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ABSTRACT

ABSTRACT

The search for new energy sources orfuels hasincreased inrecentyears. Besides, the increasing
demand and greater shortage of conventional fuels, creates the need to replace them by
renewable energy sources. Some possiblerenewable energy sources are (higher) alcohols such

as ethanol, butanol, and hexanol.

The biological production of ethanoland higheralcohols can be a good and inexpensive way for
the obtention of new renewable energy sources. The anaerobicfermentation of waste materials
or waste gasesis an energy-inexpensive and feedstock-flexible technology for the production of
those bioalcohols. The use of those raw materialsin biorefineries has two majoradvantages:itis
an efficient method forthe elimination of pollutants and compounds with a greenhouse effect

(CO, CO,) and it allows to produce solvents with a high commercial value.

The main objective of this dissertationis the obtention of higheralcohols using different carbon
sources (glucose, carbon monoxide and syngas) with the anaerobic bacterium Clostridium
carboxidivorans as biocatalyst. The experimental results are reported in the different chapters of
this dissertation, aiming at optimizingthe fermentation conditions and operating parameters of

the bioconversion of these different carbon sources into ethanol and higher alcohols.



RESUMEN

RESUMEN

La busqueda de nuevas fuentes de energia o combustibles ha incrementado recientemente.
Ademadselincrementode lademanday de lagran escasez de combustibles convencionales, crea
la necesidad de reemplazarlos por fuentes de energia renovables. Algunas de estas posibles

fuentes de energia renovables son los alcoholes como etanol, butanol y hexanol

La produccidn bioldgica de etanol y alcoholes de cadena larga puede ser una buena y barata
formade obtenernuevasfuentes de energia renovable. La fermentacidon de materiales y gases
residuales es una energia barata y una tecnologia de materias primas flexibles para la
produccién de esos bioalcoholes. El uso de esos materiales residuales en biorefinerias tiene dos
ventajas principales: es un método eficiente parala eliminacidn de contaminantes y gases de

efecto invernadero (CO, CO,) y permite producir solventes de elevado valor comercial.

El principal objetivo de esta tesis es la obtencidén de alcoholes de cadena larga empleando
diferentes fuentes de carbono (glucosa, mondxido de carbono y gas de sintesis) empleando a
Clostridium carboxidivorans como biocatalizador. Los resultados estan recogidos en los distintos
capitulos de esta tesis doctoral, con el objetivo de optimizar las condiciones de fermentacidny

los parametros operativos de bioconversion de estas fuentes de carbono en alcoholes.
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RESUMO

A busqueda de novas fontes de enerxia ou combustibles alternativos incrementou
recentemente. Ademais o incremento da demanda e da gran escaseza de combustibles
convencionais, crea a necesidade de reemplazarlos porfontes de enerxia renovables. Algunhas

destas posibles fontes de enerxia renovables son os alcohois como etanol, butanol e hexanol.

A producién bioldxica de etanol e alcohois de cadealonga pode ser unha boa e barata forma de
obternovas fontes de enerxiarenovables. A fermentacion de materiais e gases residuais é unha
enerxia barata e unha tecnoloxia de materias primas flexibles para a producidon deses
bioalcohois. O uso de todos eses materiais residuais en biorefinerias ten ddas vantaxes
principais: é un método eficiente para a eliminacién de contaminantes e gases de efecto

invernadoiro (CO, CO,) e isto permite producir liquides con alto valor comercial.

O principal obxectivo desta tese é a obtencién de alcohois de cadea longa empregando
diferentes fontes de carbono (glucosa, mondxido de carbono e gas de sintese) empregando a
Clostridium carboxidivorans como biocatalizador. Os resultados estdn recollidos nos distintos
capitulos desta tese doctoral, co obxectivo de optimizar as condiciéns de fermentacion e os

parametros operativos da bioconversion destas fontes de carbono en al cohois.
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This chapter was partially published in the following two papers:J Chem Technol Biotechnol
Published online: 9 January 2017. DOl 10.1002/jctb.5194 and World J Microbiol Biotechnol
Published online: 3 February 2017. DOI 10.1007/s11274-016-2188-z

Worldwide energy consumptionis expected to double by 2030. One of the mainreasons for this
increase is the rapid growth of the transportation sector reaching about 3 % per year. Because
of such rapid growth, the limited availability of fossil fuels will not be able to cope with this
energy demand. Therefore, inrecentyears, the environmental impact of fossil fuels and issues
related to climate change have forced the search for new alternative fuels that can be obtained
from renewable sources or from pollutants and that can be produced in a sustainable way. In
addition to the environmental impact generated from the use of fossil fuels (e.g. greenhouse
effect), thereisalsoanotherset of problemsincluding economic(e.g. the instability of oil prices)
as well as political issues requiring the development of new techniques for the production of
alternative fuels (Gowen and Fong 2011; Li and Liu 2015; Liu et al. 2016). The European Union,
through its Renewable Energy Directive RED 2009/28/EC, sets a target for the year 2020, stating
that the use of renewable energy should reach 20 % with a 10 % share of renewable energy in
the transportation sector (Van Groenestijn etal. 2013). Biorefineries have recently emerged as a

potential solution to such problem.

Nowadays numerous studies are focusing on the development and optimization of technologies
for obtaining biofuels (biologically sourced fuels) such as ethanol, butanol, biogas and biodiesel
as environmentally-friendly energy sources in substitution of fossil fuels. Ethanol and longer
chain alcohols such as butanol are suitable substitutes of fossil fuels such as gasoline. They can
also be used as chemicals and solvents. Mixtures of alcohols such as butanol and ethanol can
potentially be produced from wastes and renewable sources in bioreactors, which is an
advantage compared to alcohols obtained from non renewable fossil sources. The most
extensively studied bioprocess is based on the fermentation of carbohydrates to obtain ethanol
and butanol (i.e. fermentation of sugars or starch feedstocks), whereas biogas is produced
through the anaerobic fermentation of organic matter, and biodiesel results from a
transesterification reaction between an alcohol and vegetable oils (e.g. soybean, sunflower,
coconut oils) in most cases, although animal fats oreven algae have also been used (Kennes and
Veiga 2013). In the case of bioalcohols, conventional techniques developed for obtaining
biofuels do often lead to food—fuel competition. Therefore, another alternative has more
recently been developed based on the use of lignocellulosic feedstocks in order to overcome

such a drawback. Energy crops and agricultural wastes are the most common renewable and
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inexpensive sources of lignocellulosic materials (Gowen and Fong 2011). The efficiency and cost-

effectiveness of this alternative still needs to be further improved.

The use of lighocellulosicmaterials for sugar fermentation is a complex process, as they contain
carbohydrates in the form of long chain polysaccharides which are difficult to metabolize
directly by microorganisms. Therefore, pretreatment of the feedstock is necessary in order to
hydrolyze those polysaccharides into fermentable sugars which can then be used readily and
metabolized by several microbial species. The hydrolyticroute presents some other drawbacks.
Indeed, lignocellulosic biomass is composed of cellulose, hemicellulose and lignin mainly.
Cellulose and hemicelluloses yield fermentable sugars whilelignin does not (Kennes et al. 2016).
The lignin fraction which may, in some cases, represent up to more than 30 % of the feedstock
can thus notbe used in the fermentation process. On the other hand, those feedstocks can be
converted into syngas which can also be fermented into ethanol as well as higher alcohols such
as butanol or hexanol by some anaerobic acetogenic bacteria. In such a case, contrary to the
hydrolyticfermentation process, the whole feedstock, i.e. cellulose, hemicelluloses and lignin
can be gasified. Lignin is thus not lost. Besides, a wider range of starting materials are suitable
for gasification than for hydrolysis as many carbon-containing materials can be gasified. Syngas
is mainly composed of a mixture of CO, CO, and H, at variable concentrations depending on the
feedstock and gasification conditions. Several industrial waste gases do also contain some or
several of those gases and can therefore be used as feedstock as well, with an obvious

associated environmental benefit (Abubackar et al. 2011).

The human interestinthe use of microbial fermentation to produce ethanol began by the year
BC 10 000 (Patrick 1952). On the other hand, the commercial bacterial production of butanol
from carbohydrates dates back to about 100 years ago (Diirre 1998), while studies on the
potential biological production of hexanol is still more recent. Today research is still being
undertaken onimproving the biological production of alcohols. Many of those studies deal with
ethanol production and its commercial applications. However, ethanol presents some
limitations as an individual fuel or mixed with fossil fuels such as gasoline. It has a rather low
caloriccontent. Besides, itis hygroscopicand has a low density, which limitsits use with current

infrastructures (Ahmed and Lewis 2007; Henstra et al. 2007; Shaw et al. 2008).

On the other hand, butanol has the advantage of being less hygroscopic and it has a higher
energy content than ethanol (Mayank et al. 2013; Wallner et al. 2009), besides being less
volatile, less corrosive, absorb less water, and being less explosive which makes it safer to use

than ethanol (Lee et al. 2008; Schiel-Bengelsdorf et al. 2013). All those advantages result in
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growing interest in that alcohol. It is considered a chemical of great industrial importance and
could replace gasoline as a fuel (Diirre 2007; Lee et al. 2008), as there is no need for any
adjustmentinvehicles orengines run on butanol ratherthan fossil fuels. Moreover, blending of

butanol and gasoline is possible at basically any concentrations (Schiel-Bengelsdorf et al. 2013).

In recentyears, hexanol hasalso been established as an alcohol with a high industrial interest.
Recent studies aim at maximizing the production of that 6 carbons alcohol which can be
considered asuitable alternative fuel as well (Diender et al. 2016). Hexanol, similarly to butanol,
isa highercarbon numberalcohol, thus characterized by a higher energy content than ethanol.
Several assays have recently been done with hexanolto checkits potential for use as an aviation
fuel (Chuck and Donelly 2014; Vigneswaran and Thirumalini 2015), although the viscosity of pure
alcohols such as hexanol and butanol may be too great to be compatible with aviation kerosene
(Chuck and Donelly 2014). Hexanol—diesel blends have also been tested as well as gasoline—
alcohols blends using multiple alcohols (i.e. ethanol, butanol, and hexanol) in combination
(Masum etal. 2014). Besides, hexanol has several other industrial applications. It is not toxic at
low concentrations and is also used in the pharmaceutical and cosmetic/perfumes industry,
textile industry, in detergents, in pesticides, and as a finishing agent in the leather industry,

among others.

1.1 Production of alcohols from carbohydrates

Butanol and some other alcohols can be obtained by the anaerobic fermentation of
carbohydrates (ABE fermentation), briefly revised hereafter, as well as from the anaerobic
bioconversion of syngas/waste gases (i.e. CO, CO,, and H,) (HBE fermentation), as will be

described in more detail in later sections.
1.1.1 Clostridial alcohol producing strains

Despite numerous scientificadvancementsinthe area of biofuels production, it is necessary to
identify the best-performing microorganisms to maximize their production and minimize costs,
and thusto be able to better compete with fossilfuels. High productivity of the desired product
along with low production costs will be the desired characteristics in a model organism for a
cost-competitive process (Gowen and Fong 2011). Clostridium spp. have been identified as

suitable bacteria for the production of higher alcohols such as butanol.

The use of clostridial strainsin butanol production through conventional ABE (acetone-butanol-
ethanol) fermentation is a well known process (Jones and Woods 1986), which started being

studied around the First World War with carbohydrates as substrates. Acetone, butanol and of
5
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them having commercial uses either as biofuels or as platform chemicals. After the Second
World War, the relevance of fermentation as a major production process of those chemicals
decreased significantly and it was largely replaced by petrochemical production as aresult of the
strong development of the petrochemical industry. However, interest in this type of
bioconversion has again grown dramatically in recent years for economic reasons and because

of environmental problems related to the use of fossil fuels.

Various species of the genus Clostridium have been studied for theirability to naturally produce
butanol from carbohydrates or similar carbon sources. Thisincludes Clostridium acetobutylicum,
Clostridium aurantibutyricum, Clostridium beijerinckii, Clostridium butyricum, Clostridium
cadavaris, Clostridium carboxidivorans, Clostridium chauvoei, Clostridium felsineum, Clostridium
pasteurianum, Clostridium puniceum, Clostridium roseum, Clostridium saccharobutylicum,
Clostridium saccharoperbutylacetonicum, Clostridium septicum, Clostridium sporogenes, and
Clostridium tetanomorphum (Dirre 2011). The most common and best known solventogenic
clostridial strains for commercial butanol fermentation are C. acetobutylicum, C. beijerinckii, C.
saccharobutylicum, and C. saccharoperbutylacetonicum (Jones and Keis 1995). Clostridium
acetobutylicum is the most extensively studied species. On the other hand, there are some other
microorganisms, belonging to other genera, which are also able to produce butanol, such as
Butyribacterium (e.g. Butyribacterium methylotrophicum) and Thermoanaerobacterium (e.g.

Thermoanaerobacterium thermosaccharolyticum W16).

1.1.2 Fermentation of sugars

Clostridiaare anaerobicbacteria, which have been shown for years to be able to metabolize and
completely ferment various carbohydrates, including glucose, fructose, mannose, sucrose,
xylose, and lactose, among others (Tracy et al. 2012). Others, such as trehalose and rhamnose
have more recently also been found to be fermented into biofuels by bacteria such as
Clostridium butyricum TM9A (Junghare et al. 2012; Rafieenia and Chaganti 2015). Different
carbohydrates are fermented through different pathways by clostridia. In the case of hexoses,
their metabolism follows the Embden-Meyerhof-Parnas (EMP) pathway (Figure 1.1 A) whereas
the metabolism of pentoses takes place through the pentose phosphate (PP) pathway (Figure
1.1 B) (Shinto et al. 2008; Raganati et al. 2015). Several additional substrates, besides
carbohydrates, can be metabolized into butanol as well. For example, glycerol and also
polysaccharides such as carboxymethylcellulose were found to be fermented by some clostridia,

such as the new isolate C. acetobutylicum YM1 (Al-Shorgani et al. 2016).
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Recently, numerous studies have focused on the effects of sugars fromagriculturalfeedstockson
the fermentation process (Ezeji et al. 2007; Ezeji and Blascheck 2008; Raganati et al. 2012).
Typical sugar composition of the most commonly used feedstocks includes glucose, arabinose,
mannose, xylose, fructose, sucrose and lactose, mainly. In this area, scientists have tried to
identify the potentially best carbohydrate to use in butanol fermentation. Clostridium
acetobutylicum was found to prefere glucose, for which the conversion rates were the highest,
followed, in decreasing order, by mannose and fructose, arabinose, xylose, and finally lactose
(Ezeji et al. 2007; Ezeji and Blascheck 2008; Raganati et al. 2012; Raganati et al. 2015). When
comparing monosaccharides, such as glucose, with disaccharides, such as sucrose and lactose,
the first difference with glucose is the transport system into the cells. Indeed, sucrose and
lactose move across the cell membrane using the carbohydrate phosphotransferase system
(PTS). That system is slower than the one used for glucose transport (Raganati et al. 2015). On
the other hand, sucrose and lactose are hydrolysed into simple sugars, i.e. fructose-6-P and
glucose-6-P, in the case of sucrose; glucose-6-P and galactose-6-P, in the case of lactose. The
products obtained from sucrose and lactose will be metabolized through different pathways.
Indeed, fructose-6-P and glucose-6-P obtained from sucrose can be converted via the Embden—
Meyerhof—Parnas pathway (Tangney et al. 1998). Conversely, in products obtained from lactose,
glucose is phosphorylated and incorporated into the glycolytic pathway, while galactose-6-P is
metabolized via the tagatose 6-P pathway and does subsequently enter glycolysis.35 These
differencesinterms of metabolism result in different consumption rates between sucrose and
lactose, as a result of the bottleneck in the metabolism of galactose-6-P, as the metabolism of
the latteris much more complex thanthe metabolism of fructose-6-P and glucose-6-P formed in

the sucrose metabolism.

The hydrolysis of lignocellulosic feedstocks yields a mixture of carbohydrates including hexoses
such as glucose and pentoses such as xylose, which will result in carbon catabolic repression
(CCR) mainly in Gram-positive bacteria like C. acetobutylicum. CCR consists in the preferential
use of glucose over other carbohydrates, e.g. xylose, which will be metabolized only once the
formeris exhausted. This leads to an inefficient use of the different carbon sources presentin
the fermentation broth. It is necessary to deal with this CCR issue for an optimal ABE
fermentation and for the efficient use of all the carbon sources present in the medium in the
case of complex lignocellulosic feedstocks. Working with strains non-affected by CCR or

recombinant bacteria would be a suitable solution (Bruder et al. 2015).
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The above described characteristics show that the nature of the sugars present in the raw
material is a key parameter that will affect the efficiency of the fermentation process and the

production of metabolites.

The fermentation metabolism of C. acetobutylicum and other similarbacteriais divided into two
phases: acidogenesis and solventogenesis. In the acidogenic phase, cells grow exponentially
while producing butyricand aceticacids mainly with a typical molarratio of 2:1. In addition, CO,,
H,, and ethanol are produced to some extent as well. In the solventogenic phase, the cells are
predominantly in stationary phase, and take up the acids produced during acidogenesis, which
are then converted into acetone, butanol and ethanol, with a typical molar
butanol:acetone:ethanol ratio of 6:3:1. Such aratio is typically found in C. acetobutylicum but
may be differentin otherspecies. Besides, all three compounds do not necessarily appearin all
clostridia (e.g. absence of acetone). Acetoin and lactate may also be produced but in minor
amounts and only under specific conditions. It has been reported that the shift from acid
production (acidogenesis) to the production of solvents (solventogenesis) is due to a change in
gene expression (Diirre et al. 1987). Besides, such a shift has been claimed to be highly
dependentonthe pH value. An initially slightly high pH (i.e. 5.75) is optimal for the acidogenic
phase. Acetic and butyric acids will mainly be formed during that phase, resulting in a pH
decrease. It is considered that the solventogenic phase will generally start as soon as a critical
pH value has been reached, leading to reassimilation of the acids with concomitant production
of solvents, i.e. acetone, butanol and ethanol. Numerous studies have reported that alow pHis
necessary forthe solventogenic phase and the production of solvents (Jones and Woods 1986;
Grethlein et al. 1991; Lee et al. 2008; Phillips et al. 2015; Millat et al. 2013). It is worth taking
into account that the bacteria need to have produced sufficient acids before reaching a pH
below 4.5 and switch to the solventogenic phase. If only low amounts of acids are available,
then the solventogenicstage would be too shortand produce only reduced amounts of solvents.
This could be avoided by using a medium with a high buffering capacity which will lead to a
longeracidogenicphase with better carbohydrate utilization and increased growth which does
generally take place simultaneously to the production of acids (Bryant and Blascheck 1988). It
has been hypothesized that solvent production might be a response to stress conditions, such as
alow pH. Whenthe pH reaches a value of 4.5, undissociated aceticand butyric acids are able to
cross the cytoplasmic membrane by diffusion (Mohammadi et al. 2011). When the value of the
internal pHisabout 5, undissociated acids start to dissociate inside the cell, releasing protons.
As aresult collapse of the proton gradient over the cytoplasmic membrane takes place and cell

death will occur. In orderto avoid such phenomenon, the cells will start converting the acids to
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solvents, which have aneutral charge. Nevertheless, it should be reminded that there is a point
where the concentration of solvents can become toxic to the cells; thus producing solvents is
often concomitant to cell sporulation, in orderto ensure cell survival in the long-term (Diirre and

Bahl 1996; Diirre 1998).

