.0 6.0 1.1 Liuetal., 2014
CO/CO2/N; N Rajagopalan et
Bubble column (25/15/60) 451/6.2 10 5.3~5.75 1.6 0.6 al., 2002
CO/CO2/H2IN2
HFR (20/15/5/60) 8 15 6 24.0 NA Shen et al., 2014
C. carboxidivorans P7 CO/CO2/H2/N, Ukpong et al.,
CSTR (20/15/5/60) 3/7.5 11 5.7 1.5 0.5 2012
CSTR 100% CO 1.2/2 21 575475 555 2.66 Femaggié etal,
CO/CO/HAAr
Batch (56/20/9/15) 0.03/0.125 5 NA 3.64 1.35 Shen et al., 2020
CSTR 100% CO 1212 7 60,475 09 Na  Abubckaretal,
C. autoethanogenum Abubackar et al
Batch 100% CO 0.075/0.2 NA 5.75,4.75 0.65 NA 2012 v
55
. .. CSTR+ Bobble CO/CO./H; 1/2 (CSTR) (CSTR) Richter et al.,
C. ljungdahlii column (60/5/35) 416 (BC) 8  43ag 207 NA 2013
(BO)
- . CO/CO2/H2/N, Arslan et al.,
Clostridium aceticum CSTR (30/5/15/50) 1.2/2 52 6.98 5.6 NA 2019
. Tricking bed CO/CO2/H2/N, i Devarapalli et al.
C. ragsdalei reactor (38/28.5/28.5/5) 1 0 58-4.6 57 NA 2016
- . CO/CO2/H2/N, Maddipati et al.
Clostridium Strain P11 CSTR (20/15/5/60) 35/75 15 6.1 5.0 0.6 2011
Anaerobic sludge from industry CSTR 100% CO 1.9/2 42 6.2, 4.9 111 18 Chakraborty et
wastewater treatment al., 2019
i H th
Enriched sludge in fed batch (6 Fed batch 100% CO 0.1/0.5 29 5.0-6.3 11.8 1.0 This study

transfer)
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7.3.2 Enhanced ethanol production with minor acetic acid accumulation

In the 6™ transfer, CO converting acetogens with enhanced ethanol production were
successfully enriched compared to the previous five transfers. Six CO supplies were performed
in the 6" transfer, at 0, 13, 15, 19, 21 and 26 d, with the initial CO gas pressure set at 1.8 bar
(Fig. 7.3A).

In the first CO addition (0-13 d), 11 days adaption were required and then 0.8 g/L acetic
acid and 2.2 g/L ethanol were produced, with an ethanol to acetic acid molar ratio of 3.32 (Fig.
7.3B). This lag phase of several days, just after inoculation, was typically observed in all
transfers indicating gradual adaption to the conditions, while subsequent fast gas consumption
occurred at each new CO supply. The pH value decreased to 4.95 and the gas pressure
decreased to 1 bar at day 13 (Fig. 7.3A). The second CO addition (13-15 d) lasted only 48 h as
the gas pressure quickly dropped to 1.2 bar and the pH decreased to 5.5 (Fig. 7.3A) and yielded
2.1 g/L acetic acid and 3.0 g/L ethanol. The molar ratio of ethanol to acetic acid decreased to
1.87, due to the high acetic acid accumulation in the biomass log phase (Figure 2B). The cell
concentration increased to 1.685 (ODsoo) (Fig. 7.3B).
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using CO as the carbon source with initial CO gas pressure of 1.8 bar in the 6" transfer by

enriched sludge. The dash lines in Fig. 7.2A represent 1.8 bar CO addition and pH
adjustment.

At the third CO addition (15-19 d), the pH decreased to 4.91, ethanol kept accumulating
up to 5.1 g/L, while the acetic acid concentration only slowly increased to 3.1 g/L (Fig. 7.3B).
Around this period, biomass growth and the acetic acid concentration levelled off; while
ethanol production kept increasing at high rates, except for a short stable period at day 18-19,
corresponding to a gas pressure that decreased to 1.2 bar and a pH value that reached its lowest
value (pH<5) of the whole experiment (Fig. 7.3). A similar slowing down in the ethanol
production was observed at the end of the first CO addition from the 1% to 5™ transfer, at low
gas pressure and pH 4.95 (Fig. 7.2). A minor increase in cell concentration was observed, up
to 1.765 (ODsoo), at day 19. At the fourth CO addition (19-21 d), the acetic acid concentration
decreased for the first time, along with the pH increasing from 5.7 to 6.18 at day 20 (Fig. 7.3B).
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To sustain acetic acid consumption and minimize any potential ethanol oxidation sometimes
reported in the presence of CO> (Arslan et al., 2019; He et al., 2022), the pH was readjusted to
5.7. The accumulation of ethanol reached then 7.9 g/L, while the acetic acid concentration
decreased to 2.1 g/L and the ethanol to acetic acid molar ratio reached 4.80 (Fig. 7.3B). The
highest cell concentration of 1.932 (ODeoo) was then measured at day 21 and cell growth
entered a steady phase. The gas pressure decreased to 1.35 bar at day 21 (Fig. 7.3A).

During the fifth CO addition (21- 26 d) of the 6" transfer, ethanol was the only compound
with increasing concentration, up to 10.7 g/L, with the highest ethanol/acetic acid molar ratio
of 8.68 at day 25 (Fig. 7.3B). A final, high ethanol concentration of 11.8 g/L was obtained with
only 2.1 g/L acetic acid, 1.0 g/L propionic acid and 1.0 g/L butanol, and insignificant butyric
acid production (0.07 g/L) at the end of the incubation (Fig. 7.3B).

The highest net ethanol concentrations of the 1%, 2", 3 4" 5% and 6™ transfer were,
respectively, 1.7,1.7,1.9, 2.8,5.0 and 11.8 g/L (Fig. 7.4A). Conversely, the highest net butanol
production during the six transfers, were, respectively, 0.9, 0.5, 0.5, 0.2, 0.1 and 1.0 g/L from
the first to the last transfer (Fig. 7.4A). The ethanol concentration was enhanced 6.9 fold
between the 1% and the 6" transfer. The butanol concentration at the 5™ transfer reached only
1/9 of the value corresponding to the 1% transfer (Fig. 7.4A). The net butyric acid production
also decreased along with the enrichments, which reached its highest concentration of 0.2 g/L
in the 1 transfer and 1.1 g/L in the 2" transfer; then it remained below 0.1 g/L at the 3", 4™,
5" and 6" transfer (Fig. 7.4B). Despite the low butanol production, interestingly, its
concentration increased slowly although butyric acid was not significantly produced after six
enrichments (Fig. 7.4A). The highest butanol concentration reached 1.0 g/L and with only
0.085 g/L butyric acid production at the end of the incubation period (Fig. 7.4A, B).
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Fig. 7.4 Comparison of the maximum ethanol and butanol concentration (A) and acetic
acid, butyric acid and cell concentration (ODgoo) (B) of the 1, 2", 3™ 4™ and 5™ transfer using

CO as the carbon source by enriched sludge.
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The relative abundance of the initial inoculum was 61% bacteria, 5% archaea and 34%
unknown. The phylum Firmicutes occupied 75% of the bacteria, mainly represented by the
Clostridia (47%) and Bacilli (49%) class (Fig. 7.5A). The Clostridiales order occupied 98% in
the Clostridia class, which was mainly distributed over the Ruminococcaceae (14%),
Clostridiaceae (21%) and Oscillospiraceae (40%) family (Fig. 7.5A). After successive
transfers and enrichments, the Clostridium genus increased from 7% in the inoculum sludge to
52, 78 and 94 and 81%, respectively, in the 2", 4" and 5™ and 6™ transfer of the enriched
cultures (Fig. 7.5, Table 7.2).
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Fig. 7.5 Relative abundance at genus level of (A) the initial inoculum, (B) 2", (C) 4™, (D)
5t and (E) 6™ transfers for enriched acetogens using CO as the carbon source.

Among the Clostridium genus, some identified species such as C. autoethanogenum
increased from 1% to 6%, which is known to convert CO to acetic acid and ethanol via the
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WLP pathway (Tables 7.2 and 7.3). The relative abundance of C. ljungdahlii increased from
3% to 8% after enrichment, which is also a species producing aetate and ethanol from syngas
via the WLP (Mohammadi et al., 2012) (Tables 7.2 and 7.3). C. carboxidivorans produces
butanol from CO (Ferndndez-Naveira et al., 2016), besides ethanol, but its relative abundance
did not significantly increase and even slightly decreased to 0.4% in the 5™ transfer (Tables 7.2
and 7.3). Unidentified Clostridium species occupied a very high relative abundance, increasing
from 27% in the inoculum to 71, 71, 74 and 73% of the Clostridium genus, respectively, in the
2nd 4t 5 and 6™ transfer (Table 7.2). The 7" and 8™ transfers were further conducted in
successive transfers and the relative abundance of the Clostridium genus occupied as high as,
respectively, 73% and 81%, similar to the 5" and 6" transfer (Fig. 7.6 and Fig. 7.7).
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Fig. 7.6 Production of acetic acid (Hac), propionic acid (HPr), butyric acid (Hbu), ethanol
(EtOH), isovaleric acid (i-Hval) and butanol (BtOH) of different transfer times and change of

gas pressure and pH at 71 using CO as the carbon source by enriched sludge with initial CO.

Fig. 7.7 Relative abundance at genus level of the a) 7™ and b) 8" transfer to enrich CO
converting acetogens.
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Fig. 7.8 shows a clustering tree based on Bray-Curtis dissimilarity and the relative
abundance at phylum level among the initial inoculum and the successive transfers. The initial
inoculum had a high dissimilarity with the successive transfers, while the 2" transfer had high
dissimilarity with the subsequent transfers, which corresponds to the high differences in the
relative abundance at genus level (Fig. 7.8, Table 7.2). The highest dissimilarity was observed
between glucose fermentation (see section 3.4) and the other assays. The common and special
genes (the genes not shared) among the transfers are shown in the Venn diagrams (Fig. 7.9). In
the common core genome of 21,338, specific genes were decreased along with the successive
transfers. For instance, the inoculum had the highest number of genes (306,946), while the 6™
transfer had the least specific genes (296) (Fig. 7.9A). Considering the high abundance of the
Clostridium genus, a Venn figure for gene analysis at Clostridium genus level was analyzed.
Interestingly, the 5™ and 6™ transfers contained only, respectively, 17 and 7 special genes in
the Clostridium genus (Fig. 7.9B).
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Fig. 7.8 Clustering tree based on Bray-Curtis distance of the inoculum, 2", 41 5t gth 7th gth

and exogenous butyric acid addition.
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Fig. 7.9 Venn diagrams of (A) the whole genes and (B) genes in Clostridium genus level
present in the inoculum, 29, 41 5% 6™ 7t 8™ and exogenous butyric acid addition of
enrichment study; (C) the whole genes and (D) genes in Clostridium genus level pH 5.7, pH
6.2 and 6" transfer enriched sludge for ethanol production under pH control. The overlapping
parts represent the number of common genes among samples (groups); the other parts
represent the number of special genes present in a particular sample.

7.3.3 Butanol production from exogenous butyric acid using CO as reducing power

Upon the addition of exogenous butyric acid inoculated with the 5" transfer enriched
sludge taken at the end of incubation and twice CO addition (day 0 and 16), the cell growth
entered the log phase after 14 days adaption: fast and high butanol production was observed
and reached 1.8 g/L in less than one day, while butyric acid decreased from its initial value of
3.2 g/L to 1.1 g/L at day 15 (Fig. 7.10A). Meanwhile, acetic acid and ethanol production
reached 1.1 and 1.3 g/L, respectively, at the end of the first CO addition (day 16) suggesting
simultaneous butanol production from exogenous butyric acid together with acetic acid and
ethanol production from CO (Fig. 7.10A).
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Considering the possible ethanol consumption in the presence of accumulated CO2, and
thus to avoid CO> build-up, 1.8 bar CO was added in the headspace on day 17 (Fig. 7.10B).
The amount of butanol kept increasing, reaching its highest concentration of 2.7 g/L at the end
of the incubation, while butyric acid got meanwhile completely exhausted. Complete
exogenous butyric acid consumption and the end of butanol production occurred
simultaneously. At the end of the incubation period, ethanol had reached its highest
concentration of 4.8 g/L and acetic acid remained at a relatively low concentration of 0.6 g/L
(Fig. 7.10A). The pH was adjusted manually to 6.2 each time its value either exceeded 6.5 or
decreased below 5.2. The production of butanol from butyric acid and CO was observed over
the pH range 6.2- 6.5 (Fig. 7.10B). When the pH exceeded 6.5 or was lower than 5.2 (20-24
d), butanol production was insignificantly increased (Fig. 7.10B).

For the enriched sludge after converting butyric acid to butanol, with 100% conversion
efficiency, the relative abundance of the Clostridium genus increased from 73% to 82%, but
the relative abundance at species level, such as C. ljungdahlii, C. autoethanogenum,
Clostridium ragsdalei and Clostridium coskatii did not change much compared to the enriched
sludge of the 6™ transfer (Table 7.2). The genus Oscillibacter with 11% in the 6" transfer
inoculum disappeared after exogenous butyric acid conversion, while the relative abundance
of the Anaerotignum genus and Lachnoclostridium genus were both slightly increased to 2%
in the sludge after converting exogenous butyric acid to butanol (Fig. 7.11A).
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Fig. 7.11 Microbial community analysis of (A) exogenous 3.2 g/L butyric acid addition

inoculated with the 5™ transfer enriched sludge, (B) exogenous 5 g/L glucose addition
inoculated with 6" transfer enriched sludge; (C) pH 6.2 and (D) pH 5.7 inoculated with 7t
enriched sludge.