1.2 Production of (higher) alcohols from co-rich gases

Syngas, a mixture of primarily CO, CO,, and H,, is an inexpensive and flexible substrate and can
be used by acetogens in fermentation processes to produce renewable fuels and chemicals.
Acetogens are anaerobicmicroorganisms able to grow on C1 compounds such as CO, CO,+H, or
formate and produce acetate mainly, viathe Wood-Ljungdahl pathway with acetyl-CoA as main
intermediate (Miller 2003). Besides, occasionally, other organic acids, such as butyrate, as well
as alcohols can also be produced by a limited number of strains. The process is flexible because
it can be generated from a wide variety of organic materials through gasification. Gasification is
a thermal process that converts most of the lignocellulosic materials and other carbonaceous
feedstocks into syngas at elevated temperatures (Maschio et al. 1994). This gas mixture (i.e.,
syngas) is not only obtained through gasification of biomass or waste, it is also found in some
industrial gaseous effluents, amongothers in steel producing processes. Syngas conversion into
liquid fuels with biological catalystsis a more effective and efficient process compared with the
use of chemical catalysts. When comparing two different case studies, in terms of ethanol
production, the efficiency of carbon conversion to fuel was claimed to reach 40.7 % in the
thermochemical route and 51.6 % in the biological route (Griffin and Schultz 2012). Besides, the
energy in the feedstock converted to final product (LHV %, low heating value basis) was
reported to reach 45 % and 57 %, respectively, in the thermochemical and the bioconversion
routes. Finally, fuel yields (gal/dry US ton) of 83.8 and 117.6 were found in the thermochemical
and biological processes, respectively. One of the reasons for this higher efficiency is the lower

energy requirement and infrastructure set-up costs (Henstra et al. 2011).

Indeed, bioconversion takes place at much lower temperature and pressure (30-37 °C and near
atmosphericpressure) than catalytic chemical reactions (200-350° C and 10-200 atm). Besides,
a wide range of CO:CO,:H, ratios can be used in bioprocesses, while such flexibility in terms of
ratios is highly restricted in chemical processes (H,/CO ratios of 1-4 in chemical catalysis; that
need most often to be close to 2); also chemical processes are more sensitive to impurities
(sulfurcompounds, chlorine...) than the biological conversion of syngas. On the other hand, the
use of syngas rather than dissolved sugars as feedstock has the advantage of allowing

uncoupling of the hydraulic retention time from the substrate supply in suspended growth
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bioreactors, as the substrate isfed through the gas phase while nutrients are supplied as liquid
phase (Henstraetal. 2011). Besides syngas, CO-rich industrial waste gases are also suitable for
bioconversion to ethanol and higher alcohols. This is the case of waste gases from numerous

steel industries.

Similarly to sugars, syngas and the aforementioned industrial waste gases can be fermented by
clostridiaand a few otheracetogenicbacteria (Drake etal. 2008). In a few strains, this may yield
ethanol and, occasionally, higheralcohols. Contrary to the first generation biorefinery processes
which are based on the use of sugar containing food crops as feedstock and lead to food-fuel
competition (Abubackar et al. 2011; Kennes et al. 2016), the present alternative uses
lignocellulosicbiomass or wastes mainly or even waste gases and does not generate such food-
fuel dilemma. Besides, this gas fermentation technology can reduce the emissions of gaseous
pollutants and greenhouse gases such as carbon dioxide and it gives some commercial use to

industrial pollutants and agricultural wastes.

Many microorganisms can metabolize syngas as carbon and energy source (Oelgeschlager and
Rother 2008), but only a feware able to convert it into (bio)fuels. Carbon monoxide can be
metabolized by acetogens as single substrate and can be used both as carbon and energy
source. On the other hand, CO, can be used as carbon source but needs the presence of
hydrogen as energy source. Acetogenicbacteria follow the Wood-Ljungdahl (WL) pathway to
produce biofuels from CO, CO,, and H,, or syngas/waste gas (Figure 1.2). The WL route is divided
into three phases: (i) synthesis of acetyl-CoA by reducing CO or CO,+H,; (ii) conservation of

energy; and (iii) CO, assimilation into cellular carbon (Drake et al. 2008).
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The different steps of the WL pathway leading to the production of different end metabolites
are shownin Figure 1.2. The figure shows how the pathway is composed of two branches known
as Eastern and Western branches. In the Eastern branch, formate is obtained first through the
reduction of CO,. In the Western branch, the figure makes clear how CO can be takendirectly or,
otherwise, how CO, can be transformed into CO. The Wood-Ljungdahl pathway will eventually
lead to the production of acetyl-CoA. Then, the latter is used by different enzymes to generate
several end products. On one hand, acetyl-CoA could be converted to both acetate and ethanol.
On the other hand, in the case of butanol production, acetyl-CoA is first enzymatically
transformed into butyryl-CoA, which could also directly be converted to butyricacid and butanol
as end products. Acids, i.e. acetate or butyrate, formed from acetyl-CoAor butyryl-CoA, can also
further be converted to the corresponding alcohols. In case of acetate, the acid yields
acetaldehyde in a reaction catalyzed by ferredoxin: aldehydeoxydoreductase (AOR). Then,
ethanol is produced through the reduction of acetaldehyde. Similar enzymes are used for the
conversion of butyricacid into butyraldehyde first and subsequently into butanol. The pathway
for the production of higher alcohols such as hexanol leads to the conversion of acetyl-CoA to
hexanoyl-CoA which could directly be converted to hexanoate or, otherwise, to hexanol via
hexaldehyde as intermediate metabolite (Figure 1.2). Hexanoate and hexanol production in
clostridial species is believed to be catalyzed by thiolase enzymes (Figure 1.2), for example 2-
keto thiolase. In some cases, butyryl-CoA is elongated with one molecule of acetyl-CoA, by a
thiolase enzyme, which results in the production of 3-oxo-hexanoyl-CoA, which is then
converted into hexanoyl-CoA. That reaction is believed to be carried out by the same enzymes

that convert acetoacetyl-CoA into butyryl-CoA (Tracy et al. 2012).

Finally, as previously explained, hexanol can also be produced by some acetogenic bacteria
grown on gaseous C1 substrates (CO, CO,, and H,), depending on the bacterial species used in
the fermentation process. The presence of hexanoicacid has also been detected during the gas
fermentation process and can subsequently be converted to hexanol, similarly as for ethanol
and butanol which can be obtained simultaneously, from the fermentation of C1 gases and, to a

larger extent, from the corresponding C2 and C4 organic acids (i.e. acetic and butyric acids).
The complex fermentation process can be summarized through the equations shown hereafter.

Potential reactions for ethanoland aceticacid production from CO, CO,, and H, would be (Vega

et al. 1989):

6CO + 3H,0 — C,HsOH +4CO, AG°=-217.4 kJ/mol Eq. 1.1
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6H, +2CO, — C,HsOH + 3H,0 AG’=-97.0kl/mol Eq. 1.2
2CO + 4H, — C,H;OH + H,0 AG’=-137.1 kJ/mol Eq. 1.3
3CO + 3H, — C,HsOH + CO, A G’ =-157. kJ/mol Eq. 1.4
4CO + 2H,0 — CH;COO0H +2CO, A G’ =-154.6 kJ/mol Eq. 1.5
4H2 + 2CO, — CH;COOH + 2H,0 AG’=-74.3 ki/mol Eq. 1.6
2CO + 2H, — CH;COOH AG°=-114.5 kJ/mol Eq. 1.7

The net reactions for butanol and butyric acid production from CO, CO,, and H, are:

12CO +5H,0 — C,H,0H + 8CO, A G’ =-486.4 kJ/mol Eq. 1.8

12H, + 4CO, — C4,H;OH + 7H,0 A G’ =-245.6 ki/mol Eq. 1.9

6CO + 6H, — C4,H;OH + 2CO, + H,0 A G°=-373.0 ki/mol Eq. 1.10
4CO + 8H, — C4H,OH + 3H,0 A G’ =-334.0 kJ/mol Eq. 1.11
10CO +4H,0 — CH; (CH,), COOH +6CO0, A G’ =-420.8 kJ/mol Eq. 1.12
10H, +4C0, — CHjs (CH,), COOH + 6H,0 AG°=-220.2 kJ/mol Eq. 1.13
6CO + 4H, — CH; (CH,), COOH + 2CO, A G’ =-317.0 kJ/mol Eq. 1.14

Equations for hexanol and hexanoicacid (i.e. caproicacid) production from CO, CO,, and H, are:

18CO +7H,0 — C¢H;30H + 12CO, A G’ =-753.0 ki/mol Eq. 1.15
18H, + 6CO, — C¢H;30H + 11H,0 A G’ =-395.0 kJ/mol Eq. 1.16
6CO + 12H, — C¢H;50H + 5H,0 A G’ =-514.0 kJ/mol Eq. 1.17
16CO + 6H,0 — CH; (CH,), COOH +10CO, A G’ =-656.0 kJ/mol Eq. 1.18
16H, + 6CO, — CH3(CH,), COOH + 10H,0 A G’ =-341.0 kJ/mol Eq. 1.19
10CO + 10H, — CH; (CH,), COOH +4CO0, A G’ =-540.0 kJ/mol Eq. 1.20

A similartwo stage fermentation patternis observedinthe production of alcohols from Clgases

(CO, CO,, and H,), i.e. the HBE fermentation, as in the more conventional ABE fermentation
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using carbohydrate substrates. First the gaseous substrates are converted into acids, during the
acidogenicphase, at pH values optimal for growth, usually close to 6.0. Both acetic and butyric
acids are formed but, as mentioned earlier, also some hexanoic acid has been detected. Based
on the few results published sofar, aceticacid appearsfirstandis produced at somewhat higher
concentrations than butyric acid in C. carboxidivorans. Afterwards, hexanoic acid does also
appear, though at lower concentration than the other two acids (Shen et al. 2017). This is
different from the more conventional ABE fermentation in which higher concentrations of
butyricacid are generally produced compared with aceticacid (Kittithanesuan and Phisalaphong
2015; Wang et al. 2015). The production of acids from pure CO or CO+CO,+H, is concomitant
with biomass growth and results in acidification of the medium. As a result, the pH decrease
inhibits any further biomass growth and stimulates solventogenesis. During the solventogenic
phase, alcohols are generated. In a system with no automatic pH regulation, pH is then often
foundto increase again. In the ABE fermentation, C. acetobutylicum metabolizes carbohydrates
to produce acetone, butanol and ethanol as solvents. Conversely, in the fermentation of CO-rich
gases by C. carboxidivorans only ethanol and higher alcohols are produced but no acetone has
ever been detected. Ethanol, butanol, and also some hexanol appear as end metabolites. The
genome of C. carboxidivorans strain P7 was recently characterized and shown to lack genes for
acetone production (Bruant et al. 2010). It is worth mentioning that, although acetone is
producedinthe ABE fermentationin C. acetobutylicum and several otherstudied species, some
clostridial strains (e.g. C. pasteurianum) appear not to have the ability to produce acetone from
carbohydrates in such a process.55 As explained above, butanol is the major solvent in ABE
fermentation from sugars, while ethanol has so far always been reported to be the dominant
alcohol in the fermentation of C1 gases. This is related to the higher amounts of butyric acid
appearingduring the acidogenicstage in the ABE fermentation with C. acetobutylicum and other
clostridia, while more acetic acid is generally detected in the fermentation of C1gases by C.

carboxidivorans.

In most of the few studies published so far, usually in batch assays or in continuous gas-fed
bioreactors without any continuous addition of nutrients in the form of a liquid phase, final

butanol concentrations hardly reached 1 g/L or less, when pH was allowed to fluctuate freely.

In acetogenic bacteria, energy conservation is highly limited. One ATP is produced in the last
step of the conversion of acetyl-CoA to acetate catalyzed by the acetate kinase enzyme (Figure
1.2). The same would take place in butyrate and hexanoate production. However, additional ATP
can also be formed by the Rnf complex involved in pumping H" or Na" anions across the
cytoplasmicmembrane which resultsinanion gradientandin concomitant ATP synthesis by the
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ATPase protein complexes (Dirre 1998). The Rnf complex has been identified as a proton-
translocating ferredoxin: NAD" oxidoreductase in C. ljungdahlii (Tremblay et al. 2012). Examples
of other bacteria that have been found to possess such Rnf complex are A. woodii and C.
autoethanogenum (Miiller et al. 2008; Krack et al. 2016). In some cases, the proton gradient in
autotrophic acetogens can also be created by an energy converting hydrogenase, or Ech. Only
limited research has been published on energy conservation in C. carboxidivorans, but some
recent reports suggest that in that organism ATP could also be produced by a membrane

gradient via the Rnf complex found on its genome.
1.2.1 Anaerobic bacteria converting C1 gases to (higher) alcohols

So far, only very few bacteria have been isolated and proven to produce butanol or higher
alcohols from CO, CO,, and/or H, (Table 1-1 Characteristics of different acetogens converting

CO-rich gases into alcohols).
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Table 1-1 Characteristics of different acetogens converting CO-rich gases into alcohols

C. carboxidivorans

C. ragsdalei B. Alkalibaculum
C. ljungdahlii  C. autoethanogenum C. drakei , ,
Jung g P7 P11 methylotrophicum bacchi
Size (|J.|V|) 06x2-3 05x3.2 0.5x3 06x3-4 0.7-08x4-5 08-10x2.7-3.2 0.5-0.8x1.5-2.2
Temperature
o 30-40 20-44 24 -42 18-42 18 -37 10-50 15-40
range (° C)
Temperature
. o 37 37 37 -40 30-37 37 37 37
optimum (°C)
pH range 40-7.0 45-6.5 44-76 46-7.8 40-8.5 6.0-9.0 6.5-10.5
pH optimum 6.0 5.8-6.0 5.0-7.0 55-7.5 6.3 7.5 8.0-8.5
Syngas (HZ—C02, Hz . COz, CO ZCOz,
Syngas (CO, and CO—CO,) glucose, fructose,
- CO,, Hy and Ar)  Syngas (CO, CO,, H; and Syngas (CO, CO,, N, 2 mannose, turanose,
Principal and sugars such  Syngas (CO, CO, H,-CO,, glucose, . ) :
andsugarssuch  N;) and sugars such as and H,) and sugars . ribose, trimethylamine,
substrate as cellobiose, CO,, Hy) methanol
as glucose, Xylose such as glucose lucose pyruvate, methanol,
fructose... & ! ethanol, n-propanol
xylose...
and n-butanol
. . . . . acetic acid, . . . . -
Principal acetic .aC|d, Acetic acid, Butanediol, Ace'tlc acid, Butyric butiric acid, acetic ac'ld, af:etlc acid, butiric ' '
butanediol and acid, Ethanol and butanediol acid, lactate, ethanol acetic acid, ethanol,
products ethanol ethanol and
ethanol Butanol and ethanol and n-butanol
butanol
Tanner et al.
1993; . . . Huhnke et al. Zeikus et al. 1980;
Reference Mohammadi et Abrini etal. 1994 Liou et al. 2005 Liou et al. 2005 2008 Heiskanen et al. 2007 Allen et al. 2010
al.2014
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Their main characteristics of each bacteria strain are briefly summarized hereafter. In the case of
C. carboxidivorans (the bacterial strain used in all the experimental section of this thesis) studied

further.

Clostridium drakei (ATCC BAA-623T; DSM 12750T)

This species was renamed in recognition of the contributions that Harold L. Drake has made to
our understanding of the microbiology of acetogens. This bacterium is an obligate anaerobe,
growing autotrophically on H,/CO, or CO, to produce acetic and butyric acids, ethanol, and

butanol as end-products of its metabolism (GoRner et al. 2008).

Clostridium ragsdalei (ATCC BAA-622, DSM 15248)

This acetogen ferments syngas (CO:CO,:H,) into acetic acid and ethanol. One report describes
the detection of small amounts of butanol, up to 0.47 g/L, in a bioreactor inoculated with
Clostridium strain P11, which is expected to belong to the species C. ragsdalei, based on other
publications and data bases (Kundiyana et al. 2010). However, production of higher alcohols
from syngas by C. ragsdaleihas otherwise never been confirmed nor reported elsewhere. One
study has shown that that organism is able to reduce organic acids such as propionic acid,
butyric acid, pentanoic acid, and hexanoic acid into the corresponding primary alcohol

(propanol, butanol, pentanol, and hexanol) (Isom et al. 2015).

Butyribacterium methylotrophicum

This organism is a catabolically spore-forming anaerobe that ferments multicarbon substrates
(e.g. glucose, lactate, and pyruvate) orsingle-carbon substrates (CO, H,/CO,) to produce varying
amounts of acetic and butyricacids, ethanol and butanol (Kerby and Zeikus 1987; Worden et al.

1989; Grethlein et al. 1991).

Clostridium carboxidivorans (ATCC BAA-624; DSM-15243)

This organism was isolated from an agricultural settling lagoon in Oklahoma (USA) (Liou et al.
2005). The 16S rRNA gene sequence analysis showed that that species is closely related to C.
scatologenes ATCC 25775 T and C. drakei, but DNA reassociation analysis showed that these
three bacteria are different species. Clostridium carboxidivorans is an acetogenic anaerobic
bacterium, which can grow autotrophicaly with syngas (CO or H,/CO,) and
chemoorganotrophically with a great variety of sugars such as glucose, xylose, fructose,
cellobiose and arabinose. Moreover, it is one of the few bacteria known to produce solvents
from syngas (Kopke etal.2011), includinglong-chain alcohols (e.g. butanoland hexanol) besides

ethanol (Table 1-2) (Phillips et al. 2015; Ramié-Pujol et al. 2015).
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Table 1-2 Wild type acetogenic bacteria producing long chain fatty acids and alcohols (C4, C6)

from CO, CO,/H,, or mixtures of all three gases.