7.3.4 Glucose and CO co-fermentation

When using 5 g/L glucose (166 mmoL-L™ C) as the sole substrate (with N2 as the gas
phase), it was totally consumed with production of formic acid at 120 h and formic acid
accumulation (163 mmoL-L? C) was observed at 216 h. Then formic acid was further
converted to acetic acid, followed by propionic acid (Fig. 7.12A). Glucose was consumed in
120 h (Fig. 7.10A and Fig. 7.10B) and the presence of CO did not influence much the glucose
consumption rate compared with N as the gas phase. The mmoL-L™ carbon balance kept
relative stable during glucose consumption and formic acid production, although a small part
of carbon could be used for cell growth. When glucose was completely consumed, 10-15%
carbon loss was observed in the total mmoL-L"* carbon after 240 h, which was possibly due to
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the carbon lost as CO: during solventogenesis (Eq. 1) (Fig. 7.12A, B). Biomass growth was
very similar in both cases and reached an ODeoo 0f about 0.5 at 44 h and then later the highest
ODs0o 0f 0.71 and 1.08, respectively, in the incubation with solely glucose or glucose and CO
(Fig. 7.12C). The enriched acetogens can thus also use glucose as the carbon source, which
results in the accumulation of formic acid, followed by the slow production of acetic acid and
propionic acid (Fig. 7.12).
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Fig. 7.12 Glucose consumption and acetic acid, propionic acid, butyric acid, ethanol, butanol
production in mmoL-L* C using (A) 5 g/L glucose + N2 and (B) 5 g/L glucose + CO as the
substrate by the enriched sludge (6" transfer) and (C) cell concentration (ODsoo).
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After glucose bioconversion, the microbial community significantly changed: the
Clostridia class occupied only 26%, while the Bacilli class occupied as high as 49% of the
total. In the Clostridia class, the genus Anaerotignum occupied 9%, the Oscillibacter genus
3%, while the Clostridium genus was remarkably decreased from 73% in the 6™ transfer to 7%
after glucose bioconversion (Fig. 7.5E and Fig. 7.11B). The increased relative abundance of
known Clostridium spp. compared to the 6™ transfer, were, respectively, Clostridium strain
W14A from 2 to 11%, Clostridium homopropionicum from 0.004 to 10%, Clostridium
cadaveris from 0.2 to 14%, compared to the 6" transfer inoculum (Table 7.2). The relative
abundance of Clostridium butyricum and Clostridium sp. BNL1100 both increased from 0.002
to 1% compared to the 6™ transfer inoculum (Table 7.2). On the other side, the abundance of
C. ljungdahlii, C. autoethanogenum and Clostridium coskatii decreased below 1% (Table 7.2).
In the Bacilli class, the genus Enterococcus occupied 47% with 27% of Enterococcus faecalis
and unidentified Bacilli occupying 52% (Fig. 7.11B).

7.3.5 CO conversion with pH controlled at 5.7 and 6.2

At pH controlled at 5.7 using the 7 transfer enriched sludge as the inoculum, the
incubation entered the log phase on day 7 and reached an ODeoo 0f 1.478 during the first CO
addition (0-7 d) (Fig. 7.13A). The acetic acid concentration increased to 4.6 g/L, while no
increase in ethanol concentration was observed, and the butyric acid concentration reached
0.45 g/L at day 7. Considering the unfavorable ethanol production but high acetic acid
accumulation, the pH was adjusted to 5.2 in order to try to stimulate solvent production at the
second CO addition on day 7. However, the acetic acid concentration kept increasing and
reached its highest concentration of 6.9 g/L at day 12. The butyric acid concentration increased
t0 0.66 g/L. The pH was adjusted to 4.9 at the third CO addition at day 12. Both acetic acid and
the cell concentrations remained stable until the end of the incubation. The pH was adjusted
back to 5.7 at the fourth CO addition, but it did not enhance acetic acid or ethanol production
(Fig. 7.13A, B).

At pH controlled at 6.2, a longer adaption time of 12 days was observed than at pH 5.7
(Fig. 7.13C). The acetic acid concentration increased to 0.99 g/L, while 0.3 g/L ethanol, carried
over from the inoculum, was completely consumed by day 14. The butyric acid and butanol
concentration increased both to 0.3 g/L during the first CO addition (0-14 d) (Fig. 7.13C). The
second CO addition occurred at 14 — 18 d (Fig. 7.13D). The concentrations of acetic, propionic
and butyric acid increased to 2.4, 0.2 and 0.5 g/L, respectively, while ethanol was not produced
and butanol remained stable at 0.3 g/L (Fig. 7.12). The highest cell concentration reached an
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ODesoo of 1.23 (Fig. 7.13C). In the last CO addition (18 -21 d), the acetic acid concentration
increased to 3.1 g/L, while 0.2 g/L ethanol was produced.

The control incubation with initial pH 6.2 showed the same 12 days adaption time as the
incubations with the pH controlled at 6.2. Three CO additions were applied at 0, 15 and 18 d.
During the first CO addition (0-14 d), acetic acid production increased to 1.1 g/L along with a
pH decrease to 4.35 and gas pressure decrease to 1 bar (Fig. 7.13E, 10F). Ethanol increased to
0.5 g/L and butanol to 0.4 g/L, and the butyric acid concentration was 0.1 g/L. In the second
CO addition (14-18 d), the acetic acid and ethanol concentration increased to, respectively, 3.2
and 0.6 g/L along with the pH decreasing to 5.29. The propionic acid concentration reached
0.6 g/L. The highest cell concentration reached an ODesoo 0f 1.114 at day 17. In the third CO
addition, the acetic acid and ethanol concentration slightly increased to, respectively, 3.6 and
0.7 g/L (Fig. 7.13E).

For the enriched sludge, at pH controlled at 6.2 or 5.7 using the 7" transfer as inoculum,
in the family level, the relative abundance of Clostridiaceae, Oscillospiraceae and
Lachnospiraceae occupied, respectively, 70%, 5% and 3% of the total sample at pH 6.2, while
the values were, respectively, 77, 1 and 0.6% at pH 5.7, compared to the inoculum in which
they reached 74, 10 and 0.4%, respectively (Fig. 7.11C, D). The relative abundance of the
Clostridium genus occupied the highest value, with 69% and 76%, respectively, at pH 6.2 and
5.7, which are both close to the initial inoculum value of 73% (Fig. 7.11C, D). The relative
abundance of identified Clostridium spp. did not significantly change (Table 7.2). The
differences among the Clostridium spp. in gene number and similarity among samples is shown
in a Venn diagram (Fig. 7.9C, D). Compared to the inoculum, the special gene numbers
increased from 1677 to 3403 and 3360, respectively, at pH 6.2 and 5.7 (Fig. 7.9D).
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and manually pH adjustment (E) and (F) using CO as the carbon source with initial CO gas

pressure 1.8 bar by the enriched sludge from the 7" transfer.

7.4 Discussion

7.4.1 Enhanced ethanol production with minor accumulation of acetic acid by highly

enriched Clostridium sludge

This study showed that enhanced ethanol production was achieved with intermittent gas

feeding and reached a maximum concentration of 11.8 g/L, with a high ethanol/acetic acid
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molar ratio of 8.68 in the 6™ transfer (Fig. 7.3B). The ethanol/acetic acid molar ratio was higher
than 1 during the whole incubation and kept increasing after the adaption stage (Fig. 7.3B). It
should be noted that such high ethanol production was, to the best of our knowledge, never
reported from 100% CO bioconversion under a wide pH range from 4.95 to 6.45 (Table 7.3).
Lee et al. (2019) isolated a novel strain Clostridium sp. AWRP from a wetland using syngas as
the substrate. This strain produced 5.4 g/L ethanol and 0.9 g/L butanol in a batch bioreactor.
Abubackar et al. (2015) compared pH 6 and 4.75 on ethanol production from CO in a CSTR
by C. autoethanogenum and found that pH 4.75 favoured ethanol production together with a
negligible acetic acid concentration (<50 mg/L), but with the highest ethanol concentration of
0.867 g/L, which is quite lower than that obtained in the present research.

The present study shows that enhanced ethanol accumulation was achieved under a wide
pH range from 6.45 to 4.95 (Fig. 7.3A), and it can be concluded that the pH decreases induced
a metabolic shift from acetogenesis to solventogenesis and allowed stepwise ethanol increases
with low acetic acid accumulation, which may provide an efficient strategy for enhanced
ethanol production. Moreover, the natural pH decrease could reduce ethanol oxidation in the
presence of CO> accumulation (Arslan et al., 2019) and thus further induce more ethanol
production (He et al., 2021b).

Ethanol production occurred both in the biomass log phase (11-19 d) with 5.1 g/L and
stable phase (19-29 d) with 11.8 g/L of cell growth (Fig. 7.3B). The increase in ethanol
concentration in the steady growth phase was about 1.3-fold higher than in the log phase. The
decrease in acetic acid concentration was first observed when cell growth entered its stable
phase at day 19 (Fig. 7.3B). It is commonly assumed that solventogenesis occurs and is mainly
promoted under non-growth conditions of homoacetogens (Mohammadi et al., 2011). For
instance, C. ljungdahlii produced acetic acid and adenosine triphosphate (ATP) in the growth
stage and ethanol production generally occurs during the non-growth stage from CO, H, and
COz in the pH range of 4.0 to 7.0 via the acetyl-CoA pathway (Abubackar et al., 2011).
However, this is not necessarily always the case. Cotter et al. (2009) observed little to no
ethanol production in non-growing C. ljungdahlii cultures in a nitrogen-deficient medium.
Besides, alcohol production during the biomass growth stage has also been observed (Fig.
7.3B) (Fernandez-Naveira et al., 2017b).

From the genes analysis at Clostridium genus level, of the 8343 shared genes present in
the inoculum, the special genes in the 5" transfer amounted to 0.20% (17 special genes) and
6™ transfer only occupied 0.08% (7 special genes) (Fig. 7.9B). Therefore, such high ethanol
production with low acetic acid accumulation in the 6™ transfer may not be related too much

177



with the difference in Clostridium species with 5™ transfer, although both contain a high
relative abundance of unidentified Clostridium (Table 7.2). Instead, the natural pH drop along
with acetic acid accumulation triggers solventogenesis and the timely pH adjustment at each
CO addition prevented inhibition of biomass growth that can be caused by a further pH drop
and thus allowed solventogenesis to prevail continuously. On the other hand, the stability of
the microbial community was also demonstrated during the 4™, 5™ and 6™ transfer with high
numbers of the Clostridium genus.

Compared to the previous six transfers, neither ethanol nor butanol production were
enhanced when this enrichment was incubated at a pH controlled at 5.7 or 6.2. The inhibition
of ethanol production was first suspected to be related to the changes in microbial populations
(Figure FIG. 7.6). However, the relative abundance of the Clostridium genus was hardly
affected in the assay at pH 5.7 compared to the inoculum; instead, it even showed a slight
increase in Clostridium genus from 69% to 73% (Fig. 7.11). The relative abundance of the
Oscillospiraceae family decreased at both pH 6.2 and 5.7 compared to the inoculum, while the
Lachnospiraceae family slightly increased. Esquivel-Elizondo et al. (2017) enriched
Oscillospiraceae from CO or CO and H> for mainly acetate production by anaerobic sludge.
Considering the high abundance of unidentified Clostridium (Table 7.2), the failure of ethanol
production might be due to differences of the unidentified Clostridium spp. among the enriched
transfers at pH 6.2 and pH 5.7.

7.4.2 Enrichment of CO-converting microorganisms for enhanced ethanol production

This study showed that the successive transfer procedure exerts a strong selective pressure
on the microbial populations, with extreme enrichment of the Clostridium genus to end up
representing >90% of the whole microbial community (Table 7.2). This resulted in a
significantly higher ethanol accumulation, though butyric acid and butanol production became
marginal, enriching thus for highly specific and efficient ethanol producers. To the best of our
knowledge, to date, this paper is the first report providing such extensive microbial community
analysis related to solventogenic CO fermentation, describing such a high amount unidentified
Clostridium species enriched on CO (1.8 bar) from an anaerobic sludge. Chakraborty et al.
(2019) conducted enrichments on CO and syngas for ethanol production from anaerobic sludge
in a continuous stirred tank reactor and the species C. autoethanogenum was selectively
enriched at pH 4.9 after 42 days fermentation. Esquivel-Elizondo et al. (2017) investigated
microbial community changes under different CO gas partial pressures (0, 8.1, 18.2, 40.5 and
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81.1 kPa) and enriched mainly Eubacteriaceae, Ruminococcaceae, Oscillospira and
Bacteroidales with acetate as the main product.