Bacteria Butyrate Hexanoate Butanol Hexanol Reference
Acetonema longum + NR/ND NR/ND NR/ND Kane and Breznak 1991
Butyribacterium
- + D + D .1
methylotrophicum'” NR/N NR/N Shen et al. 1999
Clostridium Liou et al. 20(?1:3; Phlllps et
o + + + + al. 2015; Ramié-Pujol etal.
carboxidivorans
2015
Clostridium difficile + NR/ND NR/ND NR/ND Kopke et al. 2013
Clostridium drakei + NR/ND NR/ND NR/ND GORner et al. 2008
Clostridium + NR/ND  NR/ND  NR/ND Kiisel et al. 2000
scatologenes
Eubacterium + NR/ND + NR/ND Jeong et al. 2015
limosum

There are numerous studies on the metabolic and genomic characteristics of that organism.

Results indicate that C. carboxidivorans follows a Wood-Ljungdahl related pathway for the

production of acetic, butyric, and hexanoic acids, as well as ethanol, butanol, and hexanol,

metabolizing CO or syngas, used as carbon and energy sources (Figure 1.3) (Liou et al. 2005;

Bruant et al. 2010; Ukpong et al. 2012).
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Figure 1.3 Wood—Ljungdahl pathway of Clostridium carboxidivorans (Liou et al. 2005; Bruant et
al.2010; Ukpong et al. 2012).

In the case of CO and CO, the organism used those compounds as carbon source whereas H, is
used as source of electrons by means of the enzyme “hydrogenase” (Krasna 1979). Under
conditions of inhibition of the hydrogenase enzyme, the bacteria will need another source of
electrons, which can then be obtained from CO. As described more in detail below, this is the
case in presence of compounds such as NO, which can appear as minor compound in syngas,
and has been shown to inhibit the hydrogenase enzyme. However, this provokes also a
limitation in the use of CO for the formation of desired metabolites and does consequently

resultin aless efficient fermentation process (Ahmed et al. 2006).

So far, in terms of solvents, the highest end product concentration has always been found for
ethanol followed by butanol and finally hexanol. Those alcohols are produced in that same
chronological orderduring carbon monoxide or syngas fermentation, with short chain alcohols
appearing first while longer chain ones appear later on. C. carboxidivorans has the typical
“biphasic fermentation pattern” of many acetogens producing alcohols, and usually the gas
fermentation process takes place in two stages; initially carboxylic acids are produced from the
gaseous substrates followed by the subsequent conversion of those acids and remaining gases
into alcohols. Besides, exponential biomass growth and acidogenesis (with production of acids)

are tworelated processes and take place simultaneously. The solventogenic phase in clostridia
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has been considered to start when the conditions are not favourable anymore for growth, i.e.
low pH, low ATP levels, accumulation of high concentrations of organic acids, sporulation, low
level of availability of reducing energy (Meyer and Papoutsakis 1989; Diirre et al. 1995; Guedon
et al. 1999; Dirre and Hollergschwandner2004). When alcohols are the desired end products, it
is necessary to identify the optimum medium composition and conditions for an efficient
conversion of accumulated organic acids with the concomitant production of solvents. The
culture conditions and another important parameters for the alcohols production with this

bacteria strain are described in the Chapter 3.

Besides the main carbon and energy sources, several nutrients and trace compounds may be
neededaswell. In case of C. carboxidivorans, arecent study was published in which the effect of
different media compositions were analyzed for their effect on growth and butanol production.
Removing copper (Cu) from the culture medium and increasing the molybdate (Mo)
concentration allowed to improve the production of butanol (Phillips et al. 2015). It was
concludedthat Mo can be considered to be analogous to tungsten (W), whichisrelated with the
enzyme AOR (aldehyde:ferredoxin oxidoreductase), an enzyme involved in the conversion of
acids to alcohols. Similarly, the presence of W had previously been proven to stimulate the
conversion of carbon monoxide and aceticacid into ethanol in C. autoethanogenum (Abubackar
et al. 2015). Micronutrients, trace metals or vitamins play a key role in the activity of specific
enzymes and in favouring a given metabolic route. Other parameters, described in the next
section, such as temperature and pH, will also affect growth, the metabolic behavior and the

bioconversion process.

1.3 Parameters affecting gas fermentation to higher alcohols

For the commercial production of (bio)butanol and other alcohols from C1 gases in an
efficientway, a keyissue consistsin identifying optimal conditions for the fermentative process.

Therefore, several parameters need to be considered, as described bellow.
1.3.1 pH

The importance of pH to promote the shift from acidogenic to solventogenic phase has been
explained previously. A low pH has been considered to be more favourable for the solventogenic
stage, i.e. ethanol, butanol, and hexanol production in the present case whereas such a low pH
will have a negative effect on cell growth (Lee et al. 2008; Millat et al. 2013). This is a major

drawback limiting the optimal conversion of syngas to alcohols, as a lower pH will inhibit
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bacterial growth and eventually lead to cell death. It may then also limit the overall specific

productivity of butanol and other alcohols in the process.

In the acidogenic phase, it is necessary to know and take into account the optimum growth pH
of the microorganism, which is strain specific. A pHvalue below optimum has a negative impact
on growth rates and cell viability and may evenresult in biomass decay. Clostridium strains have
an optimum pHfor growth rangingbetween 5.5and 7.5 depending on the species. The optimum

pH of butanol- or higher alcohols-producing species appears in Table 1-1.

1.3.2 Temperature

Similarly to pH, bacteria exhibit theirgrowth and metabolicactivity overagiven limited range of
temperatures characterized by defined optimal values. Temperature does not only affect
microbial growth and substrate bioconversion rates in syngas fermentation; it does also affect
the solubility of gaseous substrates in liquid medium. For example, CO and H, are very poorly
soluble in aqueous phase and higher temperatures have a negative impact on such solubility

(Table 1-3).

Table 1-3. Solubilities of CO, H, and CO, in aqueous phase, at different temperatures and

constant pressure of 1 atm, expressed in g/L water

Temperature ° C co CO, H,
15 0.031 2.01 0.0017
25 0.028 1.50 0.0016
30 0.026 1.32 0.0015
37 0.023 1.13 0.0014
45 0.019 0.86 0.0013
60 0.015 0.59 0.0012

To the best of our knowledge, all clostridiaisolated sofarand producing (bio)fuels from C1gases
are mesophilicorganisms. Mesophiles typically grow in a temperature range between about 15
and 40° C, with optima between 30 and 37° Cin most cases, depending on the species. In the
case of carboxydotrophs, the optimum temperature for incubation is often close to 35-37° C.
The most common temperature ranges of the few anaerobic bacteria typically used in the

production of butanol or higher alcohols from C1 gases are given in Table 1-1.

It has been suggested that temperature may affect ‘acid crash’. ‘Acid crash’ results from the
accumulation of high concentrations of undissociated acids produced during acidogenesis,

mainly in batch fermentations, leading to the inhibition of solventogenesis and limiting the
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production of alcohols. It was observed experimentally that a lower incubation temperature
during the conventional ABE fermentation, may help avoiding ‘acid crash’, as a result of the

lower rates of production of acids at such lower temperatures (Maddox et al. 2000).

In a recent study, the syngas-fermenting acetogenic bacterium C. carboxidivorans P7 was also
incubated at a sub-optimal temperature of 25° C, leading to a lower metabolic activity, slow
growth and longerlagphase. It also led to enhanced ethanol and butanol production, reaching
concentrations of 32.1 and 14.5 mmol/L, respectively (Ramié-Pujol et al. 2015). Some hexanol
and caproic acid were also produced in that experiment, at concentrations of 8.21 and 9.02
mmol/L, respectively. The concentrations of alcohols were found to be significantly higher at
these lowertemperatures than when incubating at 37° C. On the other hand, other authors did
alsostudy the effect of temperature on C. carboxidivorans (Zhang etal. 2013). They found that a
high temperature (37° C) improved the reassimilation of acids into alcohols compared with a
lowertemperature (25°C), but that a lowertemperatureimproves the elongation of the carbon
chain. Therefore, alow temperature is favourable for obtaining long chain acids and alcohols,
improving the production of alcohols such as butanol and hexanol. In the case of butanol and
hexanol, the highest concentrations of alcohols were found to reach 0.57 g butanol/L,and 0.48 g
hexanol/L in a study performed at 25° C, while at a higher temperature of 37° C butanol and

hexanol were not detected (Ramié-Pujol et al. 2015).
1.3.3 Pressure

Another important factor in syngas fermentation is the gas pressure, as solubility inwater for
gasessuch as CO, H, or CO, increases basically linearly with pressure at moderate pressures as
used in bioconversion processes. An increase in pressuremay also improve mass-transfer.
Consequently, higher pressures result in a better supply of the carbon/energy source in the
culture media and increases the availability of carbon/energy sources to the cells, leading to
higher growth and higher concentrations of fermentation products. Abubackar et al. (2011)
compared the effect of different nutrients and different initial pressures on ethanol
fermentation using C. autoethanogenum as biocatalyst. The authors concluded that increasing
the initial pressure led to higherfinal ethanol concentrations, as higher pressures will positively

affect gas solubility and the efficiency of bioconversion (Abubackar et al. 2011).
1.3.4 Effect of medium composition

Recently, aspects such as culture medium composition have been optimized, aimed at

maximizing the conversion of gaseous substrates and acids into alcohols.
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The carbon/energy source is probably one of the mostimportant factors affecting the nature of
end metabolites obtained in the fermentation process. It has been known for decades that

clostridia are able to use different sugars as carbon source. More recently, studies have also
focused on the use of CO, CO, +H,, syngas, or waste gases as carbon and/or energy sources for

the production of (bio)fuels. However, so far, only quite few acetoge ns have proven to be able
to produce butanol or higher alcohols from such gases. In case of ethanol production from CO,
CO,, and H,, some studies have described the effect on bioconversion of other components of
the culture medium than the carbon and energy sources. However, hardly any information is
available in the case of butanol or higher alcohols production. Compounds that have been
demonstrated to improve the microbial productivity of alcohols are metal co-factors. Nickel is
one of those. Some authors studied the effect of that metal on ethanol production (Ragsdale
2009; Simpson et al. 2011). It was concluded that nickel improves CO uptake and alcohol (e.g.
ethanol) production in gas fermentation, due to the importance of that trace metal for the
enzymes CO dehydrogenase and acetyl-CoA synthase. The effect of various trace metals on
ethanol production was also studied in C. ragsdalei (Saxenaand Tanner2011). It was shown that
removing Cu’* and increasing the concentrations of Ni**, Zn**, Se0,””, and WO, increased
ethanol production, due to the increase of the activity of specific metalloenzymes in the WL
pathway. Abubackar et al. (2016) found that the presence of tungsten significantly improved
alcohol production and increased the ethanol/acetate ratio in C. autoethanogenum grown on
CO, while the presence of selenium did either notimprove ethanol production oreven reduce it
underthe experimental conditions used in their study (Abubackar et al. 2015; Abubackar et al.
2016). Metalloenzymes and the presence of trace metals play thus a key role in ethanol
production and are expected to have a similar influence in the bioconversion of gaseous C1

substrates to higher alcohols such as butanol and hexanol.

In a recent report, the effect of different trace compounds was described (e.g. W, Ni, Cu, Mo,

and Zn) for batch butanol and hexanol production in C. carboxidivorans (Phillips et al. 2015).

Media in which copper was removed while increasing the molybdate concentration (*10)

resultedinimproved butanol and hexanol production. With the standard non-modified medium,
maximum butanol and hexanol concentrations of 0.83 g/L and 0.24 g/L, respectively, were
obtained. Conversely, with the modified medium described above, butanol and hexanol
concentrations reached 1.09 g/L and 0.94 g/L, respectively, resulting in 26 % and 70 % increase
in butanol and hexanol production undersuch conditions (Phillips et al. 2015). Molybdate (Mo)

is an analog of tungsten (W) and binds in the active sites of some enzymes, such as the AOR
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involved in the conversion of acids (e.g. butyric acid) into alcohols (e.g. butanol), as shown in

Figure 1.2.

Othercompounds have been studied for their influence on solventogenesis such as the nature
and concentration of nitrogen sources orthe presence of vitamins. No study has been reported
for butanol and hexanol, butarelated behaviorcan be foreseen as forethanol. Generally, richer
media with high nitrogen concentrations or the presence of yeast extract will stimulate
acidogenesis, result in the production of acids and improve biomass growth, while nutrient
limiting conditions are more suitable for the solventogenic phase. Although most researchers
add vitamins to their culture media, it was observed that C. autoethanogenum can efficiently

produce ethanol without addition of any vitamins (Abubackar et al. 2016).

A low redox potential isalso required to produce butanol, ethanol, and higheralcohols, and, asa
general rule, areducing agent such as cysteine-HClneeds to be added into the medium, in order
to increase the production of alcohols (Mitchel 1998). Reducing agents are involved in the

conversion of NAD(P) to NAD(P)H, which favours the production of alcohols.

1.3.5 Inhibitory compounds

Although biomass-derived syngasis composed of CO, CO,, and H, as major constituents, it does
usually also contain a range of additional compounds such as methane, ethylene, ethane, and
acetylene, among others (Ahmed et al. 2006; Haryanto et al. 2009), which may affect the
fermentation process as they are potential inhibitors of bacterial growth and/or of their

metabolic activity, eventually leading to poor bioconversion yields.

Even trace amounts of additional constituents such as acetylene or NO (nitrogen oxide) are
known to inhibit the activity of some enzymes such as the hydrogenase enzyme (Xu and Lewis
2012), which is involved in the generation of electrons from the reaction with H,. A NO mole
fraction above 0.015 % was found to exert a strong inhibitory effect on hydrogenase (Ahmed
and Lewis 2007). The result of such inhibition is that electrons for ethanol, butanol, or hexanol
formation must be obtained from CO ratherthan H,, thus reducing the available carbon amount
for product formation. The inhibition of this enzyme forces the cell to obtain electrons from CO
using CODH enzymes. Another problem associated with the presence of NO in syngas
fermentationisinitialgrowth inhibition, besides reduction of the carbon conversion efficiency of
the process. Similarly, when using syngas or waste gases containing CO, CO, and H, as substrate
mixture, high concentrations of CO have been proven to inhibit the activity of hydrogenases in

acetogensandthusinhibit hydrogen consumption. This may result in CO consumption while H,

25



INTRODUCTION

and CO, would then remain unused (Bertsch and Miiller 2015). So far most bioconversion
studies onalcohol production and HBE fermentation have been performed in suspended-growth
stirred tank bioreactors. The low solubility of carbon monoxidein agueous phase might explain
why hydrogen consumption has been found to be still possible in such cases, minimizing the

inhibition of hydrogenases.

Sulphur compounds may also appear in syngas. In C. [jungdahlii, H,S concentrations as high as
5.2 % (v/v) were found to hardly affect bacterial growth (Klasson et al. 1993). The presence of
sulphurcompounds may even contribute tofurtherreduce the redox potential of the anaerobic
culture medium. On the other hand, sulphur compounds can easily poison chemical catalysts,
when they are used for the conversion of syngas into industrial products, which is a clear

advantage of the biological process.

Ammonia (NH;) isanotherimpurity to be taken into account in syngas. Its presence can lead to
non-negligible accumulation of ammonium ions (NH*") in media used for bioconversion.
Ammonium ions have beenshownto be able to inhibit hydrogenase activity and cell growth of

C. ragsdalei (Xu and Lewis 2012).

Tars in syngas obtained from biomass were assumed to be the likely cause of cell dormancyin C.
carboxydivorans and product redistribution, leading to increased alcohol production (in terms of
ethanol) and decreased acetic acid production (Ahmed and Lewis 2007). Clostridium
carboxydivorans appeared to be able to adapt to tars after prolonged exposure. If needed a gas
cleaning unit, e.g. filtering system, may be used in order to reduce or avoid the effect of tars
presentinthe gaseoussubstrate. Arecentstudy using C. ljungdahliishowed that concentrations
of 0.01 g/L of CaCO; increased cell growth and the production ethanol. However, higher

concentrations (0.02 g/L) will rather decrease growth and solvent production (Xie et al. 2015).

Othercompounds and factors may affect the bioconversion process. The salt concentration may
have inhibitory effects that may need to be taken into account. Sodium chloride may
accumulate in some fermentation processes, for example when adjusting the bioreactor’s pH
through the addition of either hydrogen chloride or sodium hydroxide (Baildn et al. 2007).
Although this has scarcely been studied, some reports described the effect of salt accumulation
in bioreactors and batch experimentsin the case of ABE-producing strains. Maddox et al. found
that concentrations of 30 g/L sodium chloride or higher completely inhibit growth of C.
acetobutylicum with lactose as a carbon source (Maddox et al. 1995). A concentration of 15 g/L
of that compound resulted in 50 % growth inhibition. At lower concentrations, growth took

place but the fermentation pattern shifted from solventogenic to acidogenic.
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1.3.6 Solvent toxicity

Solvent (i.e. alcohols from the HBE fermentation) toxicity has been identified as a critical
probleminthe fermentation. Under normal conditions, the clostridial cellular activity decreases
inthe presence of 20 g/L or more solvents in the conventional ABE production process (Woods
1995). This is one of the mostimportant factors to take into account in butanol fermentation as
anaerobic bacteria fermenting carbohydrates or other similar soluble substrates have been
foundto rarely tolerate more than 2 % butanol (Liu and Qureishi 2009). Butanol has shownto be
a fermentation product more toxicthan acetone orethanol in ABE fermentation (Moreira et al.
1981), and it was observed that the cells can tolerate higher concentrations of ethanol and
acetone than butanol during growth. Although as much as 40 g/L acetone and ethanol were
required to reduce growth on hexoses by 50 %, butanol concentrationsofonly 7-13 g/L were

already high enough to exert a similar inhibitory effect (Jones and Woods 1986).