Solventogenesis can be stimulated to obtain a high ethanol production at the non-growth
phase in C. ljungdahlii (Mohammadi et al., 2012). In this study, ethanol was produced and its
concentration increased in the log phase along with cell growth (Fig. 7.12), which could be
attributed to the high CO partial pressure (Pco, 1.8 bar) used in these experiments. Other
authors also observed simultaneous alcohol production and biomass growth in species such as
C. autoethanogenum (Abubackar et al., 2015) and C. carboxidivorans (Fernandez-Naveira et
al., 2017a) grown on C; gases in bioreactors. Hurst and Randy (2010) reported that ethanol
production was initiated at earlier times when increasing Pco (from 0.35 to 2.0 bar), i.e. high
Pco changed ethanol production from non-growth-associated to growth-associated in
Clostridium carboxidivorans P77,

Clostridium spp. were dramatically enriched with a majority of unidentified Clostridium
species after successive transfers using CO with initial pressure of 1.8 bar as the carbon source
and electron donor. The 4", 5" and 6™ transfers showed less difference compared to the 2"
one, which corresponds to the enhancement of ethanol production after the 4™ transfer. For
instance, the relative abundance of the Lachnospiraceae family, medium chain fatty acid
producers such as propionic acid, decreased from 11% in the 2" transfer to below 1% after the
4" transfer (Fig. 7.10). No significant clustering was observed from the 4" to the 8" transfer
demonstrating the stability of the enriched solvent producing acetogens, i.e. Clostridium spp.
using CO as the substrate. However, no significant change of known Clostridium spp. were
observed in the 4", 5" and 6" transfer although high ethanol production was observed in the
6™ enrichment transfer with low accumulation of acetic acid throughout the whole fermentation
process (Table 7.2). On the other hand, the mixed culture composed of identified and
unidentified Clostridium spp. could withstand pH changes and showed efficient
solventogenesis over a wide pH range, which also explained the high ethanol production during
5t and 6™ transfer co-feedings. Therefore, pH fluctuations in a mixed culture of Clostridium
spp. may result in high, enhanced ethanol production, in which a high amount of unidentified
strains may play a relevant role, concomitant with an only minor amount of residual acetic acid
and a high ethanol/acetic acid ratio.

Nevertheless, the unfavourable butanol production observed here is likely due to
unfavourable conditions, such as a low butyric acid production (precursor of butanol
production), rather than the loss of butanol-producing acetogens considering the similar
relative abundance of both Clostridium genus (81%) and Clostridium species in the incubations
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with exogenous butyric acid (88%) (Table 7.2). CO can be converted to acetic acid and ethanol
via the acetyl-CoA by different enzymes of the WLP, and then acetyl-CoA can be further
enzymatically transformed into butyryl-CoA from which butyric acid and butanol are produced
(Fernandez-Naveira et al., 2017a). Acid production in the acidogenic stage is necessary for
alcohol production in the solventogenic stage (Worden et al., 1991). Butyric acid (Ca)
production occurs from the acetic acid (C) carbon chain, which generally requires higher pH
(above 5.7) than solventogenesis (4.5-5.0) (He et al., 2022; Ganigué et al., 2016). Therefore,
despite of the diversity of the microbial community, the differences in butanol production
among the different enrichments might be due to the different extents of pH fluctuation (Fig.
7.2 and Fig. 7.3). Environmental conditions may play a key role in different production profiles
of metabolites, besides changes in microbial populations. Thus, it is suspected that the low
butanol production among the transfers may be due to the low butyric acid concentration, which
was possibly partly induced by unstable and unfavourable pH conditions.

7.4.3 Enhanced butanol production from exogenous butyric acid by enriched
Clostridium populations

This study showed that the addition of exogenous butyric acid stimulated butanol
production by the enriched culture with nearly 100% conversion efficiency in the assay,
although butanol production was inhibited during the successive transfers (Fig. 7.2 and Fig.
7.3) using the same inoculum. This further demonstrated the inhibition of butanol production
during the enrichment process is possibly attributed to the lack of suitable conditions, such as
the absence of butyric acid production. On the other hand, the failure of natural butyric acid
production was most probably induced by the excessive pH drop under uncontrolled
experimental pH conditions, such as the natural pH drop from 6.2 to 4.95 among the transfers
(Fig. 7.3). Thus, the pH value is considered to play an important role for obtaining butanol.
Previous assays using the same enriched sludge yielded first 1.3 g/L butyric acid at controlled
pH 6.2, with the accumulation of 2.1 g/L butanol when the pH was adjusted to 5.7 (He et al.,
2022).

The molar ratio of butyric acid consumption to butanol production was close to 1, which
matched with the theoretical molar ratio (Eq. 1) after 15 d (Fig. 7.10C), and the butyric acid to
butanol conversion efficiency reached almost 100%. Therefore, two metabolic reactions can
be assumed to co-exist in the fermentation process: one being butanol production from
exogenous butyric acid and CO (Liu et al., 2020), and the other being acetic acid production
from CO with ethanol production via the WLP (Ferndndez-Naveira et al., 2017a). Interestingly,
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the molar ratio of ethanol/acetic acid reached 9.86 at the end of the incubation (Fig. 7.10C),
which is much higher than in other commonly reported studies of ethanol production from CO
(Table 7.3).

From a microbial community point of view, the relative abundance of one of the only
known butanol-producing species, C. carboxidivorans, was below 1% of the Clostridium genus
in all the samples, which pointed to another possibility that the non-butanol producing
Clostridium strain, such as C. autoethanogenum, may change their metabolic pathway and
produce butanol in the presence of butyric acid in a mixed culture (Diender et al., 2016). In the
Clostridium genus level, the special genes of the enriched sludge after converting exogenous
butyric acid to butanol (441 special genes) were much higher than those present in the inoculum
(7 special genes), i.e. biomass from the 6" transfer (Fig. 7.9B). The known Clostridium spp.
were similar with the inoculum, the extra special genes in the enriched sludge after converting
butyric acid to butanol might be due to the difference in unidentified Clostridium. Therefore,
it was suspected that the numerous unidentified Clostridium spp. might explain the different
behaviour among samples considering that they exceeded 70% relative abundance in the
Clostridium genus among the transfers (Table 7.2). The special genes of the enriched acetogens
with exogenous butyric acid amounted to 441 and shared 95.0% of the genes with the biomass
of the 6™ transfer (8343 common genes) (Fig. 7.9B).

7.4.4 Bioconversion of glucose or glucose and CO co-fermentation by the enriched
culture

It has been reported that somewhat different metabolites may be obtained, even for a same
bacterial pure culture, when either grown autotrophically on C1 gases or heterotrophically on
sugars, e.g. glucose (Fernandez-Naveira et al., 2017b, 2017c). Formic acid accumulation was
observed in both the glucose or the glucose and CO co-fermentation process (Fig. 7.12).
Similarly, significant early accumulation of formic acid from glucose was also observed in
pure cultures of C. carboxidivorans (Fernandez-Naveira et al., 2017c), while this was not found
when that strain was grown on C; gases (Fernandez-Naveira et al., 2017b).

From the microbial community point of view, after glucose fermentation, the relative
abundance of the Clostridium genus remarkably decreased to less than 1/10 compared to the
inoculum within 12 days (288 h) of incubation (Fig. 7.12 and Fig. 7.11). Enterococcus faecalis,
with increased relative abundance, can produce short chain fatty acids such as acetic acid using
glucose as the substrate (Urdaneta et al., 1995). Despite the decrease in Clostridium genus, the

relative abundance of Clostridium spp. varied at species level, with an increase of the
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abundance of Clostridium strain W14A, Clostridium homopropionicum and Clostridium
cadaveris (Table 7.2). Clostridium strain W14A was isolated from a cellulose degrading
biofilm in a landfill leachate microcosm (Ransom-Jones and Mcdonald, 2016). Similarly with
glucose as the substrate, Clostridium strain W14A was enriched reaching as high as 11% of the
Clostridium genus in this study (Table 7.2). With sugar substrates, such as fructose,
Clostridium homopropionicum was observed to produce acetate, butyrate, butanol and H>
(Dorner and Schink, 1990).

7.5 Conclusions

This study describes a possible suitable strategy to enrich homoacetogens from anaerobic
sludge for solventogenic ethanol and butanol production using CO as the carbon source after
successive transfers and fed batch CO addition. The enriched acetogens with high Clostridium
spp. abundance produced as much as 11.7 g/L ethanol with low accumulation of acetic acid
over a wide pH range of 6.45-4.95. This selective ethanol production has been seldomly
reported, especially with the low acetic acid accumulation under the pH range in the mixed
culture. Besides, the enriched acetogens in the present study produced 2.7 g/L butanol from
exogenous butyric acid with 100% conversion efficiency using CO as reducing power. Six
successive transfers successfully enriched the Clostridium genus increasing from 7% in the
inoculum to 94% in the solventogenic enrichment, including several well known alcohol
producers such as C. ljungdhalii, C. autoethanogenum and C. coskatii, but with also
unidentified Clostridium species occupying as high as 74% of the Clostridium genus.
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Abstract

Butanol exhibits a similar energy content as gasoline and has a higher energy density than
ethanol and can potentially mitigate fossil fuels consumption. To increase the selectivity for
butanol production during CO fermentation, exogenous acetic acid and ethanol, exogenous
butyric acid as well as endogenous butyric acid from glucose fermentation have been
investigated using CO as reducing power by a highly enriched Clostridium sludge. Addition of
3.2 g/L exogenous butyric acid reached the highest 1.9 g/L butanol concentration with a
conversion efficiency of 67%. With exogenous acetate and ethanol supply, butanol reached 1.6
g/L at the end of the incubation. However, the presence of acetic acid and ethanol favoured
butanol production to 2.6 g/L from exogenous butyric acid by the enriched sludge. Finally,
exogenous 14 g/L butyric acid reached the highest butanol production of 3.4 g/L, which also is
the highest butanol concentration from CO/syngas fermentation reported. CO addition
triggered butanol production from endogenous butyric acid (produced from glucose,
Glucose+N2) with as high as 58.6% conversion efficiency and 62.1% butanol yield. However,
butanol production was not efficiently produced by glucose and CO co-fermentation
(Glucose+CO), although a similar amount of endogenous butyric acid was produced compared
to Glucose+No>. The Clostridium genus occupied a relative abundance as high as 82% from the
initial inoculum, while the Clostridia and Bacilli class were both enriched and dominated in
Glucose +N2 and Glucose +CO incubations. This study showed supply of butyric acid is a
possible strategy for enhancing butanol production by CO fed anaerobic sludge, either via
exogenous butyric acid, or via endogenous production by sugar fermentation, such as from

wastewater containing low sugar concentrations.

8.1 Introduction

Carbon monoxide (CO) is one of the main components from industrial gas emissions such
as steel plants and gasification of biomass or municipal solid waste (Yu et al, 2016). ‘Syngas-
aided’ fermentation, which combines syngas and microorganism together for production
valuable chemicals, including butanol, has received incredible attention since the last decade
(Mohammadi et al., 2011; Baleeiro et al., 2019). Butanol (butyl alcohol and 1-butanol, C4HsOH)
is an alternative liquid fuel because of its similar characteristics to gasoline. Thus, it can be
used directly in any gasoline engines without modification and/or substitution thus gains more
value than ethanol for biofuels (Lee et al. 2008; Knoshaug and Zhang, 2009). CO fermentation
has the advantage of using non-food feedstocks compared to traditional fermentation
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(Devarapalli and Atiyeh, 2015). In addition, CO is present in off gas of the steel industry, thus
this cheap gas substrate can make syngas-based butanol production more economical.

The conversion of CO follows the Wood—Ljungdahl pathway (WLP) to synthesize acetyl-
CoA, that can be further converted to acetic acid, biomass and ethanol production (Fernandez-
Naveira et al., 2017a; Teixeira et al., 2018). Several microorganisms convert CO/syngas to
ethanol, including Acetobacterium woodii, Clostridium ljungdahlii, Clostridium
autoethanogenum, Clostridium carboxidivorans and Butyribacterium methylotrophicum, but
very few can produce higher alcohols like butanol (Cheng et al., 2019; Fernandez-Naveira et
al., 2017a; Liu et al., 2014a). The known Clostridium strains hardly produced butanol at
concentrations higher than 2.7 g/L from syngas or CO (Fernandez-Naveira et al., 2016).
Considering the inhibited butanol production in pure cultures, CO conversion to butanol by a
broad range of acetogenic mixed cultures has received little attention (Alves et al., 2013).
Mixed cultures have the advantages of non-sterilization and resistance to unfavorable
environmental conditions, such as a wide pH range for alcohol production. This enables an
easier implementation at large scale compared to pure cultures (Liu et al., 2019).

Acid production in the acidogenic stage is necessary and even enhances solvent production
in the solventogenic stage (Worden et al., 1991), such as enhanced ethanol production with
exogenous acetate by C. autoethanogenum (Xu et al., 2020). Exogenous butyric acid has been
used for enhancing butanol production in acetone-butanol-ethanol (ABE) fermentation from
organic carbon (Munch et al., 2020; Lu et al., 2017; Luo et al., 2015; Gao et al. 2016), but
CO/syngas fermentation has been seldom reported although CO is a potential reductant for the
reduction of butyric acid to butanol. Therefore, one appealing way for enhancing butanol
production is first to induce butyric acid production, either exogenously supplied or
endogenously produced. There, butyric acid could be further used for butanol production
following butyryl-CoA in the Wood-Ljungdahl pathway (WLP) (Fernandez-Naveira et al.,
2017a).