Some of the suggested reasons for the high toxicity of butanol are summarized hereafter. In a
study on the mechanism of butanol toxicity in C. acetobutylicum in ABE fermentation it was
found that 8-12 g/L butanol caused 50 % inhibition of cell growth and the sugar uptake rate by
negatively affecting the ATPase activity (Moreira et al. 1981). This is because butanol is a
lipophilic solvent. It can alter the fatty acids and phospholipids composition of the cell
membrane, which will lead to an increase in membrane fluidity. This will alter some of the
membrane functions, such as membrane ATPase activity, transport functions, and substrate

uptake (Bowles and Ellefson 1985).

Several studies have focused on tryingtoimprove solvent (e.g. butanol) tolerance in clostridial
strains. Two major alternatives have been put forward: (i) using mutagenesis and genetic
manipulation; and (ii) maintaining a low concentration of solvents such as butanol in the
fermentation broth. At least one recent report has shown that in the fermentation of CO-rich
gases, mutant strains were obtained that were able to grow in the presence of ethanol
concentrations of around up to 50 g/L (Koepke et al. 2012). For maintaining low solvent
concentrations in the fermentation broth, different methods are available to separate end
metabolitesin orderto avoid reaching concentrations that may be inhibitory to the bacteria and
that would affect the fermentation process (Zheng et al. 2009). These techniques have been
applied in ABE fermentation and, although the end metabolites in CO, syngas and waste gas
fermentation are slightly different, similar separation processes would be suitable. A detailed
description of these methods is beyond the scope of this review, but common removal

techniques are adsorption, liquid—liquid extraction, pervaporation and gas stripping, besides
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some other somewhat less studied alternatives (Kumar and Gayen 2011). Adsorption is
commonly set-up as an external unit, but otherwise most of the techniques can either be
integrated in the fermentation processitself orthey can be used offline. Studies reported in the
literature concern mainly ABE fermentation, but they could similarly be applied to the HBE

process.

In adsorptionthe solvents are transferred to asolid material, e.g. zeolites or activated carbon. It
is a rather easy to use technique, requires generally little energy compared with other
alternatives, does not damage bacterial cells and is effective in separating solvents such as
butanol fromthe medium (Aguedaetal. 2013; Xue etal. 2016). Liquid-liquid extraction consists
inusinga solventwith a high extraction efficiency for the metabolites to be separated from the
fermentation broth. At the same time, for in situ separation, one should make sure that the
solventchosen forextraction does not exhibitany inhibitory effect on the bacteria. Oleyl alcohol
isquite popular forthe extraction of butanol in ABE fermentation or for other similar products.
lonicliquids, as non-volatile extractants, have more recently been used as well. In gas stripping,
an inert gas or gas generated from the fermentation process itself allow to strip solvent-
metabolites from the medium. This technique is simple and does not damage the cells.
However, a potential drawback is that it can result in foam formation, above all when working
with small bubbles, which can negatively affect the stability and performance of the
fermentation process. Low selectivity is another potential drawback to be taken into account (Li
et al. 2016). Pervaporation is a membrane-separation process. It has a relatively low energy
consumption and does not damage the cells. A possible problemis membrane fouling (Groot et

al. 1992; Abdehagh et al. 2014; Huang et al. 2014).

Some studies calculated the energy needed for 1-butanol recovery with these different
techniques. For adsorption a value of 1.3 MJ/kg-butanol was reported, but it may go up to
(Raganati et al. 2012); using pervaporation, energy requirements between 2 and 145 MJ/kg-
butanol were reported; values between 7 and 14 kg/butanol are typical for liquid-liquid
extraction and finally values in the range of 14-31Ml/kg-butanol were reported for gas stripping

(Li et al. 2016; Outram et al., 2016).

1.3.7 Mass transfer limitation in syngas fermentation

The efficiency of bioconversion of syngas and related waste gases to butanol and other alcohols
is limited by the low water solubility of their gaseous components, i.e. CO, CO,, H,, and gas—
liguid mass transferistherefore arate-limiting stepin the fermentation process (Worden et al.

1991; Klassonetal.1993; Worden et al., 1997; Bredwell etal. 1999). Generally, gas—liquid mass
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transfer limits the conversion rates in bioprocesses that use poorly soluble gases as key

components, i.e. carbon and/or energy sources (e.g. CO or H, in homoacetogens).

Solubility data of syngas/waste gas components are given in Table 1-3. As can be observed the
solubilities of CO and H, are quite low. In order to compare with another gas such as oxygen,
whichis the main electron acceptor in aerobic fermentation processes and whose solubility is
about 5mg/L at room temperature, the solubilities of CO and H, appear to be only about 60 %
and 3 % of oxygen solubility, respectively, on a mass basis. Conversely, the solubility of CO, is

more than fifty times higher than that of carbon monoxide (Table 1-3).

There are several stepsinthe diffusion process where mass transfer limitations are inevitable in
suspended growth bioreactors: (i) the transport of the gaseous substrate into the gas—liquid
interface; (ii) its transport through the nutritive liquid phase to reach the microbial cell surface;
and finally (iii) gas diffusion into the microbial cell (Seedorf et al. 2008). Depending on the
bioreactor configuration, parameters such as the composition and properties of the liquid,
interfacial adsorption, bubble size, mixing intensity, and other factors may influence the
magnitude of the mass transfer resistances (Klasson et al. 1992; Seedorf etal. 2008; Munasinghe
and Khanal 2010a). The mass transfer coefficient (K,a) helps understand the rate of mass
transfer. K,a for a slightly soluble gaseous substrate can be determined using the following
equation (Klasson et al. 1992):

1 dN] K.
vV, dt H

@) —ph)

where ng(mol) isthe moles of substrate transferred fromthe gas phase, V, is the liquid working
volume of the reactor, psg (atm) is the partial pressure of the volatile substrate in gas phase and
p;gL(atm) is the partial pressure of the volatile substrate in a gas phase that would be in
equilibrium with the actual concentration of that substrate in the liquid phase, H(Latm mol™) is

the Henrys law constant, and K, a (s™") is the overall mass transfer coefficient.

Itisclear fromthe above equation that the efficiency of the fermentation process, in terms of
mass transferand gaseous substrate supply to the biocatalyst, willimprove when increasing the
gas mass transfer coefficients or at higher concentration (i.e. pressure) gradients. High gas—
liguid mass transfer conditions are strongly desired in commercial syngas or waste gas
fermentation (Abubackaretal. 2011). Working with pressurized bioreactors would be a suitable
means to improve gas supply tothe bacteria. However, thiswould also increase the solubility of
carbon monoxide in the liquid phase in suspended-growth bioreactors and, as suggested above,
may eventually lead toinhibitory effects such asthe inhibition of cell growth and of the activity
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of hydrogenases, with the concurrent accumulation of H, and CO, whenever produced or
originally presentinthe syngas or waste gas mixture. Nevertheless, Changet al. (2001) reported
that high cell density cultures are less affected by the potential inhibitory effects of high carbon
monoxide pressures compared with fermentations at low biomass densities (Chang et al. 2001).
Such high cell concentrations could be reached, in continuous suspended-growth bioreactors,
through the use of cell recycling modules. Another characteristic of pressurized bioreactors is

that they would resultin higher operating costs.

Various substances such as surfactants, alcohols, salts, catalyst and small particles can be added
to increase the gas—liquid mass transfer rates (Zhu et al. 2009). Besides, the addition of
nanoparticles to batch bottle systems orstirred tank bioreactors for carbon monoxide or syngas
fermentation have shown to lead to increased mass transfer. The addition of functionalized
nanoparticlesyielded better results than non-functionalized ones. The dissolved concentrations
of CO, CO,, and H, were found to increase by 273 %, 200 %, and 156 %, in the presence of
methyl functionalized silica nanoparticles at a concentration of 0.3 % by weight. Similarly, the
cell concentration of C. l[jungdahlii, producing ethanol, increased between 29 % and 166 % (Kim
et al. 2014). However, such approach might not be realisticnor cost-effective at presentin full-

scale reactors.

Bioreactors suitable for HBE fermentation are reviewed in the next section. The k,a values in
such reactors may vary depending on several parameters, such as gas and liquid flow rates,
agitation speed in CSTR or gas bubble size in suspended-growth bioreactors. A few authors
recently compared mass transfer in different bioreactor configurations, in the case of both
packed-bed and suspended-growth systems mainly with pure carbon monoxide. Gas-lift
bioreactors have been considered to represent asuitable configuration because of their simple
designand low energy requirements (e.g. no agitation) combined with the highest mass transfer
coefficient compared with otherbioreactors including column diffusers, hollow fiber membrane
bioreactors (HFMB) and biotrickling filters (Munasinghe and Khanal 2010b). Other authors
compared innovative attached-growth bioreactors, namely an HFMB and a monolith bioreactor,
with more conventional systems for gas fermentation with C. carboxidivorans (Shen et al.
2014a). High k,a values were found for the HFMB compared with suspended-growth
bioreactors, such as the CSTR and the bubble column bioreactor. Next, the monolith bioreactor
also showed high k,a values, though somewhat lower than the HFMB. Such mass transfer
coefficients increased at higher gas or liquid flow rates both in the HFMB and the monolith
bioreactor. Biotrickling filters are also characterized by relatively high k,a coefficients for which

values exceeding 100 h™ have sometimes been reported (Bredwell et al. 199; Munasinghe and
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Khanal 2010b), while such values are generally lower for othersystems, except the HFMB or the
CSTR when applying very high agitation speeds, which would, however, not be suitable for full-

scale application.

1.3.8 Kinetics

The production of solvents by acetogens through the WL pathway in the presence of CO and/or
CO,, generates less ATP than through glycolysis. The bacterial species does also play a role, and
it was observed that bacteriafollowingthe glycolytic pathway may exhibit different growth rates
depending on the species and carbohydrate used as substrate. For example, lower specific
growth rates were found in C. tyrobutyricum grown on glucose than on xylose, which was
assumedto be due to the higheramountenergy required fortransportation of xylose across the
cell membrane resulting in less ATP available for growth (Zhu et al. 2002). Generally the
formation of fatty acids (e.g. acetic acid, butyric acid) in acetogenic bacteria leads to more net
ATP production from C1 gases than the formation of alcohols such as ethanol, butanol, or higher
alcohols. Moreover, butanol production with CO as electron donor has a more positive energy
balance than in the presence of H,+CO, (Bertsch and Miller 2015). However, one major
drawback from an environmental point of view is that CO,, which is a greenhouse gas, is
released as end-product together with butanol when using CO as electron donor, while CO, is
not produced and is even consumed when using H,+CO, as substrates (see stoichiometric
equations above). In presence of syngas or waste gases containing a mixture of CO+CO,+H,,
complete CO, removal mightalso be possible. Thisis also related to the amount H, available, as

hydrogen is required to metabolize carbon dioxide.

Although only limited information has been published on biomass growth rates and yields of
clostridia on C1 gases, as a general rule biomass grows better on carbohydrates than on CO-
related compounds. Table 1-4 compares kinetic parameters of different Clostridium spp. grown
eitheronsugars or C1 gases. Major parameters such as pH and other culture conditions are also
giveninTable 1-3, whenever reported, as they affect biomass growth and bioconversion rates.
Other factors such as the presence of micronutrients or trace metals can also have some
influenceand details of the exact media compositions can be found in the original publications.
Reported datasuggest that growth rates on carbohydrates are higherthan on CO or CO,, except
for xylose which does also exhibit weak growth rates. Besides, biomass yields and build-up are
alsolow on C1 gases and the concentration of bacterial cells accumulating in bioreactor studies

istherefore alimiting factorinthe bioconversion of CO-rich gasesto alcohols. Alternatives such
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as the use of immobilized biomass or cell recycling will improve the amount active biocatalyst in

the bioreactor and thus increase bioproduction rates.

Table 1-4 Specific growth rates of wild type Clostridium spp. grown on CO or carbohydrates.

Specific growth rate

Microorganism  Carbon source  Culture conditions (1) (h™) References
- CO/CO,, =N.R. (*
C. carboxidivorans /CO; Batch pH= N.R. (%) 0.16,0.12 Liou et al. 2005
H./CO, T= N.R.(%)
Glucose Batch pH=6.0 T=N.R.(*) 0.48 Srivastava etal.
1990
C. acetobutylicum
_ Coce Napoli et al.
Lactose Batch pH=5.0 T=35°C 0.23-0.28 2012
Fed-Batch pH=6.0
Glucose e P 0.214 +0.044 Liu et al. 2006
T=37°C
C. tyrobutyricum
Fed-Batch pH=6.0
Xylose P 0.116 + 0.009 Liu et al. 2006

T=37°C

N.R.: Not Reported; (*)Presumably under optimal conditions of pH (6.2) and T (38° C)

1.4 Bioreactor configuration

The reactor design is an important factor in syngas fermentation. Most studies on syngas
fermentation and their large-scale application have been performed in suspended-growth
bioreactors but, besides such systems, other bioreactors can be used as well, se veral of which
have been applied at full-scale for handling gases and waste gases, including other types of
stirred tank suspended-growth bioreactors, biofilters, biotrickling filters or trickle bed
bioreactors, bioscrubbers, gas-lift bioreactors, bubble column bioreactors, moving bed biofilm
reactors, and membrane bioreactors (Kennes and Veiga 2001; Kennes et al. 2009; Abubackar et
al. 2011). The most widely studied bioreactor for the conversion of C1 gases to alcohols, at lab-
scale, isthe stirred tank fermentor. Some of the keys to design an efficient reactor are high mass
transferrates, high bioconversion rates, low operation and maintenance costs, and easy scale -
up. So far, only very few results have been reported in the literature on bioreactors for the

production of butanol and higher alcohols from C1 gases.
1.4.1 Continuous stirred tank reactors (CSTR)

The CSTR is a typical suspended-growth fermentation unit (Figure 1.4). The fermentation broth
contains freely growing bacteria, with continuous supply of the gaseous substrate using gas
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diffusers. The agitation mechanism allows break-up of large bubbles into smaller ones,
improving the gas—liquid mass transfer. A similar effect can be reached through the use of a
microbubble sparging system (Bredwell and Worden 1998). Increasing the impeller speed is a
way to increase the mass transfer of sparingly soluble gases, as it will improve mixing and
reduce the bubble size. However, arelatively high input of energy per unitvolumeisrequired to
increase the bubble break-up. Consequently, stirred tank fermentors with high agitation speeds
would not be economically viable for large-scale production processes due to excessive
operational costs (Abubackar et al. 2011). The gas-liquid mass transfer rate in stirred tank
bioreactors will not only increase with the agitation speed, butits value will also depend on the

gas retention time, i.e. the gas flow rate.

In the CSTR, the gaseous substrate is continuously fed through the bottom part of the reactor
and flows upwards through the fermentation broth. Recent studies have proven that good
bioconversion yields and ethanol productivities can be reached from either CO or gas mixtures
(CO, CO,, H,) insemi-continuous stirred tank bioreactors, in which part of the aqueous medium
isoccasionally removed afteragiven period of time and replaced by fresh medium (Abubackar
et al. 2016) . Periodic pH shifts in such process allow switching, in a cyclic way, from the
acidogenic to the solventogenic stages, with progressive accumulation of increasing

concentrations of alcohols and near complete consumption of accumulated acids.
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Figure 1.4 Continuous stirred tank reactors (CSTR)
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1.4.2 Bubble column (BC) and gas-lift (GL) bioreactors

BC and GL bioreactors are similarinthat gas injection through the bottom of the reactors allows
for liquid mixing without the need for any mechanical or other power consuming agitation
system. These bioreactors differ from each other by the fact that the GL bioreactor contains
eitheraninternal drafttube or an external loop for liquid circulation, while the BC reactor does
not (Figure 1.5). The most commonly known airlift bioreactor and the gas-lift bioreactor are the
same, except that air is fed in the first case while any gas can be introduced in gas-lift
bioreactors. BC and GL reactors are economical alternatives to the CSTR (Bielefeldt et al. 2001;
Ritcheretal. 2013), as they do not use mechanical agitation butstill allow for good mixing, due
to the presence of rising gas bubbles, and low shear rate. This is interesting as good mixing can
be achieved whileavoiding high shear rates that might inhibit or damage microbial cells. Mixing
of the gaseous substrate is achieved through gas sparging. Some other advantages of these
bioreactors are their low maintenance and operational costs, whereas back mixing and
coalescence of gaseous substrates are the main drawbacks. The BC bioreactor has been used as
a second stage of a two-stage syngas fermentation, where the first stage was a 1 L CSTR with
sustained growth of Clostridium ljungdahlii, while the second stage was a 4 L BC reactor used to

maximize the production of alcohols (Ritcher et al. 2013).
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Figure 1.5 Bubble column reactor (BC)

34



INTRODUCTION

In the GL bioreactor (Figure 1.6), the gasis injected into the riserand allows for fluid circulation.
The liquid travels upwards through the riser zone and recirculates down to the bottom of the
reactor, together with residual gas bubbles, through the downcomer zone. The use of GL
bioreactors for the treatment of waste gases, mainly polluted air, has only been reportedin a
limited number of studies (Bielefeldt etal. 2001), although it is seen as an attractive alternative

for the anaerobic bioconversion of syngas and CO-rich waste gases.
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Figure 1.6 Gas-lift reactor (GL): (a) concentric loop, (b) split cylinder, (c) external loop.

1.4.3 Biotrickling filters (BTF)

Other bioreactor configurations such as the biotrickling filter (BTF) or trickle bed reactor (TBR)
have widely been usedinthe full-scaletreatment of polluted air from industrial waste gases, or
those generated at waste water treatment plants, amongothers, in which the pollutants are
presentin the gas phase at concentrations usually not exceeding a few g/m? (Kennes and Veiga
2001; Kennes and Veiga 2013). They are also used with anaerobic gases, among others for
biogas upgrading and for the removal of hydrogen sulphide from that biofuel (Lépez et al. 2012;
Fernandezetal.2014). Theirefficiency has only scarcely been evaluated for the bioconversion
of carbon monoxide and syngas, mainly at lab-scale, and hardly any information is available so

far on such applications.