In addition, acetic acid can be converted into the higher added value compound butyric
acid through carbon chain elongation in which ethanol can be used as electron donor promoting
the reverse B-oxidation pathway (Baleeiro et al., 2019). The addition of acetic acid and ethanol
can be converted to butyric acid by some mid chain acid producers, then, endogenous butyric
acid can be converted to butanol by solventogenic acetogens. Some co-fermentation examples
have been studied in co-cultures, such as acetogenic Clostridium kluyveri and solventogenic C.
autoethanogenum (Diender et al., 2016). The addition of acetate also prevented strain

degeneration in Clostridium spp. (Chen and Blaschek 1999).
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Endogenous butyric acid production from sugar fermentation could be an alternative
source for butyric acid and enhanced butanol production (Munch et al., 2020). Glucose, as the
typical carbohydrate for synthetic carbohydrate rich wastewater can be converted to butyric
acid by Clostridium spp, such as C. carboxidivorans (Fernandez-Naveira et al., 2017b). A few
reports focused on CO and glucose co-fermentation for methane and hydrogen production, but
not for acids and alcohol production (Jing et al., 2017; Liu et al., 2020). Additionally, butanol
production from co-fermentation of CO/syngas and glucose by anaerobic fermentation by
mixed cultures is an attractive and economical process (Baleeiro et al., 2019).

To date, selective butanol production from CO and exogenous acids and ethanol on butanol
selectivity by mixed cultures has not yet been reported. To enhance and select butanol
production by enriched sludge with high a large Clostridium spp. population using CO as
reducing power, this study outlined different strategies to increase the butyric acid
concentration, i.e., via exogenous acetic acid and ethanol supply as well as exogenous and
endogenous butyric acid supply. This study further investigated the microbial community and
identified the dominant strains regulating butanol production via endogenous butyric acid
under solely glucose fermentation followed by CO addition (Glucose + Nz) and co-
fermentation of glucose and CO (Glucose + CO) by the enriched sludge.

8.2 Materials and methods

8.2.1 Source of inoculum

The inoculum was obtained from a CO fed enriched sludge after six successive biomass
transfers described in detail by He et al. (2021, 2022). The inoculum contained 81% of the
Clostridium genus reaching an ethanol production as much as 11.8 g/L with minor
accumulation of acetic acid at pH 6.45 to 4.95. The inoculum can convert exogenous butyric
acid into butanol using CO as the reducing power (He et al., 2021).

8.2.2 Medium composition

The culture medium was prepared as described previously (He et al., 2022). A 1 L culture
medium was prepared according to Stams et al. (1993) and modified as follows: 408 mg/L
KH2PO4, 534 mg/L NaHPO4-2H,0, 300 mg/L NH4Cl, 300 mg/L NaCl, 100 mg/L
MgCl2:6H20, 110 mg/L CaCl2-2H20; 1 mL trace metal and 1 mL vitamin stock solution
(Stams et al., 1993). Once prepared, the 1 L medium (except for CaCl.-2H.O and vitamins)

was brought to boiling in order to remove O, and it was later cooled down to room temperature
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under an oxygen-free N2 flow. Then CaClz-2H,0 and the vitamins were added, as well as Na>S
(0.24 g) as reducing agent.

8.2.3 CO fed batch reactor set-up

All experiments were carried out in 1 L fed batch reactors (Fisherbrand, FB-800-1100,
Waltham, U.S.), with 10% enriched sludge in 200 mL medium. The fed batch reactors were
sealed with a gas tight septum fitted with a pH probe (9,5x300 mm, VWR) in the middle. The
pH probe was connected to a pH controller (Cole-Parmer 300, Cambridgeshire, UK) and the
pH was adjusted using either 1 M NaOH or HCI solutions by two pumps (Verder International
BV, Utrecht, the Netherlands). The fed batch reactors were agitated at 150 rpm by a shaker
(Infors AG CH-4103, Bottmingen, Switzerland) at 33 °C in a thermostatic chamber. 100% CO
was supplied to the headspace of the reactor as the sole carbon and energy source with an initial
gas pressure of 1.8 bar. When the gas pressure decreased below 1 bar, as a result of bacterial
CO gas consumption (corresponding to one CO feeding), the reactor was flushed with fresh
pure CO for about 5 minutes, until reaching again a gas pressure of 1.8 bar.

8.2.4 Experimental design

8.2.4.1 Exogenous acetic acid, ethanol and butyric acid

The effect of exogenous acetic acid, butyric acid and ethanol on the production of butanol
by enriched sludge was evaluated in four 1 L fed batch reactors with 200 mL culture medium
and inoculated with 10% enriched sludge (section 2.2). The medium was supplied with acetic
acid and ethanol (HAc+EtOH), acetic acid, ethanol and butyric acid (HAc+EtOH+HBU), or
butyric acid (HBu), respectively, besides the control described below (Fig. 8.1a).

In the HAc+EtOH experiment, acetate and ethanol addition was designed to stimulate the
butyric acid production via the reverse  oxidation pathway and further induced butanol
production using CO as reducing power. In the HAc+EtOH+HBuU experiment, acetate and
ethanol addition was designed to increase butyric acid production (reverse 3 oxidation pathway)
with the presence of exogenous butyric acid, which can possibly result in enhanced butanol
production using CO as reducing power.

An initial pH of 5.9 was applied and the pH was adjusted to 5.9 at each CO addition. The
final concentrations of acetic acid, butyric acid and ethanol were, respectively, 2.2, 3.2 and 6
g/L (Table 8.1). The acetic and butyric acid concentrations were chosen to obtain a molar
relationship of ethanol to acid of around 3.5 that has been shown for enhanced butyric acid
production. The control contained the same gas pressure and inoculum, but without acids and

ethanol addition.
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CO was added at day 0, 11, 14, 15, 16 and 27 in the HAc+EtOH+HBuU experiment; at 0,
11, 13, 15, 17, 20, 27 and 32 d in the HAc+EtOH experiment; at day 0, 17, 19, 20, 23, 25 and
30 in the HBu experiment; and at day 0, 20, 25, 27 and 35 in the control.

8.2.4.2 Exogenous butyric acid addition

Two 1 L CO fed batch reactors were used with 7 and 14 g/L butyric acid externally
supplied at the same CO gas pressure and inoculum as described in section 2.2. The pH value
was maintained at 5.5-6.0 by 1 M HCI or 1 M NaOH. CO was added at day 0, 15 and 21 d in
the 7 g/L HBu and at day 0, 20 and 25 d in the 14 g/L HBu incubation.

8.2.4.3 Influence of endogenous butyric acid from glucose on butanol production using CO as
gaseous substrate

(1) Batch tests of endogenous butyric acid from glucose

Endogenous butyric acid production from glucose was first tested in a batch test with 30
mL medium in 125 mL serum bottles with initially 5 g/L glucose and N2 as the headspace.
When glucose had been totally consumed and butyric acid produced (glycolysis), the headspace
was flushed with 100% CO for 5 min up to a final CO pressure of 1.8 bar. CO acts as reducing
power to stimulate butanol production from endogenous butyric acid by the enriched
Clostridium bacteria. CO was added at day 5, 9 and 11.

pH measurement pH measurement C) pH measurement
a) Zj b)
100% CO 100% N, 100% CO
Glucose Glucose
@ Exogenous .|
) ool | BtOH
Bl COOH
A HBu
R @ s o i,
Enriched slud; e
@ C,toC, danan Enriched sludge
CO conversion enriched sludge
100% CO was added when 5 g/L glucose 100% CO was added with 5 g/L glucose

was consumed and acids produced

Fig. 8.1 Schematic diagram of a) influence of exogenous acetate, butyrate and ethanol on
butanol production using CO as gaseous substrate, b) endogenous butyric acid from glucose
(Glucose +N>) and c) co-fermentation of CO and glucose (Glucose+CO).
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Table 8.1 The highest net acids and alcohol production, mole ratio of ethanol to acetic acid and butanol to butyric acid, butyric acid conversion

and butanol yield of experiments on the influence of acetate, butyrate and ethanol on butanol production using CO as gaseous substrate.

No. GSa Exogfrr:;)rtljoslztcélldl_s)and Molar ratios Highest net production (g/L) Ratio Butan| Butyric
Aceti : Ethan | \ i _ _ _ ol | acid
c Butyrl Ethan Eth_anol/_Ace ol c Butyrl Ethan | Butan Ffrom_on Vale_rl EtOH/H | BtOH/H | yield |conversi
. c acid ol tic acid /Butyr . c acid ol ol icacid | cacid Ac Bu (%) | on (%)
acid L acid
ic acid
I. Exogenous acetic acid, ethanol and butyric acid
1 CO| 22 0 6 3.55 - 11.2 1.1 4.3 1.6 1.3 0.2 1.79 3.84 - -
2 CO| 2.2 3.2 6 3.55 3.59 | 10.7 0.1 0.5 2.6 0.9 0.0 0.46 - 100.2| 76.2
3 CO 0 3.2 0 - - 6.9 0.1 4.3 1.9 1.3 0.1 0.33 - 67.0 | 53.7
4
Contr | CO 0 0 0 - - 8.3 0.6 2.7 0.2 0.4 0.0 3.45 - - -
ol
I1. Exogenous 7 and 14 g/L butyric acid
5 CO 0 7 0 - - 7.1 - 0.2 2.3 0.2 0 0.01 204 |[158| 322
6 CO 0 14 0 - - 3.9 - 0.1 3.4 0.1 0 0.05 116 | 580 675
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(2) Endogenous butyric acid from glucose in CO fed reactor

The sequential conversion of glucose (glycolysis) and then CO (WLP) or the co-
fermentation of glucose and CO by the enriched sludge were further investigated in two gas
fed reactors (Fig. 8.1b and 1c). pH was controlled at 5.5-6.2 by 1 M NaOH or 1 M HCI. Glucose
was added initially to reach a concentration of 5 g/L and the headspace was flushed with either
N2 or CO, i.e. Glucose + N2 and Glucose + CO. In the Glucose + N2 experiment, when glucose
was totally consumed and butyric acid accumulated ((G + N)1), the headspace was flushed with
CO for 5 min to reach a gas pressure of 1.8 bar at 180, 252, 360 and 432 h, respectively, to
stimulate butanol accumulation ((G+N)2). In CO and glucose co-fermentation, CO was flushed
at 0, 180, 276 and 432 h in the Glucose + CO experiment.

The microbial community of the four enriched sludge samples were analyzed: two samples
from the Glucose + N2 experiment, when glucose was totally consumed and butyric acid
accumulated ((G+N)1) and at the end of the incubation ((G+N).) after CO was added as well
as two samples from the Glucose + CO experiment, when glucose was totally consumed and
butyric acid accumulated ((G+C)1), and at the end of the incubation ((G+C)>).

8.2.5 Analytical methods

Acetic, propionic, and butyric acids, ethanol and butanol were determined on a high
performance liquid chromatography (HPLC, HP1100, Agilent Co., Palo Alto, USA) equipped
with a refractive index detector, using an Agilent Hi-Plex H Column (300%7.7 mm). A5 mM
H2S0O4 solution was used as mobile phase at a flow rate of 0.80 mL/min, with a sample injection
volume of 20 pL, and a column temperature of 45 °C (Arslan et al., 2019). The cell
concentration was determined with a spectrophotometer (Hitachi, Model U-200, Pacisa &
Giralt, Pacisa & Giralt, Spain) at a wavelength of 600 nm (Arslan et al., 2019). pH was
measured using a pH meter (Mettler Toledo, Zurich, Switzerland).

8.2.6 Calculations

The butyric acid (HBu) conversion efficiency and butanol (BtOH) yield were calculated
according to Eq. (1) and (2), respectively:

Cin - Cout

o (1)

HBu conversion ef ficiency =

Where C;,, = the total carbon from exogenous butyric acid addition; C,,; = the carbon

from the butyric acid at the end of the incubation after conversion to butanol.
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Real butanol production

BtOH yield = x 100% (2)

Theoretical butanol

Where Real butanol production and Theoretical butanol were calculated in

mmoL-L* C.

8.2.7 Microbial analysis

DNA was extracted using a DNeasy® PowerSoil Kit (QIAGEN, Germany) following the
manufacturer’s protocol. 10 mL sludge was used for DNA extraction at the end of the
incubations. The extracted DNA was quantified and its quality was checked with a Nanodrop
2000c Spectrophotometer (Thermo Scientific, USA). The extracted DNA was analyzed by
Metagenomics -Seq (Illumina PE150, Q30 > 80%) (Novogene, UK). The analysis procedure
has been described in He et al. (2021).