The BTF is a packed-bed bioreactor in which the cells are naturally growing on a solid support
material (Figure 1.7). They accumulate on the solid surface in the form of a biofilm. This allows
increasing the amount of biocatalyst, through its immobilization on the packing material
(Kennes et al. 2009). The gaseous substrate is supplied continuously to the bioreactor while a
nutritive agueous phaseis trickling overthe solid supportandrecycled through the system with

a pump, without any mechanical agitation, which reduces energy requirements compared with
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the CSTR (Figure 1.4). The liquid phase enters through the top of the bioreactor while the gas
phase can be fed eitherconcurrently or counter currently. However, countercurrent flows allow
for a more efficient driving force distribution along the bioreactor. Part of that aqueous medium
can be withdrawn and renewed whenever appropriate. In packed-bed bioreactors such as the
biofilterand the biotrickling filter, the amount of liquid medium present in the system is small
compared with suspended-growth bioreactors (Kennes and Veiga 2013). This has been observed
to reduce the resistance to mass transfer as there is only a thin liquid layer between the
substrate in gas phase and the biofilm where the biocatalyst will metabolize the volatile
compound (Jinetal. 2009). Conversely, in suspended-growth bioreactors, the substrate needs to
diffuse fromthe gas bubblestothe liquid phase and to the biocatalyst growing in suspension. A
semi-continuous trickle bed reactor was recently used with C. ragsdalei as a biocatalyst in order
to estimate the possibility to improve syngas bioconversion (Devarapalli et al. 2016). A large
amount of biomass could build up in the packed-bed bioreactor in the form of a biofilm,
allowing the bacteria to take up more H, and avoiding CO inhibition. Consequently, 5.7 g/L

ethanol was formed and a higher production of acetic acid, reaching 12.3 g/L, was observed.
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Figure 1.7 Biotrickling filter (BTF)

1.44 Hollow fiber membrane bioreactors (HFMB)

In the HFMB, hollow fiber membranes are introduced inside the reactoreitherin a tubular form
orin the form of flat sheets (Kennes etal. 2009). Syngas is generally fed through the membrane
lumen. It then diffuses through that membrane and is subsequently metabolized by bacteria

forminga biofilm on the outersurface of the membrane, i.e. onthe shell side (Figure 1.8). Only
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veryfew research studies have been performed and reported on syngas fermentation in HFMB,
none of them dealt with the production of alcohols such as butanol (Munasinghe and Khanal
2012; Zhang et al. 2013; Zhao et al. 2013). Shen et al. (2014) used a continuous HFMB with C.
carboxidivorans, and compared its behaviour with a CSTR during continuous syngas
fermentation for ethanol production. They obtained good resultswith the HFMB in terms of
alcohol production, confirming the suitability and advantage of such bioreactor configuration
compared with the CSTR. Recent studies have also been focused on optimizing mass transfer
through the use of an HFMB, as mass transfer is a major limiting factor in syngas fermentation.
In that sense, Yasin et al. (2014) developed anew HFMB configuration with a high mass transfer,
able to support an efficient microbial fermentation. The authors reached a high driving force
inside the bioreactor with low substrate pressures while increasing the headspace inside the

system.
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Figure 1.8 Hollow fiber membrane bioreactor (HFMB)
1.4.5 Moving bed biofilm reactors (MBBR)

The MBBR is considered to be more recent than the other bioreactors described above. This
reactor was initially designed for application in municipal wastewater treatment (Barwal and
Chaudhary 2014). It contains a tank with the culture broth and a gas injection system at the
bottom of that tank for gas diffusion (Figure 1.9). Gas injection improves gas diffusion and
turbulence. Large amounts of microorganisms grow as a biofilm. Some of the advantages of the

systeminclude its ability to provide a high surface area per volume for biofilm development, its
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rather simple operation, and the fact that it requires less space than, for instance, traditional

wastewater treatment systems (Hickey 2009).

Gas in

Figure 1.9 Moving bed biofilm reactor (MBBR)
1.4.6 Monolith bioreactors

The monolith bioreactor is a reactor with a structured packing inside. The packing is formed of
regularchannelsthatallow fora more homogeneous flowdistribution than when working with
random packing materials such as used in biotrickling filters (Figure 1.10). This may affect the
efficiency and results in a better control of the pressure drop along the reactor height. The
monolith bioreactor was first tested somewhat more than adecade ago for biological waste gas
treatment and the removal of air pollutants. Good results were obtained for the removal of
different volatile organiccompounds from air, at concentrations of a few g/m3, typical of many
industrial waste gases (Jin et al. 2006; Jin et al. 2008). One recent study described the
bioconversion of syngas by C. carboxidivorans in amonolith bioreactor for alcohol production.
Under the applied operating conditions, that reactor was reported to perform better, in terms of
syngas utilization efficiency and alcohol/acid ratio, than a BC bioreactor (Shen et al. 2014b). The
k.a values appeared to be similar or higher in the monolith bioreactor than in the BC reactor,

depending on the operating conditions.
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Figure 1.10 Monolith bioreactor

1.5 Present and future industrial perspectives

The production of ethanol and higher alcohols, such as butanol or hexanol, by acetogenic
bacteria from C1 gases is not a favourable process from an energetic point of view ( Latif et al.
2014). However, although it was originally considered that reaching concentrations approaching
one gram per literin wild type bacteriawould be impossible or, at least, challenging, recent data
confirmthat the production of several g/L of butanol and hexanol mixtures, besides ethanol is
feasible through this hexanol-butanol-ethanol (HBE) fermentation process. Optimization of the
bioreactor operating conditions would allow to further improve such values. The use of
metabolically engineered strains is another possible alternative for the improvement of yields
and of the end concentrations of metabolites. Some research has been performed in that
respect for butanol production with recombinant strains grown on carbon monoxide (Képkeand
Liew 2011). However, improvements are necessary and higher butanol concentrations would
still need to be reached from C1 gases with such engineered clostridia. Other bacterial strains
are able to produce ethanol as single alcohol from syngas/waste gas, sometimes together with
butanediol, but with no accumulation of eitherbutanol orhexanol (Table 1-2). Thisis the case of
C. autoethanogenum, C. ljungdahlii, and C. ragsdalei, among others (Abubackar et al. 2011).
Recentstudies undertaken at pre-commercial stage confirmed that such a process may be cost-
effective (van Groenestijn et al. 2013). Some demonstration plants have recently allowed to
produce ethanol, either from syngas or from waste gases from steel producing industries, with

such acetogenic bacteria, reaching promising results. In terms of public safety, it is worth
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mentioning that, with the exception of only four or five species, most clostridia are non
pathogenicatall and do not cause any diseasesin humans. Some clostridia can even be used for
therapeutic purposes (Kubiak and Minton 2015). Concerning the environmental benefit, itis
worth to remind that this HBE fermentation process consumes carbon dioxide, a greenhouse
gas, but does also allow to remove carbon monoxide. Although carbon monoxide as such has
only a very weak greenhouse effect, it contributes to tropospheric ozone generation, the
formation of carbon dioxide, and reacts with hydroxyl radicals in the atmosphere. Those OH
radicals would otherwisebe involved in reducing the concentration of greenhouse gases such as

methane.

The gas fermentation process has attracted interest of some industries and, as indicated above,
some demonstration plants have been build recently. The technology has reached pre-
commercial stage for the production of ethanol, but not yet for other routes such as the HBE
fermentation, and an exhaustive overview of the industriallandscape, among others forthe HBE
process, would thus be behind the scope of this review. Information on the industrial
lansdscape, mainly for ethanol production, can be found in other recent literature (van
Groenestijn et al. 2013; Latif et al. 2014). One of the major companies developing this
technology is, among others, LanzaTech which produces ethanol using waste gases from
industry or using syngas obtained through the gasification of biomass or wastes. In 2013, that
company started pre-commercial operation of aplantin China. Similarly, Coskata, inthe US, was
using a large variety of biomass sources to obtain syngas and fermentitintofuelsand chemicals.
Finally, INEOS Bio focuses largely on ethanol production through sugar fermentation, but has
also evaluated possible commercialization of the biomass gasification process and its

subsequent fermentation.

1.6 Syngas fermentation vs other biological and non-biological alternatives

Biomass, agro-industrial waste or other related feedstocks can be used to obtain either
carbohydrates orsyngas as potential fermentable substrates, which can both be metabolized by
clostridiato produce ethanol and higher alcohols such a butanol. Expensive pretreatments are
neededinorderto extract carbohydrates from cellulose and hemicellulose, two major polymers
of lignocellulosic feedstocks. However, lignin which is the third polymer found in such
feedstocks, does notyield any carbohydrates and is thus useless for this fermentation process.
Conversely, all three major polymers of lignocellulosic materials can be gasified to yield syngas,
resultingin a betteruse of the complete feedstock in the gas fermentation process (Liew et al.

2016).
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When comparing the biological and the non-biological syngas conversion routes, the former
does also present some technical and economical advantages compared to the latter. The
biological conversion, through the Wood-Ljungdahl pathway, takes place at near room
temperature and atmosphericpressure, orif needed with slight overpressure. Conversely, the
chemical Fischer Tropsch (FT) process for the production of chemicals is more complex and
requires highertemperatures (150-350° C) and elevated pressures (e.g., 30bar). Besides, forthe
FT process, a specific H,: CO ratio close to 2:1is needed (de Klerk et al. 2013), while syngas
composition does generally notreach such ratio. A pretreatment consisting in a water—gas shift
reactionisthenrequiredinordertoadjustthe gas ratio, with the concomitant increased process
costs (Liew et al. 2016). On the other side, C. carboxidivorans and some other clostridia can
metabolize different gas compositions to produce ethanol or higheralcohols, including pure CO,
mixtures of CO,/ H,, or mixtures of all three gases, among others. Syngas fermentation is thus
simpler and less restrictive. Finally, although the possible inhibitory effect of some trace
compounds on bioconversion processes has been mentioned above, the FT process is much
more sensitive to some chemicals such as sulphurcompounds and has a lowertolerance to their

presence than the Wood-Ljungdahl process (Michael et al. 2011; Mohammadi et al. 2011).

However, some potential drawback needs also to be discussed. The most important one is the
low aqueous solubility of the volatile compounds of the syngas mixture, when working with
bioreactors in which the bioconversion takes place in liquid phase. This results in a poor gas—
liguid mass transfer and in limiting rates of supply of the gaseous substrates to the microbial
cells, which limits the alcohols production yields. Mass transfer of the volatile substrates can be
improved when using microbubble spargers. Using pressurized bioreactors would be another
alternative to improve the gas solubility and mass transfer, although this will also increase
operating costs. Packed-bed bioreactors, such as biofilters or biotrickling filters, with a reduced
amount of waterand a small water layer between the gas phase and the biofilm (Kennes et al.
2009), have also been suggested to improve the microbial use of substrates such as carbon

monoxide in gas-phase bioreactors (Jin et al. 2009).

1.7 Microbial culture: Clostridium carboxidivorans

Clostridium carboxidivorans P7 (= ATCC BAA-624 = DSM 15243) used in this study was originally
isolated from a settling lagoon in Oklahoma, USA (Liou et al. 2005). It is an obligate anaerobic
carboxydotroph, Gram positive and mesophilic. Its cells are mobile with rod shape having a size
of 0.5 x 3 um along. That strain can present sporulated forms, which could be located in the

terminal or subterminal with the appearance of a protuberance (Liou et al. 2005; Fernandez-
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Naveira et al. 2017a). Figure 1.11 show a SEM picture where could be appreciate the shape of

Clostridium carboxidivorans.

f 10um 1

Figure 1.11 SEM picture of Clostridium carboxidivorans grown on carbon monoxide

Clostridium carboxidivorans P7 is able to use different carbon sources for growing; in the
chemoorganotrophically growth, C. carboxidivorans is able to use differents sugars such as
glucose, xylose, fructose, cellobiose and arabinose; in the autotrophicaly growth that bacteria
can use syngas or CO as a carbon source. The final products of the fementation of all those
carbon sources are acids (mainly acetic acid,butyric acid, and hexanoic acid) and alcohols
(ethanol, butanol and hexanol) (Liou et al. 2005; Liu et al. 2014, Phillips et al. 2015). However in
the case of sugars fermentation was recent detected the production of other acids: lactic acid,

propionic acid and formic acid (Fernandez-Naveira et al. 2017b).

The principal morphological, metabolic and growth characteristics of C. carboxidivorans are

summarized in Table 1-5.

42



INTRODUCTION

Table 1-5 Main characteristics of Clostridium carboxidivorans

C. carboxidivorans P7

Morphology Rod shape
Size (um) 0.5x3
Temperature range (° C) 24-42
Temperature optimum (° C) 37-40
pHrange 4.4-7.6
pH optimum 5.0-7.0
Reference Liou et al. 2005
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OBIJETIVES

The main objective of the present studyis to develop aninnovative technology based on the use
of biomass or other lignocellulosic materials as a raw material for the production of ethanol,
butanol and hexanol. This alternative allows to use the complete raw material (including lignin)
to obtain a mixture of fermentable gaseous substrates, in its totality, metabolized by the same

microbial culture.

This innovative technology is based on the gasification of the raw material instead of its
hydrolysis (or chemical / enzymatic treatment). Gasification of biomass and waste convert them
into synthesis gas, that is to say mainly CO, as well as variable concentrations of CO, and H,.
Some waste gases from different industries could also be used by the anaerobic bacteria to

produce these metabolites.
Therefore, this doctoral thesis consists in:

- The optimization of the conditions for ethanol, butanol and hexanol production.

- The optimization of the production of these biofuels in gas-phase bioreactors.
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3.1 Microbial culture

In all the experiments, Clostridium carboxidivorans was used as a biocatalyst using different

carbon sources, for the production of higher alcohols.

C. carboxidivorans P7 DSM 15243 was obtained from the Deutsche Sammlung von

Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). The bacteria was

inoculated at a firt time in anaerobic conditions on modified basal medium at pH 5.75 using

glucose as a carbone source. After the growing, the bacteria was maintained in anaerobic

mediums with CO as a carbon source. The principal components of the medium are summarized

inthe Table 3-1:

Table 3-1 Media composition for C carboxidivorans

Concentration per L of distilled

Chemical

water

Yeast stract 1g
Mineral solution 25 mL
Trace metals solution 10 mL
Vitamins solution 10 mL
Resazurine 1mL
Cystein-HCI 0.90¢g

The composition of the mineral stock solution are summarized in the Table 3-2
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Table 3-2 Mineral solution composition

Chemical Concentration (g/L)
Sodium chloride 80
Amonium chloride 100
Potasium chloride 10
Potasium monophosphate 10
Magnesium sulphate 20
Calcium chloride 4

The composition of the trace metals stock solution are summarized in the Table 3-3

Table 3-3 Trace metals solution composition

Chemical Concentration (g/L)
Nitriloacetic acid 2
Manganesium sulphate 1
Ferrus ammonium sulphate 0.20
Zinc sulphate 0.20
Cupric chloride 0.02
Niquel chloride 0.02
Sodium molybdate 0.02
Sodium selenate 0.02
Sodium tunsgtate 0.02

The composition of the vitamins stock solution are summarized in the Table 3-4
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Table 3-4 Vitamins stock solution composition

Chemical Concentration (g/L)

Pyridoxine 2
Thyamine 1

Riboflabin 0.20

Calcium pantothenate 0.20

Thioticacid 0.02

Paraminobenzoic acid 0.02

Nicotinicacid 0.02

Vitamine B12 0.02

d- biotin 0.02

Folic acid 0.02

2-mercatoethanesulfonic acid 0.02

The media used foreach experimental studies are described in their corresponding chapter.

3.2 Bioconversion studies

3.2.1 Bottle batch experiments

Serumyvials bottles of 200 mL, with 100 mL of total anaerobicbasal medium (all prepared under

the same condition and methods) for the experiments described in the Chapter 7 and 4.

For each experimentall the medium was prepared together to avoid different on the medium
composition. 100 mL of medium was transferred into each bottle. With the aim of remove the
oxygen of the medium, all the bottles was boiling for a few minutes. After boiling, the bottles
were flushing with N, for 15 minutes. When the bottles were cooled (30-35° C) then Cysteine —
HCl was added, and the pH of the medium was adjusted by adding either 2M HCI or 2M NaOH.
After pH adjustment, all bottles were sealed with viton rubber stoppers and aluminium crimps.

The bottles were autoclaved at 120° C for 15 minutes.
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In the moment of inoculation, two 3-way stop cocks with a needle were inserted through the
stopper on each bottle for sampling purpose (one for liquid sampling and the another one for
gases samplings). Thenthe bottles were inoculated with 10% of bacteria on exponential phase,
which was grown with CO as a carbon source during 72 h. After inoculation, vitamins from a
stock solution were added, and finally all bottles were pressurized to 1.2 bar with 100 % CO.
Finally all the bottles were maintained at 30° C inside an orbital incubator at 150 rpm. The
experimental setup and the method used for media preparation as well as sampling details are
described on the Chapter 1 and 3 (Abubackar et al. 2011; Abubackar et al. 2015; Fernandez-

Naveira et al. 2016a; Fernandez-Naveira et al. 2016b).
3.2.2 Continuous gas-fed bioreactors experiments

All the bioreactor experiments were carried out in 2 L BIOFLO 110 bioreactors (New Brunswick
Scientific, Edison, NJ, USA) with 1.2 L of total medium. Differences carbon sources were used in
the different experiments (CO, syngas and glucose). In the case of the experiments with gaseous
carbon sources, the gas was feeding continuously at a rate of 10 using a mass flow controller

(Aalborg GFC 17, Miillheim, Germany).

The medium inside the bioreactor was autoclaved at 120° C during 20 minutes. After
autoclaving, to ensure anaerobic condition the bioreactor was flushed with N2 during 2 hours

and when that was cooling cysteine-HCl (0.90 g/L) was added.

Once the bioreactor reached the anaerobic conditions, a 10 % of biomass in exponential phase
was addedintothe bioreactor. The temperature was maintainedin all experiment at 33° C. The

pH was automatically maintained through addition of either a 2 M NaOH solution ora 2 M HCl

solution, using peristaltic pump.

The pH values and conditions were different in the different experiments. The complete

conditions and methods of each experiment are related in each respective chapter.

3.3 Analytical equipment and measurement protocols
3.3.1 Biomass measurements

Biomass was estimated daily ortwice in aday depending on the moment of the experiment. The

guantification of biomass was madding by the measurement of the absorbance of the liquid
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phase at a A 600 nm using a UV—visible spectrophotometer (Hitachi, Model U-200, Pacisa &
Giralt, Madrid, Spain).

Previously acalibration of the biomass concentration (g/L) was made. That way, the measured
absorbance allowed to estimatethe biomass concentration (mg/L) by the comparison with this

previously generated calibration curve.
3.3.2 Water soluble products

1 mL of liquid sample of reactor or bottle batch experiments was daily (or twice per day) retire
for the measurement of sugars, acids and alcohols, using an HPLC (HP1100, Agilent Co., USA)
equippedwith asupelcogel C-610column havinga UV detectorat a wavelength of 210nm and a
refractive index detector (RID). 0.1 % ortho-phosphoric acid solution fed at a flow rate of 0.5

ml/min was using as a mobile phase and a constant 30° C was set in the column.