8.3 Results

8.3.1 Ethanol and butanol production with exogenous acetic acid, ethanol and butyric
acid using CO as the carbon source

8.3.1.1 Exogenous acetic acid and ethanol supply

In the HAC+EtOH experiment, butanol production was not observed till day 20 (Fig. 8.2a,
b). Thereafter, interestingly, butanol production increased and reached a final concentration of
2.1 g/L with a net production of 1.6 g/L at the end of the incubation (day 38), during which the
pH ranged between 5.4 to 6.5 (Fig. 8.2a, b). However, acetic acid was produced first and
increased from 2.2 g/L to 7.8 g/L and simultaneously the ethanol concentration decreased from
5.0g/Lto 3.1 g/L atday 11. The pH dropped to 4.07 due to the accumulation of acetic acid and
the biomass reached an ODeoo Of 1.5 (Fig. 8.2a, b). Thereafter, acetic acid accumulated to its
maximum concentration of 12.5 g/L (Fig. 8.2b), while the ethanol concentration quickly
increased to 6.3 g/L at day 15 to finally decrease again to as low as 3.5 g/L at day 20. At the
seventh CO addition (day 20-25), ethanol increased again to 5.9 g/L at 25 d (Fig. 8.2b). At the
last CO addition, the CO gas pressure was increased to 2.0 bar, ethanol increased again and
reached its highest concentration of 9.3 g/L at pH 5.8-6.4. The highest net production of acetic
acid, ethanol, butyric acid and butanol reached, respectively, 11.2, 4.3, 1.1 and 1.6 g/L (Table
8.1). Other acids such as propionic acid with the highest concentration of 1.3 g/L and a small

amount of valeric acid (0.2 g/L) were obtained during the fermentation (Table 8.1).
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8.3.1.2 Exogenous acetic acid, ethanol and butyric acid supply

In the HAc+EtOH+HBU experiment, the butanol concentration increased to 2.8 g/L along
with the butyric acid concentration dropping from 3.1 to 1.0 g/L, with the pH ranging from 5.9
to 5.6, at the first CO addition (Fig. 8.2c, d). Ethanol slightly decreased while acetic acid
increased after a few days of adaption, which exhibits a similar trend as in the HAc+EtOH
experiment (Fig. 8.2b, d). On the second CO addition (day 11- 14), butanol increased to 3.1
g/L at 13 d, when the gas pressure dropped to 1.4 bar (Fig. 8.2c, d). During the gas pressure
decrease from 1.4 bar to 1 bar, the concentrations of both butanol and ethanol decreased,
respectively, from 3.1 to 1.7 g/L and 8 to 3.5 g/L at day 13-14. Conversely, the butyric acid
concentration increased from 0.7 to 1.9 g/L and acetic acid accumulated quickly to 8.2 g/L (Fig.
8.2¢, d). Thereafter, acetic acid reached 10.0 g/L at day 16 while butyric acid increased
continuously until the end of the incubation (Fig. 8.2c, d). After 38 days incubation, the highest
net acetic acid concentration of 10.7 g/L was obtained; while the highest net production of
ethanol, butyric acid, and butanol reached, respectively, 0.5, 0.1, and 2.6 g/L (Table 8.1).

8.3.1.3 Exogenous butyric acid supply

In the exogenous HBuU experiment, the butanol concentration increased to 2.4 g/L along
with the exogenous butyric acid concentration dropping from 3.2 to 1.7 g/L, at pH 5.9, on day
16 (Fig. 8.2f). However, later on, the butanol concentration decreased from 2.4 to 1.0 g/L, at
day 17, with a pH drop from 5.45 to 4.45, and the gas pressure decreasing from 1.25 to 1.0 bar
(Fig. 8.2e, T). Acetic acid increased to 2.8 g/L, while the pH value decreased to 4.55 and ethanol
slightly increased to 0.5 g/L. At the second CO addition (17-19 d), butanol dropped again to its
lowest concentration of 0.5 g/L, while butyric acid increased to 3.2 g/L at day 19 (Fig. 8.2f).
The acetic acid concentration increased to 6.3 g/L, along with the pH drop to 4.88 (Fig. 8.2e).
At the third and fourth CO addition (19 - 23 d), ethanol and butanol increased again
accompanied by the decrease of acetic acid and butyric acid concentrations, reaching 6.9 g/L
acetic acid, 4.4 g/L ethanol, 1.7 g/L butyric acid and 2.1 g/L butanol at day 38 (Fig. 8.2f). The
propionic acid concentration increased after day 20 and reached 1.3 g/L at day 38 (Fig. 8.2f).

In the control, five CO additions were amended (Fig. 8.2g). Acetic acid and ethanol were
mainly produced, with the highest concentrations of, respectively, 8.2 and 2.8 g/L (Fig. 8.2h).
Biomass growth was also observed (Fig. 8.2h). Both butyric acid and butanol were
insignificantly produced, with only 0.6 g/L butyric acid and 0.2 g/L butanol production at day
38 (Fig. 8.2h).
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8.3.2 Effect of exogenous butyric acid supply on butanol production

Upon 7 g/L butyric acid addition, the butanol concentration increased to 2.2 g/L at day 13
while butyric acid decreased from 7.0 to 5.0 g/L (Fig. 8.3b). Simultaneously, acetic acid
increased to 1.9 g/L at day 13 and 4.0 g/L at day 15 and biomass growth entered into the log
phase and with the ODeoo reached the highest value of 1.1 (Fig. 8.3b). Then, the butanol
concentration slightly decreased to 1.1 g/L while acetic acid increased to its highest
concentration of 7.8 g/L at day 38 (Fig. 8.3b). A small amount of hexanoic acid was observed
with the highest concentration of 0.2 g/L at day 25 and propionic acid increased to 0.3 g/L at
day 38 (Fig. 8.3b).

In a second assay, with 14 g/L exogenous butyric acid supply, butanol increased to 2.9 g/L
at day 20 along with the amount butyric acid dropping (Fig. 8.3d). Butanol kept increasing to
3.5 g/L at day 25 and finally reached 3.6 g/L at the third CO addition, at day 27 (Fig. 8.3d).
The acetic acid concentration increased to 2.3 g/L at day 20, with the cell concentration
reaching its highest absorbance of 1.000 (Fig. 8.3d). At the end of the incubation (day 38),
acetic acid had increased to its highest concentration of 4.5 g/L, while the cell concentration
(ODeoo) decreased to 0.661 (Fig. 8.3d). The butanol production pattern was similar to the
exogenous supply of 7 g/L butyric acid, except that the butanol accumulation was twice as high.
The butanol production slowed down and even stopped after the first CO addition, but acetic
acid production and biomass growth continued.

Fig. 8.2 and Table 8.1 thus show that the butanol production was significantly enhanced
in the presence of exogenous butyric acid. The amount of accumulated butanol increased up to
1.2 and 1.8 fold, respectively, with 7 and 14 g/L HBu, compared to 3.2 g/L HBu. Although the
butanol yield reached its highest value of 67.0% with 3.2 g/L HBu, it decreased to, respectively,
15.8 and 58.0% with 7 and 14 g/L HBu (Table 8.1). The butyric acid conversion efficiency
reached its highest value of 67.5% with 14 g/L HBu, correspondingly 1.3 and 2.1 fold higher
than, respectively, than 7 and 3.2 g/L Hubb (32.2 and 53.7%, respectively) (Table 8.1).
However, in the presence of HAc + EtOH + HBu, the butanol yield and butyric acid conversion
efficiency reached, respectively, 100% and 76.2% which are both higher than with HBu (Table
8.1).
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8.3.3 Fermentation with endogenous butyric acid from glucose

8.3.3.1 Batch tests

To better understand the carbon flow, the liquid products are shown in mmoL L C in a
bar chart (Fig. 8.4). Initially 154 mmoL-L"* C was added in the form of glucose (5 g/L) with a
small amount of additional carbon carried over from the inoculum (Fig. 8.4). After 44 h, the
accumulation of 24 mmoL-L* C formic acid was detected, which was then quickly converted
to acetic acid, butyric acid and propionic acid with, respectively, 23.4, 54.0 and 2.1 mmoL-L*
C at 72 h, when glucose was totally consumed (Fig. 8.4a). Butyric acid reached a concentration
of 59.2 mmoL-L* C at 96 h and remained relatively stable thereafter (Fig. 8.4a). Therefore,
CO was added at 120 h when all the original substrate (glucose) was exhausted. Then, butanol
was produced and increased from 8 mmoL-L™ C at 120 h to, respectively, 21 and 30 mmoL-L"
1 C at 144 and 168 h. To stimulate butanol production, CO was again added at 168, 216 and
264 h (Fig. 8.4a). Correspondingly, the butanol concentration continuously increased to 61
mmoL-L™ C, representing a net production of 53.6 mmoL-L™ C, at the end of the incubation
(Fig. 8.4a, Table 8.2). Ethanol production was also observed with the CO addition, reaching
34 mmoL-L™ C at the end of the incubation (Fig. 8.4a).
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Table 8.2 The highest net production of acids and alcohol, mole ratio of butanol to butyric acid and butanol yield.

The highest net production (mmoL-L* C) HBu
. - . . . . o conversion Butanol
Experimental conditions Formic  Acetic  Butyric Ethanol Butanol Hexanoic  Propionic BtOH/HBuU efficiency  yield (%)
acid acid acid acid acid (%)
5 g/L Glucose +
oH N, then CO 95.4 17.5 42.9 6.6 26.6 33.0 4.7 1.50 58.6 62.1
conrol SYLGCOsE™ 703 604 503 10 11 0 34.2 0.35 453 221
Batch 5 g/L Glucose +
tests N, then CO 24.5 779 75.7 82.0 53.6 29.9 67.7 0.71 -- --
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8.3.3.2 Endogenous butyric acid production from glucose and its conversion to butanol in a
gas fed reactor with pH control

When using 5 g/L glucose as the substrate, glucose was totally consumed after 58 h, with
a production of 95.4 mmoL-L™ C formic acid, 0.7 mmoL-L™ C acetic acid and 16.1 mmoL-L"
1 C butyric acid (Fig. 8.5a). Formic acid was then subsequently consumed and converted to 6.9
mmoL-L C acetic acid, 41.0 mmoL-L™ C butyric acid and 31.2 mmoL-L™ C hexanoic acid at
135 h (Fig. 8.5a). The pH value decreased to 5.5 at 180 h, due to the accumulation of acids,
and it was then adjusted back to 6.0 (Fig. 8.5b). After CO addition at 180 h, butanol production
was triggered and increased from 1.1 mmoL-L™ C at 180 h to 4.2 mmoL-L* C, at 204 h, and
later 8.7 mmoL-L* C, at 252 h (Fig. 8.5a). CO was then supplied again later, at 252, 360 and
432 h to potentially stimulate butanol production. Consequently, the net butanol production
increased to 17.4 mmoL-L™* C, at 360 h, and finally 26.6 mmoL-L™? C at the end of the
incubation and the butanol yield reached 62.1% (Fig. 8.5a, Table 8.2). The remaining butyric
acid concentration was 17.8 mmoL-L? C at the end of the incubation, and the net butyric acid
consumption was 24.7 mmoL-L* C, calculated from the difference with 42.5 mmoL-L™ C at
180 h, when CO was first added. This almost equals the net butanol production of 25.5
mmoL-L C at the end of the incubation (Fig. 8.5a).
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8.3.3.3 Co-fermentation of glucose and CO in a bioreactor with pH control

In the co-fermentation of CO and glucose (5 g/L), half the amount of glucose was
consumed after 58 h, along with the production of 70 mmoL-L C formic acid, as the major
end product (Fig. 8.6a). Later, glucose was totally consumed, at 111 h, and 19.5 mmoL-L? C
formic acid, 21.2 mmoL-L™ C propionic acid and 50.3 mmoL-L™ C butyric acid were produced
(Fig. 8.6a). CO was added at 180, 276 and 432 h to enhance butanol production. The butanol
concentration did indeed increase to 6.8 mmoL-L™ C, after 276 h, 5.3 mmoL-L™* C, after 432
h, and 9.7 mmoL-L™ C at the end of the incubation (Fig. 8.6a). Both acetic acid and propionic
acid reached as high as 60.4 and 34.2 mmoL-L? C, respectively, at the end of the incubation.
Besides, the butanol yield reached 22.1% at the end of the incubation (Fig. 8.6a).

8.3.4 Microbial analysis

When supplying glucose + N2, the relative abundance of the Clostridia and Bacilli class
in the initial inoculum was, respectively, 82 and 1%, and reached, respectively, 58 and 33%
when glucose was totally consumed ((G+N)1, glycolysis). Then, both decreased to, respectively,
51 and 17% and unassigned bacteria occupied 8% at the end of the incubation (after replacing
the headspace with CO, (G+N).) (Fig. 8.7). In the Clostridia class, the Clostridium genus
decreased from 54% to 33%, while Oscillibacter genus increased from 0.6 to 9% at the end of
the incubation. In the Bacilli class, the Enterococcus genus decreased from 15 to 8% (Fig. 8.7).

At the Clostridium genus level, Clostridium butyricum increased from 0.003% in the initial
inoculum to 16% when glucose was totally consumed, while it decreased to 6% at the end of
the incubation, after replacing the headspace with CO (Table 8.3). C. carboxidivorans was
enriched from 0.3% of the whole Clostridium genus in the inoculum to, respectively, 6% when
glucose was totally consumed and 4% at the end of the incubation (Table 8.3). The relative
abundance of other known Clostridium species with relative abundance higher than 2%
increased much at the end of the incubation compared to when glucose was totally consumed
(Table 8.2). For instance, the relative abundance of Clostridium sp. W14A increased from 0.04
to 3%, Clostridium ragsdalei from 0.07 to 4%, C. ljungdahlii from 0.1 to 4%, C.
autoethanogenum from 0.03 to 2%, and Clostridium coskatii from 0.07 to 2% (Table 8.3).

In CO and glucose co-fermentation (Glucose+CO), the enriched sludge was dominated by
both Clostridia and Bacilli classes with relative abundance of 71% and 24%, respectively,
when glucose was totally consumed ((G+C)1). Then, it changed to, respectively, 59% and 29%
at the end of the incubation ((G+C).) (Fig. 8.7). In the Clostridia class, although the
Clostridiaceae family still occupied as high as 47% at the end of the incubation, an increase of
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other families was also obsreved, such as the Lachnospiraceae family increasing from 0.8%,
in (G+C)1 to 9% and the Oscillospriraceae family increasing from 0.08 to 1% in (G+C)2 (Fig.
8.7).

At the Clostridium genus level, the relative abundance of Clostridium butyricum reached
17% in (G+C)1 but it then decreased to 2% in (G+C), (Table 8.3). C. carboxidivorans
significantly increased to 6% in (G+C)2 compared to 0.1% in (G+C)1 (Table 8.3). The relative
abundance of other species such as Clostridium sp. W14A increased from 0.08 to 0.8%,
Clostridium ragsdalei from 0.006 to 3%, C. ljungdahlii from 0.006 to 6%, C. autoethanogenum
from 0.02 to 4%, and Clostridium coskatii from 0.003 to 3% (Table 8.3).

Fig. 8.8 shows the clustering tree based on Bray-Curtis dissimilarity and the relative
abundance at phylum level among (G+N)1, (G+N)2, (G+C): and (G+C).. (G+N): had high
dissimilarity with (G+C)1, while (G+N). had high similarity with (G+C)., but these four
enriched sludges still exhibited close distances (Fig. 8.8). The common and special genes
among the transfers is shown in the Venn figure (Fig. 8.9). In the core common genome of
56463 genes, special genes increased at the end of the incubation. For instance, 2905 special
genes appeared in (G+C)1 while they increased significantly, to 35257, in (G+C)2 (Fig. 8.9a).
Considering the high abundance of the Clostridium genus, a Venn figure for gene analysis at
Clostridium genus level was done. Special genes that increased at the end of the incubation
also showed a similar trend at Clostridium genus level (Fig. 8.9b).
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Fig. 8.6 a) Production of acids and alcohols and b) cell concentration and pH by enriched
sludge from 6" transfer using 5 g/L glucose and CO as substrate in a gas fed reactor with
intermittent CO gas feeding (Glucose+CO). Down arrows in a) represent 1.1 bar CO addition
at 0, 180, 276 and 432 h, respectively. pH was controlled at 5.5 — 6.2.
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Fig. 8.7 The microbial community analysis of the initial inoculum, after glucose fermentation and CO and glucose co-fermentation from 6™ transfer.
‘(G+N)1’ represent when glucose was totally consumed using glucose as substrate and ‘(G+N)2’ represent at the end of the incubation after CO was added.
‘(G+C)1’ represent when glucose was totally consumed and ‘(G+C)2’ represent at the end of the glucose and CO co-fermentation incubation.
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Table 8.3 Relative abundance of Clostridium spp. at species level in Glucose+CO and Glucose +N2 by enriched sludge from 6™ transfer.

Initial inoculum Glucose Glucose+ CO
(G+N)1 (G+N)2 (G+C)1 (G+C)2
Clostridium genus | Of bacteria 88 58 42 72 51
Of root 82 54 33 70 46
Species name Clostridium (Genus level) %
Clostridium butyricum 0.003 16 6 17 2
C. carboxidivorans 0.3 6 4 0.1 6
Clostridium 0.006 3 3 05 03
sp. C8
Clostridium
sp. IBUN125C 0.00001 2 0.8 4 0.5
Clostridium 0.1 3 0.9 0.008 0.4
Cadaveris
Clostridium sp. W14A 0.4 0.04 3 0.08 0.8
Clostridium ragsdalei 4 0.07 4 0.006 3
C. ljungdahlii 8 0.1 4 0.006 6
C. autoethanogenum 6 0.03 2 0.002 4
Clostridium coskatii 4 0.07 2 0.003 3
Clostridium kluyveri 0.3 0.02 0.3 0.004 0.2
Other identified Clostridium spp. 3.9 10.7 12.0 3.3 8.8
Unassigned Clostridium spp. 73 59 58 75 65
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Fig. 8.9 Venn diagrams of gene number of a) the total genes and b) the genes in Clostridium
genus level. The overlap parts represent the number of common genes between/among
samples (groups); the other parts represent the number of special genes of samples (groups).
‘(G+N)1’ represent when glucose was totally consumed using glucose as substrate and ‘(G+N)_’
represent at the end of the incubation after CO was added. ‘(G+C)1’ represent when glucose
was totally consumed and ‘(G+C)2’ represent at the end of the incubation in glucose and CO

co-fermentation.

8.4 Discussion

8.4.1 Exogenous butyric acid enhanced butanol production using CO as reducing power

This study showed that butanol production was enhanced in the presence of exogenous
butyric acid using CO as reducing power by the enriched sludge. Butanol production was
increased along with increasing exogenous butyric acid concentration (Table 8.1), which can
be attributed to the increased extent of acid to alcohol conversion, according to Eqg. 3.

C4H70, + H" + CO — C4H 100 + CO» AG®=-36.5kJ-mol ! (3)

The highest butanol production of 3.4 g/L, with the exogenous supply of 14 g/L butyric
acid is, to the best of our knowledge, the highest reported butanol concentration using CO as
the gaseous substrate. Previous research reported a butanol production of 2.66 g/L, together
with 5.55 g/L ethanol from CO fermentation, with C. carboxidivorans at pH 5.75 (Fernandez-
Naveira et al., 2016). Butanol production occurred along with exogenous butyric acid
consumption and kept increasing when cell growth entered the log phase (Fig. 8.2). Acetic acid
accumulation occurred rather later and accumulated fast after butanol reached a high
concentration (Fig. 8.2). This indicates the preference for butanol production in the presence
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of butyric acid and a 1.8 bar CO gas pressure, compared to acetic acid production. Furthermore,
butanol production increased very quickly and reached close to the highest concentration at the
end of the first CO addition (Fig. 8.2 and Fig. 8.3). However, it did not increase, instead, even
slightly decreased after the first CO addition, which occurred almost in every experiment
supplied with exogenous butyric acid (Fig. 8.2). During the fermentation process, CO can be
used as both carbon source for acetic acid production and reducing power to reduce butyric
acid to butanol by the enriched sludge. When exogenous butyric acid was present in the
medium at the start of the fermentation, acetogens took first advantages of the existing butyric
acid, using CO as reducing power and reduced butyric acid to butanol. Along with the biomass
growth adaption, acetogens obtained energy from acetic acid production (ATP released
process), thus CO acted more as the carbon source inducing increased acetic acid production
than reducing power for butanol production from butyric acid (Mock et al., 2015; Zhu et al.,
2020).

Butanol production occurred at pH 5.9 and with a CO gas pressure as high as 1.8 bar; but
when the pH was lower than 5.5, butanol production was inhibited (Fig. 8.2). This pH range
for alcohol production is in agreement with previous studies, in which the pH ranged from 5.7
to 6.4 for selective butanol production by the same enriched sludge as used in this study (He et
al.,, 2022). Instead, the pH range is different from other previous reports, in which
solventogenesis was stimulated at lower pH, varying between 4.5-5.5 (Ganigué et al., 2016;
Chakraborty et al., 2019). The wide pH range for butanol production might be due to the mixed
Clostridium spp. present in the inoculum used in this study. For instance, the relative abundance
of C. autoethanogenum and C. ljungdahlii occupied, respectively, 6% and 8%, which are
known to convert CO to acetic acid and ethanol via the WLP while butanol-producing C.
carboxidivorans observed less than 1% (He et al., 2021b). However, the relative abundance of
unidentified Clostridium species occupied as high as 73% of the Clostridium genus (He et al.,
2021b).

The mole ratio of butanol production and butyric acid consumption in exogenous 3.2 g/L
HBu is close to 1 during the fermentation process (Fig. 8.2d, f), which is conform the theoretical
conversion ratio (Eq. 3), demonstrating the conversion occurs according to the stoichiometry
given in Eg. 3. The mole ratio of butanol to butyric acid reached 2.04 with the exogenous
supply of 7 g/L butyric acid, which is higher than 1.16 with exogenous supply of 14 g/L butyric
acid (Table 8.1).

In addition, the adaption stage for cell growth and the end production was also shorter
compared to the control, which all indicated that exogenous butyric acid can somewhat relief
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CO toxicity for acetogens and thus allow these acetogens to use the existing butyric acid to
produce butanol using CO as reducing power. Besides, with higher exogenous butyric acid
concentrations, acetic acid production was somewhat inhibited and, simultaneously, longer
adaption times were observed for butanol production. For instance, the highest acetic acid
production with exogenous supply of 3.2 and 7.0 g/L HBu is both 1.8 fold higher (7.1 and 6.9
g/L) than with 14 g/L HBu (3.9 g/L) (Fig. 8.3b, d, Table 8.1).

8.4.2 The presence of acetate and ethanol favored butanol production from butyric acid
using CO as reducing power

This study showed that the presence of acetic acid and ethanol played a positive role in
accelerating butanol conversion from exogenous butyric acid. In the HAc+EtOH+HBuU
experiment, the butanol yield and butyric acid conversion efficiency reached 100% and 76.2%,
respectively, which were both higher than in the HBu experiment (Table 8.1). However, seldom
studies have investigated the role of exogenous acetate and ethanol on butanol production using
CO as gaseous substrate, except a few studies on exogenous butyric acid production by pure
stains (Luo et al., 2015; Xu et al., 2020). Isom et al. (2015) conducted conversion efficiency
studies of butyric acid to butanol, reaching 100% with Clostridium ragsdalei. In that study, the
reduction was independent of growth in an optimized medium with headspace CO gas
exchange every 48 h and with a gas pressure of 207 kPa. Perez et al. (2013) investigated
exogenous 15 mM (1.32 g/L) butyric acid addition on butanol production by C. ljungdahlii
ERI-2 using syngas, CO/H2/CO; (60/35/5, v/viv), and reached 13.3 mM (0.99 g/L) n-butanol
and 91% of the theoretical yield from butyric acid. Liu et al. (2014b) reported 74.7% butyric
acid conversion to n-butanol by a mixed culture of Alkalibaculum bacchi strain CP15 and
Clostridium propionicum and obtained 0.8 g/L butanol with 1.5 g/L exogenous butyric acid,
using syngas (CO/CO./H, 40/30/30, v/v) as gaseous substrate.

Both the butanol and ethanol concentration decreases were observed during the
fermentation process when the gas pressure decreased below 1.3 bar (Fig. 8.2). This was
induced by the production and accumulation of CO> during CO consumption (Eqg. 1, 2). More
CO: dissolved into the medium than CO due to its higher solubility, which further caused a
decrease in gas pressure. Butanol and ethanol oxidation occurred in the presence of CO>
according to our previous tests using the same inoculum as used in this study (He et al., 2022a).
Besides, the reverse reaction of alcohols to acids has (sometimes) also been observed (Arslan
etal., 2019). It seems that ethanol and butanol production, or reversely, oxidation, are regulated
by, respectively, the CO and CO> concentration. Indeed, when CO was added at the beginning
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of each CO addition (1.8 bar) and CO, was removed at the same time, alcohol production was
favored (Fig. 8.2). The increased CO pressure may play a positive role inducing
solventogenesis. For instance, increasing the CO pressure to 2 bar in the last two CO additions
of the exogenous HAc+EtOH+HBuU experiment, induced a higher ethanol production (Fig.
8.2h).

It was noted that a longer adaption time was required in the control bottle compared to the
bottles with acids and ethanol addition. This might be because the added acetic acid, ethanol
and butyric acid can act as carbon sources and thus somewhat relief the possible toxicity caused
by CO at a pressure as high as 1.8 bar. The mole ratios of ethanol production to acetic acid
consumption are all close to 1, which is conform the theoretical mole ratio of the WLP (Fig.
8.3a, Eq. 4):

C2H302 + H 4+ CO — CH6O + CO2 AG®=-9.0 kJ-moL! (4)

8.4.3 CO triggered butanol production from endogenous butyric acid produced from

glucose with no significant microbial community change

This study showed that endogenous butyric acid was successfully produced from glucose
and CO addition triggered butanol production from the existing endogenous butyric acid (Fig.
8.4) and the mole ratio of butanol production to butyric acid consumption was close to 1 (Eq.
3). Publications on exogenous acids addition for enhanced alcohol production are rather scarce.
The highest butanol production reached 0.5 g/L with Alkalibaculum bacchi strain CP15, and it
was further enhanced to 0.8 g/L with Clostridium propionicum using syngas CO/CO2/H>
(40/30/30, v/viv) as the substrate (Liu et al., 2014b). This study promoted ‘syngas-aided’
alcohol production, i.e. enhancing butanol and longer chain alcohol production by taking
advantage of the CO reducing power in triggering alcohol production with exogenous acids or
acids produced from waste organic compounds.

The microbial community does not show large differences in (G+N)1 and (G+N)2 in terms
of Clostridia and Bacilli classes. The Oscillibacter genus, belonging to the Clostridia class,
was enriched at the end of the incubation ((G+N)2) and has been observed to be involved in
acidogenesis during dark fermentation (Goud et al., 2017). It was surprising that Clostridium
carboxidivorans, known as one of the autotrophic CO-converting acetogens, was enriched in
(G+N)1, while its abundance decreased compared to the inoculum (Table 8.3). C.
carboxidivorans can grow with glucose to produce formic, acetic, butyric and hexanoic acids
at a relatively high pH of 6.2, while a low pH did not favour alcohol production (Fernandez-

Naveira et al., 2017b). Clostridium butyricum can produce acetate and butyrate using glucose
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as the substrate and has also been shown to produce H> (Crabbendam et al., 1985; Jiang et al.,
2016). The heterotrophic Clostridium butyricum species was enriched when glucose was totally
consumed. However, thereafter, when CO was used as the substrate, the relative abundance of
Clostridium butyricum decreased, while observing the enrichment of autotrophic acetogens
such as C. ljungdahlii, C. autoethanogenum, Clostridium sp. W14A and Clostridium ragsdalei,
which increased again using CO as the substrate (Table 8.3).