The principal metabolites analyzed (depending on the experiment) were: glucose, formic acid,
acetic acid, propionic acid, isobutiric acid, butyric acid, hexanoic acid, ethanol, butanol and

hexanol
3.3.3 CO, CO, measuments

ImL inreactor experimentor0.2 mLin batch experiment of the head space was retired daily for

CO and CO, measurements.

In the case of CO measurement, an HP 6890 gas chromatograph (GC) equipped with a thermal
conductivity detector (TCD) was used. The GC was fitted with a 15 m HP-PLOT Molecular Sieve
5A column (ID: 0.53 mm, film thickness: 50 pm). The oven temperature was initially 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.

For CO, measurement, an HP 5890 gas chromatograph, equipped with a thermal conductivity
detector (TCD) was used. The GC column used was Porapak Q 80/100 (inox) column (2 m x
1/8”). Helium was used as the carrier gas at a flow rate of 15 mL/min. The injection, oven and

detection temperatures were maintained at 90, 30 and 100° C, respectively.

A calibration curves was made foreach gas using peaks obtained from known concentrations of

gas.
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3.3.4 Redox potential

The redox potential was monitored continuously using a Ag/AgCl electrode (M300, Mettler

Toledo, Inc. USA).

3.3.5 16S rRNA analysis

In the case of the Chapter 6, where glucose was used as a carbon source, to be ensure any
contamination happened in the experiment a 16S rDNA gene sequencing was made

Liquid samples of the reactor was taken, in the moment of inoculation and at the end of the
each bioreactor in order to confirm the stability and purity of the inoculated strain in each

experiment.

The complete protocol was described in the section of material and methods on the Chapter 6.
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Abstract The fermentation of waste gases rich in carbon monoxide using acetogens is an
efficient way to obtain valuable biofuels like ethanol and butanol. Different experiments were
carried out with the bacterial species Clostridium carboxidivorans as biocatalyst. In batch assays
with no pH regulation, after complete substrate exhaustion, acetic acid, butyric acid, and
ethanol were detected while only negligible butanol production was observed. On the other
side, in bioreactors, with continuous carbon monoxide supply and pHregulation, both C2 and C4
fatty acids were initially formed as well as ethanol and butanol at concentrations never reported
before for this type of anaerobic bioconversion of gaseous C1 compounds, showing that the
operating conditions significantly affect the metabolic fermentation profile and butanol
accumulation. Maximum ethanol and butanol concentrations in the bioreactors were obtained
at pH 5.75, reachingvalues of 5.55 and 2.66 g/L, respectively. The alcohols were produced both
from CO fermentation as well as from the bioconversion of previously accumulated acetic and
butyricacids, resultingin low residual concentrations of such acids at the end of the bioreactor
experiments. CO consumption was often around 50 % and reached up to more than 80 %.
Maximum specificrates of ethanol and butanol production were reached at pH 4.75, with values
of 0.16 g/h*g of biomass and 0.07 g/h*g of biomass, respectively, demonstrating that a low pH
was more favorable to solventogenesis in this process, although it negatively affects biomass

growth which does also play a role in the final alcohol titer.

Keywords Clostridium carboxidivorans .Butanol . Ethanol . Syngas . Waste Gas

With minoreditorial changes to fulfil formatting requirements, this chapter is substantially as it
appearsin: Appl Microbiol Biotechnol. Published online: 25 January 2016. DOI: 10.1007/s00253-
015-7238-1.
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4.1 Introduction

In recentyears, the low availability of fossil fuels and theirenvironmentalimpact have forced to
look for new alternative fuels obtainable, in a cost-effective way, from renewable sources or
from pollutants. In addition to the environmentalimpact and increasing scarcity of conventional
fuels, otheraspects, e.g., economicand political, have also led to an everincreasing interest in
techniques forthe production of such alternative fuels (Gowen and Fong 2011; Abdehagh et al.
2014). Most studies have focused on the production of new energy sources and biofuels
(biologically sourced fuels) such as (bio)ethanol, biogas, (bio)hydrogen, and biodiesel (Kennes
and Veiga 2013). Additionally, (bio)butanol is also a suitable alternative fuel more similar to
gasoline than (bio)ethanol and with interesting characteristics. Butanol exhibits several
advantages, e.g., itisless hygroscopicand has a higher caloric content than ethanol (Wallner et
al. 2009). It is considered a chemical of great industrial importance and has a high potential to
replace gasoline (Dirre 2007; Lee etal. 2008), as there isno need forany adjustment of vehicles
and engines using butanol. Besides, blending of butanol and gasoline is possible at any
concentrations, and blends have also been reported to be possible in case of diesel (Jin et al.

2011).

Alcohols such as ethanol and butanol can be obtained through fermentation of sugars from
sugarcane, corn, or starch feedstocks, among others, which is the conventional and common
commercial process nowadays for ethanol, known as a first-generation process. However, this
technique for obtaining biofuels leads to food-fuel competition (Kennes et al. 2016). This
disadvantage can be avoided by using lignocellulosic feedstocks from agricultural wastes or
energy crops, which are inexpensive and renewable starting materials for biofuels production,
and do not adversely affect food supplies. After some pretreatments and hydrolytic steps,
simple sugars can be obtained from those polymeric feedstocks which can then be fermented
into ethanol and/or butanol, in the so-called second-generation process (Kennes et al. 2016).
However, there are still numerous scientificand technical challenges involved in the utilization
of lignocellulosic materials for biofuel production (Gowen and Fong 2011), and there is a need
for further research in order to improve costcompetitiveness of such alternative compared to

the more conventional first-generation process.

The conventional second-generation process for the bioconversion of lignocellulosic feedstocks
into biofuels is still a complex process (Balat and Balat 2009). As an alternative, gasification of
biomass in order to obtain carbon monoxide-rich syngas represents another viable option.

Syngas as well as most of its individual dominant components (like CO) can be introduced into a
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fermentor inoculated with anaerobic bacteria, under specific process conditions to produce
biofuels (Abubackar et al. 2011; Bengelsdorf et al. 2013; Mohammadi et al. 2011). Not only
syngas but alsoindustrial waste gasesrich in carbon monoxide have recently been shown to be
suitable substrates fortheir bioconversion into biofuelsin bioreactors (Kennes and Veiga 2013).
Both suspended-growth as well as attached-growth bioreactors can efficiently be used for gas-
phase biodegradation or bioconversion of such volatile substrates (Kennes and Veiga 2001,
2013). Initially, research on the fermentation of CO-rich gases focused only on ethanol
production, which canbe eitheranindependentfuel as mentioned above or act as a substitute
for gasoline supplemented with MTBE to reduce emissions of CO and N Ox (Ahmed and Lewis
2007; Henstra et al. 2007; Shaw et al. 2008). However, its hygroscopic nature and low caloric
content limits the use of ethanol with current infrastructures; therefore, very recent research
has also focused on butanol production through the fermentation of such gaseous substrates as

an alternative alcohol-biofuel.

Fermentation of CO-rich gases, i.e., syngas or waste gases, has been shown to be an attractive
and likely cost-effective alternative able to compete with the conventional second-generation
process based onthe fermentation of carbohydrates (Kennes et al. 2016). This is above all true
whenever using waste gases as substrates. Therefore, this process has recently attracted
interest from some companies and some demonstration and pre-commercial projects are now
beingset up for ethanol production (Abubackar et al. 2011; Kennes and Veiga 2013). However,
several challenges remain to be addressed in order to further improve the efficiency and cost-
effectiveness of this technology. One of those challengesis related to the low water solubility of
carbon monoxide and other volatile compounds (e.g., H,, CO,), which limits the mass transfer
rate of the substrate to the liquid phase in suspended-growth bioreactors or to the biofilm in
attached-growth bioreactors, limiting at the same time the production yields of (bio)fuels or
platform chemicals of interest. Some previous and on-going studies are focusing on minimizing
such drawback. Among others, the use of membrane systems as well as attache d-growth
bioreactors seemsto allow a more efficient mass transfer of poorly soluble compounds (Jin et al.
2009; Shen et al. 2014) as well as microbubble spargers in suspended-growth bioreactors
(Bredwelland Worden 1998). Anotherdrawback to be taken into account and already previously
observed in conventional acetone-butanol-ethanol (ABE) fermentation from carbohydrates is
solvent toxicity. This is an important factor to take into account in butanol fermentation as
acetogenic bacterial cells rarely tolerate more than 2 % butanol (Liu and Qureshi 2009).
However, although new strategies can still be developed, experience has already been gained
from the conventional ABE fermentation aimed at reducing such inhibitory problems. These
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strategies may include the use of continuous in situ removal of produced solvents from the
fermentation broth, among others (Schugerl 2000). It is also worth mentioning that setting up
bioreactors underanaerobicconditions with CO-related gases as substrates may be somewhat
more challenging than the conventional fermentation of carbohydrates. However, such harsher
conditions will also reduce potential microbial contamination of the bioreactor. Finally,
optimizing the fermentation and bioreactor operating conditions is another aspect that will
allow improving the yield and selectivity of the biochemicalreactions and which is addressed in
this paper. Research on such aspects will furtherimprovethe efficiency and cost effectiveness of

this process appearing as a promising alternative.

In the present study, the conversion of CO into butanol and ethanol was carried out by the
bacterium Clostridium carboxidivorans, which was grown first in batch bottles with no pH
regulation and, afterwards, in continuous gasfed bioreactors using a defined medium under
controlled conditions and continuously fed CO gas. The objectives were to develop and optimize
culture conditions for a relatively high production of alcohols through anaerobic CO
fermentation and to compare the growth and fermentation products between the batch bottle
assays and the bioreactors with continuous CO supply. Bioreactor operating conditions were

optimized.

4.2 Material and methods

4.2.1 Microorganism and culture media

C. carboxidivorans P7 DSM 15243 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and was maintained
anaerobically on modified basal medium (Liou et al. 2005; Tanner 2007) at pH 5.75 with CO (100
%) as the sole gaseous substrate. This medium was composed of (per liter distilled water) the
following compounds: yeast extract, 1 g; mineral solution (a source of sodium, ammonium,
potassium, phosphate, magnesium, sulfate and calcium), 25 mL; trace metal solution, 10 mL;

vitamin solution, 10 mL; resazurin, 1 mL; and cysteine-HCl, 0.60 g.

The mineral stock solution contained (per liter distilled water) 80 g sodium chloride, 100 g
ammoniumchloride, 10g potassium chloride, 10g potassium monophosphate, 20 g magnesium

sulfate, and 4 g calcium chloride.
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The vitamin stock solution contained (per liter distilled water): 10 mg pyridoxine, 5 mg each of
thiamine, riboflavin, calcium pantothenate, thiocticacid, paraamino benzoicacid, nicotinic acid,

and vitamin B12, and 2 mg each of D-biotin, folic acid, and 2-mercaptoethanesulfonic acid.

The trace metal stock solution contained (per liter distilled water): 2 g nitrilotriaceticacid, 1g
manganese sulfate, 0.80 g ferrous ammonium sulfate, 0.20 g cobalt chloride, 0.20 g zinc sulfate,
and 20 mg each of cupric chloride, nickel chloride, sodium molybdate, sodium selenate, and

sodium tungstate.

4.2.2 Bottle batch experiments

For batch experiments, 10 % seed culture in the early exponential growth phase, grown with CO
as sole carbon source, was aseptically inoculated into 200-mL serum vials containing 100 mL
medium at pH =5.75. In order to remove oxygen, all the media in the bottles were boiled and
later flushed with N, while cooling down the medium. When the temperature of the medium
reached 40° C, 0.06 g cysteine-HCl was added as a reducing agent, and the pH was adjusted to
5.75 with 2 M NaOH while continuing flushing with N,. The bottles were then sealed with Viton
stoppersand capped with aluminium crimps and were then autoclaved for 20 min at 121° C. The
bottles were maintained under anaerobic conditions. They were pressurized with 100 % CO to
reach a total headspace pressure of 1.2 bar and were agitated at 150 rpm on an orbital shaker,
inside anincubation chamberat33° C. Every 24 h, a headspace sample of 0.2 mLand 2 mL liquid
sample were taken for CO measurements and to measure the optical density (OD, =600 nm),
which is directly related to the biomass concentration. Besides, 1 mL of those 2 mL was
centrifuged at 7000 rpm for 3 minin orderto measure the concentration of soluble productsin
the supernatant, using the same methods as described in Fermentation products for the
analyses of fermentation products in the continuous bioreactors. All experiments were carried

outin triplicate.

4.2.3 Continuous gas-fed bioreactor experiments

Two bioreactor experiments were carried out in 2 L BIOFLO 110 bioreactors (New Brunswick
Scientific, Edison, NJ, USA) using the same medium as in the batch bottle experiments. Both
experiments were done with 1.2 L optimized medium and CO (100 %) as the sole gaseous
substrate, fed continuously atarate of 10 mL/min usinga mass flow controller (Aalborg GFC 17,
Millheim, Germany) and a microsparger used for sparging CO. The bioreactor with the medium
was autoclaved, and when the temperature was below 40° C, cysteine-HCl (0.60g/L) was added,

together with nitrogen feeding to ensure anaerobic conditions. The temperature of the
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bioreactor was maintained at 33° C by means of a waterjacket. Four baffles were symmetrically
arranged to avoid vortex formation of the liquid medium and to improve mixing. A constant
agitation speed of 250 rpm was maintained throughout the experiments. Ten percent seed
culture inthe early exponential growth phase, which was grown for 72 h with CO as sole carbon
source, was used as the inoculums and was aseptically transferred to the bioreactor. The pH of
the medium was automatically maintained at a constant value of either 5.75 or 4.75, through
the addition of either a 2-M NaOH solution or a 2-M HCl solution, fed by means of a peristaltic

pump. The redox potential was continuously monitored in each experimental run.

When the bioreactor reached its maximum production of acids, the pH in one of the reactors
(experiment 1) was maintained at pH 5.75 while it was changed to pH 4.75 in the other reactor
(experiment 2). Later, when most of the acids were consumed, part of the medium (around 600
mL) was replaced with the same amount of fresh medium in both bioreactors and the pH was
maintained at 5.75 again. During the partial medium replacement procedure, the CO gas flow
rate was maintained through the bioreactorand was even slightly increased in order to ensure
maintenance of anaerobic conditionsinsidethe bioreactor. Then, when the production of acids

reached its maximum value, the pH of the bioreactor in experiment 1 was changed to 4.75.
4.2.4 Growth measurement

One milliliter liquid sample was daily withdrawn from the reactor, in order to measure the
optical density (OD, = 600 nm), using a UV—visible spectrophotometer (Hitachi, Model U-200,
Pacisa & Giralt, Madrid, Spain). The measured absorbance allowed to estimate the biomass

concentration (mg/L) by comparing it with a previously generated calibration curve.
4.2.,5 Gas-phase CO and CO, concentrations

Gas samples of 1 mL were taken from the outlet sampling ports of the bioreactors to monitor

the CO and CO, concentrations.

Gas-phase CO concentrations were measured using an HP 6890 gas chromatograph (GC, Agilent
Technologies, Madrid, Spain) equipped with a thermal conductivity detector (TCD). The GC was
fitted with a 15-m HP-PLOT MolecularSieve 5A column (ID, 0.53 mm; film thickness, 50 um). The
oven temperature was initially 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 was maintained constant at 150° C. Helium was used as the carrier gas.
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Similarly, CO, was analyzed on an HP 5890 gas chromatograph, equipped with a TCD. The

injection, oven, and detection temperatures were maintained at 90, 25, and 100° C, respectively.
4.2.6 Fermentation products

The water-soluble products, acetic acid, butyric acid, ethanol, and butanol, were analyzed for
each of the two bioreactors from liquid subsamples (1 mL) every 24 h using an HPLC (HP1100,
Agilent Co., USA) equipped wi t h a 5 um x4 mm x 250 mm Hypersil ODS column and a UV
detector at a wavelength of 284 nm. The mobile phase was a 0.1 % ortho-phosphoric acid
solution fed ata flow rate of 0.5 mL/min. The column temperature was setat 30° C. The samples
were centrifuged (7000 g, 3 min) using a centrifuge (ELMI Skyline Itd CM 70M07) before

analyzing the concentration of water-soluble products by HPLC.
4.2.7 Redox potential

The redox potential was constantly monitored in each bioreactor using an Ag/AgCl reference
electrode connected to a transmitter (M300, Mettler Toledo, Inc., Bedford, MA, USA) and

maintained inside the bioreactor.

4.3 Results

4.3.1 Bottle batch experiments

In the batch experiments, C. carboxidivorans started growing immediately after inoculation,
without any lag phase (Figure 4.1). A maximum biomass concentration of 0.13 g/L was reached
after30 h (Figure 4.1), while a maximum acetic acid concentration of 0.890 g/L was found after
45 h and a maximum concentration of butyricacid of 0.48 g/L had accumulated at the end of the

experiment (Figure 4.2).
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Figure 4.1 Batch experiment: a measured growth expressed in g/L over time, with data

represented as mean values + standard deviations.
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Figure 4.2 Batch experiment production of metabolites, aceticacid (blue diamonds), butyricacid

(red squares), ethanol (green triangles), and butanol (purple cross marks), expressed in mg/L

over time, with data represented as mean values * standard deviations.

On other hand, a maximum ethanol concentration of 0.48 g/L was reached, after 267 h. Its

production did not seem to take place at the expense of any acetic acid consumption as that
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acid was basically not consumed during ethanol accumulation, although clostridia are known to
be able to convert acids into alcohols in processes such as the ABE fermentation from
carbohydrates (Jonesand Woods 1986; Ndaba etal. 2015) as well asin some otherfermentation
processes such as CO bioconversion to acetic acid followed by the production of ethanol from
the accumulated fatty acid (Abubackar et al. 2015). The alcohol was thus formed here directly
fromthe conversion of CO. Although C. carboxidivorans is known to be able to produce butanol,
that alcohol was generally not found or produced at low trace levels in these batch bottle

assays.

The initial pHof the mediumwas 5.75 in this experiment. However, when the acetogenic phase
started, acids were formed leading to medium acidification, as there was not any pH regulation.
Therefore, the pH dropped gradually during the batch assays and reached a minimum value
around 4.30 at the end of the experiment. Also, anaerobes are very sensitive to changes in
redox potential. The reading oxidoreduction potential (ORP)values are directly linked to the pH
of the medium, and alower pH of the medium will result in less negative values of the redox

potential.

4.3.2 Continuous gas-fed bioreactor experiments

Experiment 1

In this continuous CO-fed bioreactor experiment, C. carboxidivorans started growing
immediately after inoculation, without any lag phase, similarly as in the batch assays. The
growth and fermentation products followed a pattern common to acetogenic clostridia (Figure
4.3 and Figure 4.4). After 96 h, the biomass reached its maximum value of 0.52 g/L (Figure 4.3)
whereas the maximum concentrations of aceticacid and butyric acid, reached after 144 h, were

5.30 and 1.43 g/L, respectively (Figure 4.4).
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The production of alcohols did also start quite soon after inoculation but initially at a quite
slower rate than observed for the acids. Alcohols continued accumulating after the fatty acids
had reached their highest concentrations. After 240 h, the production of alcohols leveled off,
because ethanol and butanol had accumulated up to potentially inhibitory levels. By then,
ethanol and butanol had reached quite high maximum concentrations of 5.55 and 2.66 g/L,

respectively (Figure 4.4).

A different behavior was observed than in the batch experiments, as ethanol production
appearedtoincrease at the expense of acetic acid consumption, and both the decrease in acid
concentrationandincrease inalcohol concentration occurred simultaneously. Similarly, butanol
production appeared to take place at the expense of butyric acid conversion. Contrary to what
was observed inthe batch assay, inthe present experiment with pH regulation and continuous
CO supply, butyricacid was almost completely consumed (83 %) and 78 % of aceticacid was also
converted. Besides, a rather high final concentration of butanol was reached (2.66 g/L), never

reported before in the literature for this type of CO fermentation by clostridia.

After 247 h, part of the bioreactor medium (600 mL) was replaced by fresh medium in order to
alleviate the otential inhibitory effect of the high concentrations of alcohols and to check if this
partial medium renewal might promote a new acids and alcohols production cycle. The biomass
was recycled in the bioreactor; thus, its concentration remained constant at 0.51 g/L. The
concentrations of alcohols decreased as a result of the dilution effect due to medium
replacement, reachingan ethanol concentration of 3.50 g/L and a butanol concentration of 1.70

g/L (Figure 4.4).

While the amount of biomass remained constant until 360 h, the concentrations of acids started
to increase again. The maximum concentrations of acetic acid and butyric acid were reached
after 336 h with values of 2.40 and 0.617 g/L, respectively (Figure 4.4).Despite maintaining the
pH at 5.75, the formation of some alcohols started immediately, although at much lower rates
than for the acids. The pH was later changed to 4.75 after 408 h in order to check if this could
further improve the production of alcohols, as a lower pH is expected to be favorable to

solventogenesis.

However, at that lower pH, the biomass concentration decreased while there was not any
production of acids and alcohols nor any consumption of acids. Finally, the experiment was
stopped after 504 h. Atthat moment, the biomass concentration had decreased to 0.32 g/L, and
acetic acid and butyric acid concentrations were 1.04 and 0.28 g/L, respectively. The

concentrations of alcohols were 4.41 g/L for ethanol and 2.3 g/L for butanol at the end of the
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experiment, which is significantly higherthanin any previously reported study (Figure 4.4). Total
net ethanol production in this experiment was 7.52 g corresponding to 6.66 g (in 1.2 L reactor
medium) before partial medium replacement and 0.86 g after its replacement, and total net
butanol production was 3.91 g correspondingto 3.19 g before partial medium replacement and

0.72 g afterits replacement. This type of CO fermentation yields reproducible profiles.

During the experimental production phase, the specific rate of ethanol production was 0.12
g/h*g of biomass between 144 and 192 h, while the specificrate of butanol production was 0.06
g/h*g of biomass during that same period of time (Table 4-1). Other production and
consumption rates are summarizedin Table 4-1as well. Carbon monoxide consumption was also

monitored during the experiment and is shown in Figure 4.5.

Table 4-1 Comparison of the different production and consumption rates between experiments

1 and 2 (The rates are expressed in g/h*g-biomass).

Acetic acid Butyric acid Ethanol Butanol

consumptionrate  consumptionrate productionrate production rate

Experiment 1

(pH 5.75)

0.13 0.027 0.12 0.06

Experiment 2

(pH4.75)

0.15 0.039 0.16 0.07
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Figure 4.5 Continuous gas-fed bioreactor: percentage CO consumption over time.

A constant carbon monoxide loading rate was maintained throughout the experiment. Most of
the time, the average CO consumption was close to 50 %, although higher percentages were
observedinthe early stages of the experiment, reaching the highest value of 81 % CO removal
on the fourth day. It is worth mentioning that, as a general rule, the highest percentage
substrate conversions are observed at high pH (5.75) and do then often exceed 50 % (up to 81
%), while conversion decreased when lowering the pH (4.75), which is also concomitant with
some biomass decay. CO consumption also dropped within the first few hours after medium

replacement.

During the first operation days, and for almost 1 week, the only carbon source for the
production of metabolites and biomassis carbon monoxide. As explained above, C2and C4 acids
produced duringthe first stages become, later on, additional substrates and are then converted
to the corresponding alcohols. During the first stage of the experiment, although part of the
gaseous substrate isalso used for biomass growth, if production of metabolites from CO is only

considered duringthe first experimental stage, then the following reactions would take place:

4CO + 2H,0 - CH;COOH +2C0O,

Eq. 4.1
10CO +4H,0 = CH;(CH,)2COOH + 6CO, EqQ. 4.2
6CO + 3H,0 > C,HsOH +4C0, Eq. 4.3
12CO +5H,0 = C,H,OH + 8CO, Eq. 4.4
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This would resultin CO, to CO ratios (g/g) of 0.79 for reaction (Eq. 4.1) (acetic acid production),
0.94 for reaction (Eq. 4.2) (butyricacid production), and 1.04 for reactions (Eq. 4.3) and (Eq. 4.4)
(ethanol and butanol production, respectively). CO, to CO ratios could be measured
experimentally and could be estimated to reach around 0.77, during the first we ek of operation,
with around 10 % fluctuation as this is a dynamic system. This is in agreement with the above
equationsandtheoretical ratios and shows agood fit between the ex perimental and theoretical

substrate to product mass balance calculations.

The redox potential was constantly monitored during each experimental run. Except for the
reducing agent added initially to the medium, its value was later on allowed to fluctuate
naturally. Inexperiment 1, before replacing part of the medium, the redox potential (ORP) value
was —180 + 20 mV, while after partial medium replacement, it was —100 + 10 mV. After the pH
change to 4.75, ORP was —62.1 + 20 mV, and finally at the end of the experiment, it became
positive and reached +42.9 mV, which explains the complete inhibition of the anaerobic strain.
Inhibition after pH modification could have been due to the fast decrease in pHfrom 5.75 to
4.75 resultinginanacid shock. As will be explained below, in experiment 2, pH was decreased

gradually and no inhibition was observed, allowing to maintain active cells and a negative ORP.

Experiment 2

Similarly asinexperiment 1, C. carboxidivorans started to grow immediately after seeding the
reactor, without any lag phase. A pattern common for acetogenic clostridia for growth and
fermentation products was here also observed (Figure 4.6 and Figure 4.7). After 48 h, the
biomass reached its maximum value of 0.33 g/L (Figure 4.6) whereas the maximum acetic acid
and butyric acid concentrations were found after 3—4 days and were 4.10 and 1.44 g/L,
respectively (Figure 4.7). As already observed in experiment 1, and as expected, growth and
accumulation of acids were concomitant. It is worth observing that the maximum suspended
biomass concentrationin the liquid phase was somewhat lowerin this experiment compared to
experiment 1because part of the bacteria remained sticked to the glass wall of the bioreactor,

slightly above the upper liquid level.
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Figure 4.6 Continuous gas-fed bioreactor experiment 2: measured growth expressed in g/L over
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Figure 4.7 Continuous gas-fed bioreactor experiment 2: production of metabolites, acetic acid

(blue diamonds), butyricacid (red squares), ethanol (green triangles), and butanol (purple cross

marks), expressed in mg/L over time.

87



EFFICIENT BUTANOL-ETHANOL (B-E) PRODUCTION FROM CARBON MONOXIDE FERMENTATION
BY CLOSTRIDIUM CARBOXIDIVORANS

After72 h, once acetic acid accumulation leveled off, the pH of the medium was gradually and
slowly decreased to 4.75 over a period of 48 h, in order to avoid any acid shock and inhibition.
The pH value was decreasedin orderto checkif this would stimulate solventogenesis. The rate
of accumulation of alcoholsincreased, and their maximum production was reached after 216 h,
with ethanol and butanol concentrations of 2.00 and 1.10 g/L, respectively Figure 4.7. This
increase was at the expense of acid consumption, and acetic acid and butyric acid

concentrations had dropped down to 1.56 and 0.53 g/L respectively, after 216 h (Figure 4.7).

When the concentrations of alcohols stabilized, part of the medium of the bioreactor was
replaced by fresh medium, similarly asin experiment 1, and the pH was increased to 5.75 again.
As a result of the dilution effect, the concentrations of metabolites decreased to 1.03 g/L for
acetic acid, 0.32 g/L for butyric acid, 1.4 g/L for ethanol, and 0.76 g/L for butanol. After partial
medium replacement, the remaining concentrations of acids were consumed and converted into
alcohols. Finally after 360 h, the biomass started decreasing down to 0.15 g/L and the
experiment was stopped. By then, the final concentrations of acids and alcohols were 0.06 g/L
acetic acid, 0.01 g/L butyric acid, 2.90 g/L ethanol, and 1.60 g/L butanol, showing a basically

complete consumption of both acids and their conversion to alcohols (Figure 4.7).

Total net ethanol production in this experiment was 4.21 g corresponding to 2.40 g (in 1.2 L
reactor medium) before partial medium replacementand 1.81 g afterits replacement, and total
net butanol production was 2.29 g corresponding to 1.32 g before partial medium replacement
and 0.97 g afterits replacement. These concentrations are somewhat lower than in experiment
1, most probably because of the somewhat lower suspended biomass concentration in this

assay.

The specificrate of ethanol production was 0.16 g/h*g-of biomass between 72 and 120 h, while
the specific rate of butanol production was 0.07 g/h*g-of biomass during that same period of
time, which was thus slightly higher than in experiment 1 (Table 4-1). Other rates are

summarized in Table 4-1.

Similarly as in experiment 1, a constant inlet carbon monoxide concentration was maintained
duringthe study and CO consumption was monitored throughout experiment 2. Here again, on
an average, close to 50 % of the gaseous carbon source was metabolized by the bacteria (Figure
4.8) with higher values during the first part of the study and when using a high pH, as also
observedinexperiment 1. The highest CO consumption reached 73 %, at pH 5.75, on the second

day of operation.
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Figure 4.8 Continuous gas-fed bioreactor 2: percentage CO consumption over time.

In terms of redox potential, in experiment 2, when the pH was 5.75, the redox potential (ORP)
value was —110 + 10 mV, while after the pH change to 4.75, it was —80 + 10 mV. Finally after
medium replacement and pH increase again to 5.75, the ORP was —90 + 10mV. The gradual pH
decrease, from 5.75 to 4.75, in this experiment allowed to avoid inhibition of the bacterial
activity, and a negative redox potential could be maintained throughout this assay, contrary to

what was observed at the end of experiment 1.

4.4 Discusion

In the batch bottle experiments, the maximum biomass concentration was reached after 48 h
and the biomass concentration (g/L) was about half the value reached in experiment 2. That
difference can be explained by the fact that in the batch assays, there was not any continuous
feed of CO, resultingin carbon source limitation for the bacteria. Conversely, in experiments 1
and 2 inbioreactors, CO feeding was continuous, resultingin a higher availability of C source for
the biomass. Also, in the batch bottle experiments, there was no continuous pH control.
Therefore, the production of acetic acid and butyric acid during growth led to a natural and
significant decrease of the pH of the medium. This ended up inhibiting bacterial growth and
metabolite production. The initial pH of the medium was 5.75, whereas the final pHvalue wasin

the range of 3.80-4.00 forall the batch assaysin bottles. C. carboxidivorans has an optimum pH
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value of 4.4-7.6 (Abubackaretal. 2011; Liou et al. 2005). As there was not any pH control in the
batch experiments, its value reached a minimum which was below the optimum range. The
lower pH value and lower concentration of Csource explain the different growth behaviours

between the batch experiments and the bioreactors with continuous CO supply.

In the three experiments, two different growth patterns were observed. First a fast exponential
growth rate was observed, between 48 and 96 h in the bioreactors and between 0 and 36 hin
the batch assays, concomitant with the acidogenic phase. Due to acid production in the Wood-
Ljungdahl pathway, more ATP is produced during acidogenesis than during the production of
alcohols (White 2007), which explains that growth and acid production from CO take place

simultaneously.

In the case of the production of alcohols, in the batch assays, ethanol accumulation was
observed but there was basically no butanol accumulation, whereas in the bioreactors
(experiment 1 and 2), there was both significant ethanol and butanol production and the
fermentation products followed a pattern common to acetogenic clostridia. It can be assumed
that the pH had reached a value lowerthan the optimum range, which could have inhibited the
bacterial metabolism before any significant butanol production could take place in the batch

assays.

In both bioreactor experiments, acids were produced first, i.e., acetic acid and butyric acid,
followed by ethanol and butanol production, with CO consumption around 50 % and reaching
up to somewhat more than 80 % during the early acidogenic stage. Thus, the regulation of the
pH value throughout the experiments can be considered to represent an important factor

largely affecting both biomass growth and the production of metabolites.

In case of other clostridial strains able to produce only ethanol as alcohol (but no butanol), it
was also observed that using different pH values is an effective strategy to promote alcohol
productionin multi-stage syngas fermentation, in which the acidogenesis and solventogenesis
phases are separated intwo reactors (Klasson etal. 1992). Here, in both bioreactor experiments,
we tried to compare the effect of a pH change after the acidogenic phase. That way, in
experiment 1, pH was maintained constant, whereas in experiment 2, the pH was changed to
4.75 to promote the solventogenic phase. No clear separate acidogenic and solventogenic
phases were observed in C. carboxidivorans during experiment 2, whereas in experiment 1
(without pH change), more pronounced separate acidogenic and solventogenic phases were
found. Intheirstudy with a different organism and for ethanol production, Klasson et al. (1992)

performed a two-stage syngas fermentation experiment, with two reactors in series, using
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Clostridium ljungdahlii, with the first reactor at pH 5.0 and the second one at pH 4.0~4.5 to
promote ethanol production in that second reactor at the expense of acetate. By using two
different pH, 30 times more ethanol production was obtained thaninasingle continuous gas fed

bioreactor.

The rates of alcohol production were lowerin experiment 1 than in experiment 2 at a lower pH.
In case of ethanol, its production rate was 0.12 g/h*g of biomass in experiment 1, while it was
0.16 g/h*g of biomass in experiment 2. On the other hand, the rate of butanol production was
0.06 g/h*g of biomass in experiment 1 while it was 0.07 g/h*g of biomass in experiment 2. The
same relationship was observed between the acid consumption rates, which were lower in
experiment 1than in experiment 2. The aceticacid conversion rates were 0.13 g/h*g of biomass
and 0.15 g/h*g of biomassin experiments 1and 2, respectively. On the other hand, butyric acid
conversion rateswere 0.03 g/h*g of biomassand 0.04 g/h*gof biomassin experiments 1 and 2,
respectively. So, theseresults show higheracid to alcohol conversion rates at pH 4.75 than at pH

5.75 (Table 4-1).

So far, only few studies have focused on butanol production from CO-rich gases in clostridia. In
all few previous reports using C. carboxidivorans, butanol concentrations did generally range
between afew milligrams perliterand hardly 1 g/L, while butanol concentrations up to 2.66 g/L
were reached in the present study together with ethanol concentrations of 5.55 g/L. Bruant et
al. (2010), performing a similar batch experiment as ours in our bottles assays, accumulated a
minor, near negligible, amount of butanol (below 0.05 mmol) of a few milligrams. Phillips et al.
(2015) checked different media in batch experiments and their maximum reported
concentrations forethanol and butanol were 3.25and 1.09 g/ L, respectively. In another study,
Ukponget al.(2012) checked the bioconversion of CO-rich gases by C. carboxidivorans in a gas-
fed bioreactor reaching maximum ethanol and butanol accumulation of 2.8 and 0.52 g/L,
respectively. In all those studies, the amounts of butanol and ethanol obtained with the same
bacterial species were significantly lowerthan the values obtained in the present work. Overall,
comparingthe batch assays and the different bioreactor studies, it clearly appears that relatively
high butanol-ethanol (BE) accumulation can be reached when optimizing the experimental
conditions. Itis worth mentioning that, contrary to the ABE fermentation from carbohydrates in
clostridia, here, no acetone is produced at all in CO or syngas fermentation in such acetogenic
bacteria, which is interesting as butanol is the main desired end-product as a biofuel and
attempts do generally need to be made in order to reduce acetone accumulation in the

conventional ABE fermentation (Han et al. 2011).
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In a nutshell, it can be concluded that (a) a high pH was favorable to CO conversion to fatty
acids; (b) reducing the pH value stimulated the production of alcohols but had a profound
negative effect on biomass production; (c) aceticacid and butyricacid are produced firstand can
then be convertedtothe alcohols (ethanol, butanol), with complete conversion at higher rates
underacidicconditions; (d) contrary to the ABE fermentation, no acetone was formed here from
the conversion of C1 gases; and (e) the experimental conditions in this study allowed to produce
significantly more butanol and ethanol (B-E) thanin any otherstudy reportedinthe literature on

the conversion of CO-rich gases.
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Abstract

BACKGROUND: Syngas and some waste gases are composed mainly of carbon monoxide, carbon
dioxide and hydrogen, which can be used by some acetogenic bacteria to produce ethanol,
butanol or hexanol, and represents an attractive alternative to the conventional ABE (acetone—
butanol—ethanol) fermentation. Experiments were carried out in bioreactors under different
conditions (pH 5.75 and 4.75) with continuous supply of a mixture of CO/CO,/H,/N, converted

by Clostridium carboxidivorans into hexanol, butanol and ethanol (H-B-E fermentation).