8.4.4 Glucose and CO co-fermentation enhanced butyric acid but not butanol

production

Interestingly, butanol was insignificantly produced in glucose and CO co-fermentation,
although butyric acid accumulated and reached 50.3 mmoL-L™ C, which is even slightly higher
than the highest butyric acid concentration (42.9 mmoL-L™* C) reached with only glucose (Fig.
8.6, Table 8.2). In other words, different ways of adding CO may lead to different butanol
concentrations: observing almost 2.4 fold more butanol (26.6 compared to 11.1 mmoL-L™ C)
when adding CO after endogenous butyric acid than initially adding CO (CO and glucose co-
fermentation) under pH both controlled at 5.8-6.0. Co-fermentations of CO or syngas with
glucose has only been reported with few pure cultures as mentioned above, e.g. C.
carboxidivorans (Ferndndez-Naveira, et al. 2017b). It was supposed that in Glucose+N2, when
the sole carbon source (glucose) was consumed along with acids produced, another inorganic
carbon source (CO) addition, stimulated autotrophic acetogens converted butyric acid to
butanol due to its reductant role (Fig. 8.5). This is similar with the exogenous butyric acid
experiments, butyric acid was first consumed and converted to butanol using CO as reducing
power by enriched sludge, earlier than acetic acid production from CO (Fig. 8.2b, c, Fig. 8.3).
In G+C, CO acted more as the carbon source instead of reducing power, resulted in higher
acetic acid production.

The presence of CO decreased the glucose consumption rate with only half of the initial
amount of glucose consumed after 58 h, when glucose was totally consumed in Glucose+N>
(Fig. 8.6a). Secondly, both acetic acid and propionic acid concentrations were much higher
compared to Glucose+N>. Hexanoic acid production was inhibited in the Glucose+CO
incubation, while its production reached as high as 33 mmoL-L™* C in Glucose+N2. The highest
hexanoic acid production of 31.2 mmoL-L™ C in Glucose+N. occupied 18.9% of the initial
carbon of 165.9 mmoL:-L™* C from 5 g/L glucose (Table 8.2). Although butanol was not
efficiently produced, the glucose and CO co-fermentation might provide another possible way
for short chain fatty acid production by the enriched sludge with high Clostridium spp.
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The microbial community in the Glucose + CO incubation did not show large changes
compared to Glucose+N: (Fig. 8.8). In the Glucose + CO incubation, the abundance of the
Clostridium genus increased, i.e. the relative abundance of Clostridium genus with Glucose +
CO (70%) was higher than with Glucose + N2 (54%) (Fig. 8.8). The relative abundance at the
genus level was distributed as follows (Fig. 8.7): Clostridium 33%, Oscillibacter 8% and
Anaerotignum 0.1% in (G+C): while Clostridium genus 46%, Oscillibacter 1% and
Anaerotignum 7% in (G+N)1. The Bacilli class occupied 29% in G (G+C)2 and 17% in (G+N)a.
At the Clostridium species level, the relative abundance of common autotrophic strains, such
as Clostridium carboxidivorans, C. autoethanogenum, Clostridium ragsdalei and C.
ljungdahlii, did not show much difference (Table 8.3). Liu et al. (2020) investigated the
microbial community for 5 g/L glucose and syngas co-fermentation using the inoculum from a
mesophilic anaerobic reactor. Clostridium spp. was enriched with a low relative abundance,
and with the presence of mainly Clostridium formicoaceticum. However, butyrate was detected
during the syngas and glucose co-fermentation, but not in the solely glucose fermentation and

hexanoic acid was not reported in their study.

8.5 Conclusions

The exogenous supply of 3.2 g/L butyric acid resulted in the production of 1.9 g/L butanol,
while in the presence of exogenous acetic acid and ethanol, butanol production was enhanced
to 2.6 g/L by an enriched sludge with a high abundance of Clostridium spp. using CO as the
gaseous substrate. The presence of acetate and ethanol enhanced the butyric acid conversion
efficiency compared to exogenous butyric acid. When increasing the exogenous butyric acid
concentration to 14 g/L, the highest butanol concentration (3.4 g/L) was produced. Butanol
accumulation was significantly enhanced up 2.4 fold when adding CO after endogenous butyric
acid production from glucose compared to when adding CO initially with glucose (co-
fermentation), from which butanol was not efficiently produced with a similar amount of
endogenous butyric acid production. The Clostridia and Bacilli class were dominantly enriched
after glucose fermentation and at the end of the incubation. There is no big change in microbial
community when comparing the end enriched sludge in Glucose+CO and Glucose + No.
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9.1 General discussion

Syngas (CO, Hz and CO2) bioconversion for biofuel production, such as ethanol and
butanol by acetogens, either directly or indirectly, simultaneously mitigates carbon emissions
and generates valuable bioenergy products (Devarapalli and Atiyeh, 2015). Syngas
bioconversion for solvent production has been paid increased attention in the last decades ever
since the isolation of the first syngas conversion acetogen in 1990s (Abrini et al., 1994; Phillips
et al., 1993). Studies on bioconversion of CO, the main syngas compound, for solvent
production are rare, except for a few Clostridium strains (Fernandez-Naveira et al., 2017).
Syngas bioconversion to ethanol and butanol production raised limited interest till now,
especially by mixed cultures (Chakraborty et al., 2019). The low concentration of ethanol and
butanol production from syngas conversion remained a problem (Sun et al., 2019). Considering
these challenges and limitations, the current research bridged the gap between the enhanced
ethanol and butanol production, the process parameters and the enrichment of Clostridium
bacteria using syngas/CO as the carbon source from anaerobic sludge.

Considering various factors influencing syngas fermentation, chapter 2 reviewed the
solventogenesis factors during the syngas fermentation. Low temperature, low pH, trace metal
tungsten, yeast extract, biochar and nanoparticles have been reported to play a positive role for
ethanol and butanol production by pure cultures, co-cultures and undefined mixed cultures.
Temperature, C/H ratio, pH and trace metals have been considered in chapters 3 and 4. A fed
batch gas fed reactor has been set-up in the CO bioconversion to ethanol and butanol production
in chapters 6, 7 and 8. High and selective butanol production from CO by anaerobic sludge
has been obtained in chapter 6. Furthermore, exogenous and endogenous butyric acid on
enhanced butanol production has been demonstrated using CO as reducing power in chapter
8. The enrichment of CO converting solventogenic acetogens with high amount of Clostridium
spp. has been achieved in chapter 7. The major findings from individual chapters of this PhD
are shown in Fig. 9.1 and Fig. 9.2. Fig. 9.3 outlines the link of these findings from chapter 3
to chapter 8.
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9.1.1 Ethanol production from H2/CO2 by mixed cultures

In chapter 3 and 4, granular sludge from an industrial wastewater treatment plant was tested
as inoculum for ethanol production from H2/CO> via non-phototrophic fermentation at various
environmental conditions. Chapter 3 obtained the highest ethanol concentration (17.11 mM)
at 25°C and was 5-fold higher than at 37°C (3.36 mM). This was attributed to the fact that the
undissociated acid (non-ionized acetic acid) accumulation rate constant (0.145 h™) was 1.39
fold higher than at 25°C (0.104 h1). Ethanol production was linked to acetic acid production
with the highest ethanol to acetic acid ratio of 0.514 at 25°C. The addition of bicarbonate
inhibited ethanol production both at 25°C and 37°C. Methane was mainly produced at 55°C,
while neither acetic acid nor ethanol were formed.

Based on the enhanced ethanol production at submesophilic condition in chapter 3,
chapter 4 further demonstrated the highest acetic acid and ethanol production was obtained at
25°C compared to 18 and 30°C with a final concentration of 29.7 and 8.8 mM, respectively.
The presence of bicarbonate enhanced acetic acid production 3.0 ~ 4.1-fold, while inhibiting
ethanol production and the inhibition of bicarbonate on ethanol production was also observed
at 25 and 37°C in chapter 3. Chapter 4 showed 0.3 g/L glucose addition induced butyric acid
production (3.7 mM), while 5.7 mM ethanol was produced at the end of the incubation at pH
4 in the presence of glucose. Concerning the trace metals, chapter 4 revealed that 10 uM W
addition enhanced ethanol production up to 3.8 and 7.0-fold compared to, respectively, 2 uM
W addition and the control. 2 uM Mo addition enhanced ethanol production up to 8.1-fold and
5.4-fold compared to, respectively, 10 uM Mo and the control, which demonstrated ethanol
production from H2/CO> conversion using granular sludge as the inoculum can be optimized
by selecting the operational temperature and by trace metal addition.

The pH was found to act as an important factor influencing ethanol production from
H2/CO2 and ethanol and butanol production from CO: a low pH 4.5-5 has been demonstrated
to stimulate solventogenesis in chapters 3, 4 and 5. Chapter 3 concluded that ethanol
production occurred when both the pH decreased to 4.7 and acetic acid accumulated to 15 mM
at 25°C. Chapter 4 demonstrated an initial pH of 6 obtained higher ethanol concentrations
than an initial pH of 5 and 7. Chapter 5 showed 100% H> induced butyric acid and ethanol
production at pH 4.5-5.

225



9.1.2 Enhancement and selective butanol production from CO by anaerobic sludge

Chapters 6, 7 and 8 conducted solventogenic carbon monoxide (CO) fermentation using
the same anaerobic sludge and the initial gas pressure of 1.8 bar as in chapters 3, 4 and 5.
Chapter 6 operated a CO gas fed batch reactor (FB1) and obtained an anaerobic mixed culture
that produced unusual high concentrations of 6.8 g/L butanol at pH 5.7-6.4 (Fig. 9.2). At a later
pH-controlled CO fed batch reactor (FB2) in chapter 6, acetic acid and butyric acid were
produced at pH 6.2 and ethanol and butanol were stimulated when the pH decreased to 5.7 (Fig.
9.2). Chapter 7 obtained the highest ethanol concentration of 11.8 g/L with minor
accumulation of acetic acid from CO over a wide pH range of 6.45 to 4.95 by the enriched
Clostridium bacteria (Fig. 9.2).

9.1.3 Enrichment of solventogenic acetogens from CO

The enriched sludge obtained in FB1 was diverse in Clostridia and Bacilli classes, with
the relative abundance of unassigned Clostridium amounting to 27%, containing known
solventogens, e.g, C. ljungdhalii, C. ragsdalei and C. coskatii (chapter 6). Chapter 7
enriched CO metabolizing Clostridium spp. from the enriched sludge taken from the FB1 in
chapter 6. Chapter 7 enriched as high as 94% relative abundance of Clostridium spp. (from
7% in the inoculum) after six successive biomass transfers. The enriched Clostridium spp. were
able to convert exogenous butyric acid (3.2 g/L) into butanol with nearly 100% conversion
efficiency using CO as reducing power, which illustrated the strategy, i.e. exogenous butyric
acid supply, for enhanced butanol production in chapter 8. The enriched Clostridium
population also converted glucose to formic, acetic, propionic, and butyric acids in batch tests
with daily pH adjustment to pH 6.0. Unassigned Clostridium species showed a very high
relative abundance, reaching 73% of the Clostridium genus in the enriched sludge (6" transfer).
The genes at Clostridium genus level showed only 7 special genes existed in the 6 transfer
compared to the common genes shared among the transfers. Similarly, during the H./CO>
bioconversion in chapters 3, 4 and 5, Clostridium sp. were the prevalent species at both 25
and 37°C at the end of the incubation, which possibly contributed to the ethanol production.

9.1.4 Enhancement strategies for butanol production by exogenous butyric acid

The enriched sludge with high Clostridium spp. showed a high butanol production
potential in chapter 7. Therefore, chapter 8 investigated different exogenous butyric acid
concentrations on butanol production using the enrichment as inoculum. Chapter 8 obtained
the highest butanol concentration of 3.4 g/L with 14 g/L exogenous butyric acid, which is the
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highest butanol concentration fermented from CO/syngas reported in the literature so far.
Exogenous acetate and ethanol did not efficiently stimulate butyric acid accumulation although
butanol was observed to increase and reached 1.9 g/L at the end of the incubation. However,
the presence of acetic acid and ethanol favoured butanol production from exogenous butyric
acid by the enriched sludge and enhanced the butanol production to 2.6 g/L. CO addition
triggered butanol production from the endogenous butyric acid (from glucose) with a
conversion efficiency as high as 58.6% and a 62.1% butanol yield in Glucose+N». However,
butanol production was not efficiently produced by glucose and CO co-fermentation
(Glucose+CO0), although a similar amount of endogenous butyric acid was produced compared
to Glucose+N2. The Clostridium genus occupied as high as 82% from the initial inoculum,
while the Clostridia and Bacilli class were both enriched and dominated in the Glucose +N>
and Glucose +CO incubations. This study demonstrated the possible strategy for enhancing
butanol production via exogenous butyric acid supply, or endogenously from sugar

fermentation such as from wastewaters containing low sugar concentrations.

9.2 Future perspectives

Solventogenic syngas fermentation has been paid increased attention only since the last
decade compared to the traditional sugar fermentation with hundred’s years of research history.
Hence, it is an emerging sustainable biotechnology for biofuel production. The fundamental
understanding of the fermentation process for enhanced solvent production still has many
undiscovered aspects, such as i) microbial resource management linked with efficient bio-
catalysis for enhanced ethanol and butanol production, in both pure and mixed cultures and ii)
reactor design, mass transfer, production of longer chain solvents and other valuable chemicals
production as well as solvent separation. These can be applied in the biorefinery concept and
apply it to secondary feedstocks, e.g., gasification of agriculture waste and the organic fraction

of municipal solid waste.

9.2.1 Microbial resource management

Baleeiro et al. (2019) raised ‘syngas-aided’ fermentation, which combines syngas and
microorganisms together for valuable chemicals including butanol production. Despite the
limited widely studied strains, the application of syngas fermentation in pilot plants has been
set up such as the fermentation process developed by Lanza Tech for ethanol production from
steel mill gas by a patented Clostridium strain (Yu et al., 2015), however, mixed cultures have
not raised much attention. This study enriched Clostridium spp. that can produce high ethanol
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concentrations with low acetic acid accumulation at a wide pH range of 4.95-6.45, which
illustrated the merits of resistance to environmental conditions of mixed cultures compared to
pure strains. The enrichment of syngas fermentation solventogenic acetogens, especially on
CO, as demonstrated in chapter 7, showed advantage with less contamination problems such
as methanogens compared to H2/CO. due to the high CO toxicity.

9.2.2 Reactor design

9.2.2.1 Continuous stirred tank reactors (CSTR)

The continuous stirred tank reactor (CSTR) has been widely studied for syngas
biotransformation to solvents at lab scale (Arslan et al., 2019; Mohammadi et al. 2012; Riggs
and Heindel 2006). The stir agitation accelerates large bubbles breaking into small ones hence
improving the gas-liquid mass transfer rate. The shift of high pH of 6 and low pH 4.8 in the
CSTR has been shown an efficient way to enhance ethanol production without acid
accumulation (Abubackar et al. 2015). However, this approach is not economically feasible for
scale production because high agitation rates consume high amounts of energy (Shen et al.
2014a, 2014b).

9.2.2.2 Bubble column

A bubble column reactor without agitation but combined with a microbubble diffusion
could highly enhance the mass transfer rate (Datar et al. 2004). The gas is injected and
distributed through the bottom by gas sparging thus good mixing can be achieved while
avoiding high shear rates that might inhibit or damage microbial cells. A bubble column reactor
can be used as second stage solvent fermentation with high cell concentrations reached in the
first stage CSTR (Richter et al., 2013).

9.2.2.3 Biotrickling filter

A biotrickling filter or trickle bed reactor equipped with a packed bed and the liquid media
flowing down while the gas could move either downward or upward (Cassarini et al., 2017).
The packed bed acts as the solid catalyst for gas-liquid interactions and the packing material
(He et al., 2018). The power consumption of trickle bed reactors is lower than that of CSTR
and some studies also found that trickle bed reactors showed a higher efficiency than bubble
columns and CSTR (Cowger et al. 1992).
9.2.2.4 Novel bioreactor designs

The fact that the low water solubility of CO limits the mass transfer rate between the gas
and liquid phase and thus low achievable cell density in fermentation media. To avoid this,
membrane systems (Jin et al., 2008), attached growth bioreactors (Shen et al., 2014a, 2014b)
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and microbubble spargers in suspended-growth bioreactors (Muroyama et al., 2013) allowed
more efficient transfer rates.

9.2.3 Mass transfer

Except the process factors investigated in this study, such as temperature, pH, trace metals
and C/H ratio in H2/CO> conversion, some other equivalent important factors such as syngas
composition, gas pressure, addition of materials that influence the mass transfer rate can further
improve the solventogenic yield from CO. Mass transfer is one of the major differences
between syngas fermentation and traditional sugar fermentation. Next to the difference in
metabolic pathway, the gaseous substrate, especially the low solubility of CO and Ha, alter the
alcohol production process design.

9.2.3.1 Added materials

To overcome the low solubility and enhance mass transfer rate, additional materials such
as biochar and nanoparticles have been studied very recently (Sun etal., 2018; Yao et al., 2018).

Biochar produced from biomass pyrolysis gasification with high carbon percentage and
porous structure, metals and functional groups has been widely used in soil improvement and
as adsorbent (Sun et al., 2018a, 2018b). Syngas production during gasification, simultaneously
produced biochar but the property of biochar varies in alkalinity, pH buffer capacity, cation
exchange capacity and electrical conductivity (Yao et al., 2018). Due to the different biochar
properties, its effect on solventogenesis showed varied results and the nutrients and pH
buffering function of biochar reduced acid stress. Enhanced ethanol production was obtained
in a medium with poultry litter biochar due to its rich mineral and metal content, while inhibited
ethanol production was observed with switchgrass biochar addition to C. ragsdalei (Sun et al.,
2018a). However, C. carboxidivorans entered the solventogenic phase in switchgrass biochar
treatment earlier than other biochar treatments, resulting in the accumulation of more ethanol
and butanol (Sun et al., 2018b).

With methyl-functionalized silica nanoparticles, ethanol production from 0.115 g/L
enhanced to 0.306 g/L by C. ljungdahlii using CO, CO- and H2 (v/v/v, 20/20/5) because of the
enhanced mass transfer rate by addition of nanoparticles (Kim et al. 2014). They also found
that the magnetic nanoparticles (SiO>—CHs) increased the dissolved concentrations of CO, CO-
and Hz by 224%, 78%, and 143%, respectively and ethanol production from 0.156 g/L
increased to 0.354 g/L by C. ljungdahlii using CO, CO2and H: (v/v/v, 20/20/5) as the substrate
(Kim et al., 2016).
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9.2.3.2 Electron shuttles

Exogenous electron shuttles such as neutral red, methylene blue, methyl viologen and
benzyl viologen were used to shift fermentative metabolism towards alcohol production
(Steinbusch et al., 2010). Even though the exact mechanism whereby electron shuttles regulate
the fermentative pathway is not fully understood but adding them to bacterial cultures is an
attractive strategy for shifting the direction of electron flow from generating organic acids to
solvents and hydrogen. Yarlagadda et al. (2012) investigated the effect of electron shuttles on
the end products using glucose as carbon source by Clostridium sp. BC1 and found that methyl
viologen enhanced ethanol- and butanol-production by 28- and 12- fold, respectively, due to a
shift in the direction of electron flow towards enhanced production of ethanol and butanol by
reducing hydrogen production.

9.2.4 Longer chain solvents and other valuable chemicals from CO/CO:2

The enhanced butanol production by endogenous butyric acid from glucose and CO in
chapter 8 implied exogenous acids using CO as the gaseous substrate by mixotrophy and
mixed cultures can become a strategy for enhanced longer carbon chain alcohol production.
Besides, ATP generation during syngas fermentation is rather limited compared to sugar
fermentation, which further limited longer carbon chain alcohol production. Several trials have
explored butanol and hexanol production by co-cultures in the literature. In this study, chapter
8 observed an unknown small amount of hexanol from endogenous butyric acid and CO (Fig.
8.5). However, more investigations on the conversion mechanisms should be done, such as

how the interspecies electron transfer occurred.

9.2.4.1 Mixotrophy

Autotrophic growth faces the challenges of ATP limitation although via acetogenesis,
during which ATP is recovered, the ATP recovery limitation still existed (Maru et al., 2018).
ATP limitation induced slow cell growth and low cell densities and not enough energy
generation for producing large quantities of metabolites with more than 2 carbons (Fast et al.
2015). One promising way to overcome the ATP limitation can involve another ATP
generating process such as glycolysis from sugar fermentation, i.e. mixotrophy. Mixotrophy
comprises organic and inorganic (CO, CO2 and H) substrate fermentation by autotrophic
acetogens. Meanwhile, the mixotrophy can also be reached by co-cultures of heterotrophic and
autotrophic acetogens, such as C. acetobutylicum and C. ljungdalhii for longer carbon chain
alcohol production (Diender et al. 2016).
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Mixotrophy enhanced carbon utilization since the released CO2 during the heterotrophic
fermentation can be involved in syngas fermentation by autotrophic acetogens. Simultaneously,
cells growth was enhanced due to the excess ATP generation. More importantly, longer carbon
chain alcohols (>4) production was achieved via reduction of endogenous long chain fatty acids
from heterotrophic fermentation (chapter 8).

The potential application of mixotrophy is to use carbohydrate-rich wastewater and syngas
co-fermentation (chapter 8). However, this field has not yet been reported for alcohol
production, although it has been used for biohydrogen (Liu et al., 2020a) and volatile fatty
acids (Liu et al., 2020b). On the other hand, from toxicity view, longer alcohols showed higher
toxicity for cells and could cause the low alcohol production, for example, the 1Cso of butanol
for Clostridium carboxidivorans growth was 14.50 g/L after 48 h and ethanol very close to 35
g/L (Ferndndez et al. 2016). However, the reported maximum ethanol and butanol
concentration are much lower than the toxicity values reported in the literature so far.

9.2.4.2 Exogenous electron acceptors and acids

Solventogenesis required minimum acetic acid production, supplementation of acetate
during acidogenesis (Chapter 3). Early solventogenesis was reported to result in a significant
increase in acetone—butanol—ethanol production (Gao et al. 2016). Ethanol production was
enhanced with exogenous 3C-labeled acetate by C. autoethanogenum using 100% CO as
gaseous substrate and simultaneously aor gene CAETHG_0102, codh gene CAETHG_3005,
adh genes CAETHG 1841 and CAETHG_1813 were found to be highly up-regulated at higher
acetate levels. Exogenous acetate thus played an important role in solventogenesis (Xu et al.,
2020).

Due to the two-stage pathway of syngas fermentation, some studies directly added acids
such as acetic acid, expecting higher ethanol production (Perez et al. 2013). Besides, electron
acceptors like nitrate have been shown to enhance carbon dioxide fixation by C. ljungdahlii
(Emerson et al. 2019). 15 mM nitrate supplemented H, + CO enhanced the yield of the
production of heterologous chemicals such as acetic acid and ethanol by boosting ATP
production of C. ljungdahlii (Emerson et al., 2019). However, nitrate and nitrite can have a
negative effect on both growth and alcohol formation of Clostridium carboxidivorans under
continuous gas supply (CO/COz, 80/20) (Ruckel et al., 2021).

9.2.5 Scale-up of syngas fermentation

Two aspects should be considered during syngas fermentation application. For instance,
some trace components such as NHs, H.S, and NOx need to be paid attention in steel off gas
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and gasification processes. NH3z and H2S have been recently reported to have a positive effect
on both growth and alcohol formation continuous gas supply (CO/CO», 80/20) (Ruickel et al.,
2021). Another problem is the increase of the salinity resulting from adjustment of pH by
adding HCI or NaOH. Fernandez-Naveira et al. (2019) reported the salinity with 9 g/L sodium
chloride (NaCl) had a negative effect on bacterial growth and CO consumption while and
negative effect on cell growth was observed at concentrations above 15 g/L. The scale-up
syngas fermentation process in bioreactors combined with a solvent separation system has been
developed (Fig. 9.4). To avoid ethanol accumulation and negative effects on cell growth, a
separation section can be added in the fermentation bioreactor, such as by a combination of
distillation or vapor permeation membranes (Datta et al. 2009). The driving force of membrane
distillation is the partial pressure difference between each side of the membrane pores, whereas
the selectivity varies according to the properties of the type of polymer used, the membrane
characteristics, and the operation conditions (Hatti-Kaul 2010). The driving force for
pervaporation is a low vapor pressure on the permeate side of the membrane generated by
cooling and condensing the permeate vapor (Hatti-Kaul 2010). The selectivity of separation
depends on the affinity of some specific components of a mixture to the membrane material
(Baker 2004).

Factors investigated in this PhD

Cellulose
Agricultural wastes Gasification (~ N ‘ Environment: T/°C, Gas: Mass transfer,
— H C/H ratio
Organic solid wastes €0/C0,/H, P
Steel off J CO+CO,+H, )
eel off gas .
‘ Medium: Nutrients, L':mﬁ';g"gpmﬁgz
. - trace metals
\ cultures
Brewery factory — co,
Reactor type: CSTR, BTF, HFM,...
Distilleries
electrolvzation‘ .
—_— H, - Fermentation 7 ) o
Separation: adsorption, distillation
Wind energy )
Solar energy

Ethanol, butanol and hexanol

Fig. 9.4 Integrated syngas and CO./H> bioconversion for ethanol, butanol and hexanol
production. CSTR: continuous stirred tank reactor; BTF: Bio-trickling filter; HFM: hollow

fiber membrane.

9.3 Conclusions

H,/CO, fermentation for ethanol and CO fermentation to butanol has been

comprehensively investigated using anaerobic sludge from wastewater treatment plants. This
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PhD dissertation demonstrated the submesophilic temperature, initial pH of 6 and trace metals
W and Mo enhanced ethanol production from H2/CO. CO conversion to high and selective
butanol production was reached in a CO fed batch reactor by the enriched CO converting sludge.
The enriched CO converting acetogens with large Clostridium bacterial population showed a
high potential for enhanced ethanol and butanol production at a wide pH range (4.95-6.45)
using CO as the sole carbon and energy source. Exogenous and endogenous butyric acid
enhanced ethanol production using CO as reducing power by the enriched Clostridium bacteria.
The knowledge gained in this PhD dissertation showed a potential way for enhanced ethanol
and butanol production by mixed cultures compared to some widely studied pure Clostridium
strains. This PhD thesis demonstrated the potential application of solventogenic syngas
conversion by mixed cultures for production of ethanol and butanol.
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