RESULTS: Applyingdifferent pH control strategies will affect the syngas fermentation pattern,
among others in terms of bioconversion rates as well as final concentrations of acids and
alcohols. The highest concentrations of alcohols were obtained at pH 5.75, i.e. 2.7 g/L ethanol,
1.9 g/L butanol and 0.85 g/L hexanol, whereas the maximum production rates were observed at
pH 4.75, reaching 0.048 g-ethanol/h*g of-biomass, 0.037 g-butanol/h*g of-biomass, and 0.026
g-hexanol/h*g-of biomass. However, alow pH negatively affects growth and acids production in
the first metabolic step, with lower growth and acids production at pH 4.75 than 5.75. Growth
rates reached 0.0057 h™ and 0.072 h™, respectively, at pH 4.75 and 5.75.

CONCLUSIONS: Maintaining initially a higher pH of 5.75 allows accumulating higher
concentrations of acids than when natural acidification takes place. Such higher concentrations
of acids allow the production of higher amounts of alcohols as end metabolites, showing the

importance of pH on bioconversion and biomass growth.

Keywords: acetogens; butanol; ethanol; hexanol; waste gas; Clostridium carboxidivorans

With minoreditorial changes to fulfil formatting requirements, this chapter is substantially as it
appears in: J Chem Technol Biotechnol Published online: 9 February 2017. DOI
10.1002/jctb.5232.
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5.1 Introduction

Biorefineries are emerging as environmentally-friendly alternatives to conventional refineries for
the commercial production of fuels and platform chemicals. They are based on the use of
renewable feedstocks, such as biomass, or even waste or pollutants, which can be fermented
into added-valueend metabolites. Ethanol and higheralcohols, such as butanol, are examples of
metabolites of commercial interest. (Bio)ethanol is mainly used as afuel. Higher alcohols such as
butanol and hexanol may also be suitable fuels (Diender et al. 2016), but can be used as
platform chemicals as well. Ethanol is an oxygenated, water-free, high octane alcohol that can
replace gasoline orit can be mixed with it at different ratios (Abubackar et al. 2011). Butanol is
more similarto gasoline than ethanol, besides beingless hygroscopic, less corrosive and having
a higher caloric content than ethyl alcohol (Fernandez-Naveira et al. 2017; Groenestijn et al.
2013; Wallneretal. 2009). It can be blended with gasoline at higher concentrations than ethanol
withoutthe need for modifying existing engines (Dlrre 2007; Lee et al. 2008). Hexanol has also
been tested as a fuel, among others in the form of diesel-hexanol blends and also in aviation
fuel, although its high viscosity limits its potential use as jet fuel (Chuck and Donnelly 2014;
Fernandez-Naveira et al. 2017; Vigneswaran and Thirumallini 2015). In terms of bioprocesses,
the best known alternative fortheir production isthe ABE fermentation, allowing production of
butanol, togetherwith othersolvents such as ethanol and acetone, through the bioconversion

of carbohydrates by clostridia or other anaerobic bacteria (Fernandez-Naveira et al. 2017).

Bioalcohols have traditionally been produced in biorefineries through the so-called first
generation processin which fermentable sugars are obtained from food supplies, which results
in food—fuel competition and represents a poorly sustainable alternative (Kennes et al. 2016).
The second generation process avoids that problem as it uses lignocellulosic materials from
agricultural waste or energy crops as feedstock. It is more sustainable but less cost-effective,
among others because of the complex pretreatments required to obtain simple sugars
fermentable into alcohols (Balat and Balat 2009). On the other hand, the fermentation of C1
gases has recently been shown to be a promising alternative as it can also generate higher
alcohols such as butanol and, to a lower extent, hexanol (Fernandez-Naveira et al. 2017). C1
gases, mainly CO and CO,, can be obtained from the gasification of wastes, coal, biomass and
other feedstocks (Abubackar et al. 2016; Heidenreich and Foscolo 2015; Kennes et al. 2016;
Vassilev et al. 2015).

Syngas is a complex mixture of gases, composed mainly of CO, CO,, and H, (Hernandez et al.

2013), which can be fermented by clostridia and other acetogens, mostly into acids and/or
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alcohols. Interestingly, those same gaseous substrates are found in some waste gases, among
othersingaseous effluents from steelindustries. In such case, their bioconversion would allow
the simultaneous removal of air pollutants as well as a greenhouse gas such as carbon dioxide,
combined with their conversion into valuable products. This is a promising technology able to
compete with second generation carbohydrates fermentation (Kennes et al. 2016), although it
still faces some challenges such as the low solubility of CO and H, mainly (Fernandez-Naveira et
al. 2017), or the presence of other minor compoundsin the case of syngas, that could be toxicto

the producing strains (Ahmed et al. 2006; Haryanto et al. 2009).

In the present study, the anaerobicbioconversion of syngas or waste gasinto ethanol and higher
alcohols (butanol, hexanol) was carried out by the acetogenic bacterium Clostridium
carboxidivorans in a continuous gas-fed bioreactor containing a defined aqueous culture broth
and continuously supplied a mixture of CO, CO,, H,, N,. The objective of this research was to
develop and optimize the operating conditions in order to reach an efficient production of
alcohols. The production of metabolites was compared under two different bioreactor operating
conditions, either with pH regulation or without pH regulation. In an attempt to increase the
production of acids and the subsequent accumulation of alcohols, pH conditions were adjusted
throughoutthe fermentation runsin orderto optimize the production of acids and alcohols and

increase their concentrations and the overall efficiency of the bioconversion process.

5.2 Material and methods

5.2.1 Microorganism and culture media

Clostridium carboxidivorans P7 DSM 15243 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and was maintained
anaerobically on modified basal medium at pH 5.75 and with a mixture of the following gases as
volatile substrates: CO:CO,:H,:N, (20:20:10:50) (Liou et al. 2005; Tanner 2007). The basal
medium had the following composition (per liter distilled water): 1 g yeast extract; 25 mL
mineral solution; 10mL trace metal solution; 10 mL of vitamins stock solution; 1ImL resazurin;

0.60 g cysteine-HCl.

The mineral stock solution was composed of (perliterdistilled water): 80g sodium chloride, 100
g ammonium chloride, 10 g potassium chloride, 10 g potassium monophosphate, 20 g

magnesium sulfate, and 4 g calcium chloride.
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The trace metal solution was obtained from a stock solution, whose composition is as follows
(perLdistilled water): 2 g nitrilotriaceticacid, 1 g manganese sulfate, 0.80 g ferrous ammonium
sulfate, 0.20 g cobalt chloride, 0.20 g zinc sulfate, and 20 mg each of cupric chloride, nickel

chloride, sodium molybdate, sodium selenate, and sodium tungstate.

The vitamin stock solution was composed of (per L distilled water): 10mg pyridoxine, 5mg each
of thiamine, riboflavin, calcium pantothenate, thioctic acid, paraamino benzoic acid, nicotinic

acid, and vitamin B12, and 2mg each of D-biotin, folicacid, and 2-mercaptoethanesulfonic acid.
5.2.2 Continuous gas-fed bioreactor experiments

Two bioreactor experiments were carried out in 2 L BIOFLO 110 bioreactors (New Brunswick
Scientific, Edison, NJ, USA). The two experiments were carried out with 1.2 L of the same
medium composition and the mixture of gases, described above, as gaseous substrate. The
syngas mixture was continuously fed at a flow rate of 10 mL/min using a mass flow controller
(Aalborg GFC 17, Miillheim, Germany) and the gas was sparged by a microsparger. The medium
inside the bioreactor was autoclaved, and afterwards it was flushed with N, to ensure anaerobic
conditions, while the bioreactor medium was cooled by means of a water jacket. When the
temperature reached 40° C the vitamins solution and cysteine-HCl were added. The
temperature of the medium was maintained at 33° C throughout the experimental process with
a constant agitation speed of 250 rpm. Inside the bioreactor, four baffles avoided vortex

formation and allowed improved liquid mixing.

When the conditions were completely anaerobic, N, flushing was stopped and constant syngas
feedingwas started. Then, 10 % seed culture inthe early exponential growth phase (which was
previously grown for72 h with CO as sole carbon source) was inoculated in the bioreactor. The
redox potential and the pH value were continuously monitored. The pH was automatically
maintained constant through the addition of either 2 mol/LNaOH or 2mol/L HCl solutions, by

means of a peristaltic pump.

In the first experiment, there was no pH regulation, except during the first day of operation,
when the pH was maintained at 5.75, allowing for good biomass growth. Later on, as a result of
the production of acids the pH dropped naturally to a value of 4.75, which was then maintained
constantin orderto avoid any possible inhibitory effect. Afterwards, when the consumption of
organic acids stabilized, the pH was slowly and gradually increased to 5.75 with the aim of
startinga new production cycle. The new cycle did not start, contrary to what was expected, and

part of the medium was then replaced with the same volume of fresh medium. Conditions of
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second experiment, the pH was maintained constant at 5.75 throughout the study.
5.2.3 Growth measurement

A 1 mLliquid sample was withdrawn daily from the bioreactors, and was used to measure the
optical density (OD ;=600nm) on a UV-visible spectrophotometer (Hitachi, Model U-200, Pacis
and Giralt, Madrid, Spain) in order to estimate the biomass concentration (mg/L) using a

previously generated calibration curve.
5.2.4 Gas-phase CO and CO, concentrations

Gas samples of ImL were taken fromthe outlet sampling ports of the bioreactors to monitor the
CO and CO, concentrations. Gas-phase CO concentrations were measured using an HP 6890 gas
chromatograph (GC, Agilent Technologies, Madrid, Spain) equipped with a thermal conductivity
detector(TCD). The GC was fitted with a 15m HP-PLOT MolecularSieve 5A column (1D, 0.53 mm;
filmthickness, 50 u m). The oventemperature was initially kept constant at 50° C, for 5 min, and
then raised at 20° C min~* for 2 min, to reach a final temperature of 90° C. The temperature of
theinjection portand the detector were maintained constantat 150° C. Helium was used as the
carrier gas. Similarly, CO, was analyzed on an HP 5890 gas chromatograph, equipped with a TCD.
The injection, oven, and detection temperatures were maintained at 90, 25, and 100° C,

respectively.
5.2.5 Fermentation products

Bioconversion products weredetected with an HPLC (HP1100, Agilent Co., USA) equipped with a
5 um x 4mm x 250mm Hypersil ODS column and a UV detector at a wavelength of 284 nm. The
mobile phase was a 0.1 % ortho-phosphoric acid solution fed at a flow rate of 0.5mL/min. The
column temperature was set at 30° C. ImL liquid samples were centrifuged (7000x g, 3min)
using a centrifuge (ELMI Skyline Itd CM 70 M07) before analyzing the concentration of water-
soluble products (aceticacid, butyricacid, hexanoicacid, ethanol, butanol and hexanol) by HPLC,

at least once every 24 h.
5.2.6 Redox potential

The redox potential was constantly monitored in each bioreactor using an Ag/AgCl reference
electrode connected to a transmitter (M300, Mettler Toledo, Inc., Bedford, MA, USA) and

maintained inside the bioreactor.
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5.3 Results and discussion

5.3.1 Continuous gas-fed bioreactor with natural acidification

Biomass growth and production of metabolites

In order to allow for a fast start-up and initial biomass growth, in this experiment the pH was
maintained constant at a value of 5.75 during the first day. Afterwards, it was allowed to
fluctuate freely. Clostridium carboxidivorans started growing immediately after inoculation,
without any lag phase. The maximum biomass concentration was found after 236 h, reaching a
value of 0.42 g/L (Figure 5.1). However, as can be observed in Figure 5.1, there was a clear
difference between biomass growth at pH 4.75 compared with its growth during the first few
hours at pH 5.75. At the highest pH, a biomass concentration of 0.18 g/L was already reached in
only 27 h, while growth was much slower atthe lower pH. The growth rates were calculated and

compared under both conditions. At pH5.75 (first 27 h), the bacterial growth rate was 0.072h™,

while itsvalue dropped by more than a factor of ten, to 0.0057 h™, in the next stage at pH 4.75.
This agrees with data reported on the optimal pH range for Clostridium carboxidivorans grown
on syngas (Abubackar et al. 2012; Fernandez-Naveira et al. 2017; Liou et al. 2005). The growth
rate found here at pH 5.75 s also close to the maximum value reported recently for that same
strain grown under optimal conditions in batch assays on carbon monoxide (1 max =0.086 h™)
(Fernandez-Naveiraetal.2016a). A pH value of 4.75 isvery close to growth inhibitory conditions
(unpublished data), which explains the observed low biomass build-up in this case. Growth is
concomitant with acidogenesis in clostridia metabolizing C1 gases. Therefore, production of
acids started soon after seeding the bioreactor. Acetic acid appeared immediately after
inoculation, followed by butyric acid production a few hours later; whereas hexanoic acid was
detected for the first time after 68 h. All three acids reached their maximum concentrations
rather simultaneously, after 92 h, with the accumulation of 3.45 g/L acetic acid, 0.72 g/L butyric
acid, and 0.18 g/L hexanoic acid Figure 5.2. As a result of the fast production of organic acids, a
pH value of 4.75 was reached only 48 h after reactor start-up, and only a few hours after
allowing the pH to drop freely. Although sustained production of acids would resultin further
acidification, the pHwas then maintained constant, as ourown experience suggested that a low
pH (<4.75) mightinhibitthe bacteria. Some authors concluded that forsome bacteria, a pH of at
least 4.7-4.8 is necessary to maximize alcohol production and avoid inhibition of bacterial

growth (Ganigué et al. 2016).
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Figure 5.1 Continuous gas-fed bioreactor experiment with natural acidification: measured

growth expressed in g/L over time (blue diamonds) and pH values ( red plus).
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Figure 5.2 Continuous gas-fed bioreactor experiment with natural acidification: production of
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mg/L over time, and pH values (red plus)
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Medium acidification is generally considered to stimulate solventogenesis and the conversion of
organic acids into alcohols (Ferndndez-Naveira et al. 2017; Grethlein et al. 1991; Jones and
Woods 1986; Kennes etal.2016; Lee et al. 2008; Millatetal. 2011; Phillips etal. 2015). After 100
h, at pH 4.75, both acetic and butyric acid concentrations started gradually decreasing.
However, ethanol and butanol appeared after 44 h, when the concentration of acids was still
increasing exponentially, suggesting that, at that time, the alcohols could already be produced
fromthe gaseous substrates rather than from the acids and/or that both acid production (from
the gaseous substrates) and conversion (to alcohols) was taking place. There was no clear drop
in the concentration of hexanoic acid; but significant hexanol production started after 120 h.
According to the Wood—Ljungdahl pathway summarized in Figure 5.3 and based on the results
shown in Figure 5.1, higher alcohols such as hexanol could potentially be produced from gas
fermentation and the bioconversion of acetyl-CoA to hexanoyl-CoA and, subsequently, to the
correspondingalcohol. Maximum accumulation of alcohols was observed after 212 h, with 2.25
g/L ethanol, 1.43 g/L butanol and 0.72 g/L hexanol (Figure 5.2). Again, this suggests that some
hexanol could presumably directly be produced from the gaseous substrates through acetyl-
CoA, besides the potential conversion of the corresponding acid to the alcohol. The results can
be compared with a previous study (Fernandez-Naveira et al. 2016b) in which the pH was
initially maintained constant (pH 5.75) for a longer period than in this assay (with natural
acidification here) and was only decreased later on, artificially, to pH 4.75. In the present case,
with natural acidification, pH drops sooner; this results in somewhat lower maximum
concentrations of acids (due to the low pH). Conversely, the production of alcohols starts earlier

and higher maximum, final, concentrations of alcohols are obtained.
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Figure 5.3 Wood—Ljungdahl pathway in H-B-E fermentation

After 260 h, once alcohol production had stabilised, the pH was increased gradually and slowly
to 5.75 over a period of 25 h. The goal was to check if increasing the pH would again stimulate
the production of acids and help restart a cycle of acids production followed by their
consumption and conversion to alcohols, as was recently shown to be feasible in another strain,
C. autoethanogenum, grown on carbon monoxide and producing ethanol (Abubackar et al.
2016a; Abubackar et al. 2016b). However, 4 days later all concentrations remained basically
unchanged Figure 5.2, suggesting some possible inhibitory effect impeding initiation of a new
cycle. The accumulation of alcohols atrelatively high concentrations has been reported to have
toxic effects on clostridia grown on carbon monoxide (Fernandez-Naveira et al. 2016a).
However, at total alcohol concentrations not exceeding about 4 g/L, as in this experiment,
inhibition by end metabolites should be minimal. It is unclear if the presence or absence of any
specificcompound could have hindered the start of a new cycle. In orderto clarify this, after 407
h, part of the fermentation broth was replaced. Immediately after removing part of the old
medium and introducing fresh culture broth, the bioconversion process started again and
organicacids were produced. The biomass concentration decreased somewhat, down to a value
of 0.36 g/L, because of the dilution effect due to medium replacement (Figure 5.1). The amount
of acids and alcohols present in the medium decreased too, again as a result of the dilution
effect, and their concentrations after partial medium renewal were 0.37 g/L acetic acid, 0.16 g/L
butyric acid, 0.09 g/L hexanoic acid, 1.04 g/L ethanol, 0.82 g/L butanol and 0.34 g/L hexanol
(Figure 5.2).
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The pH of the medium was not artificially maintained constant after partial medium
replacement, so that acidification and natural pH shift could take place anew. After 499 h, the
biomass concentration increased again and reached a value of 0.40 g/L, which is near to the
maximum value of the previous cycle (Figure 5.1). Although acids started accumulating
immediately after medium replacement, their production was not high enough to allow the pH
to drop down to 4.75 again. Therefore, a minimum pH value of 5.00 was reached after 647 h,
but none of the acids nor the alcohols were consumed anymore. At the end of that new cycle,
the maximum concentrations of acids were 2.20 g/L acetic acid, 0.61 g/L butyric acid and 0.32
g/L hexanoicacid. They remained roughly constant until the end of the experiment (Figure 5.2).
After499 h, whenthe pH started dropping, alcohols accumulated at a higher rate, whereas the
production of acids leveled off. The following concentrations of alcohols were then detected at

the end of the experiment: 2.03 g/L ethanol, 1.20 g/L butanol and 0.57 g/L hexanol.

The total net amount of alcohols generated during the process was calculated, reaching 3.88 g
ethanol (2.70 g inthe firstcycle and 1.18 ginthe second cycle), 2.18 g butanol (1.72 g in the first
cycle and 0.46 g in the second cycle) and 1.14 g hexanol (0.86g inthe firstcycle and 0.28 ginthe
second cycle) in the 1.2 L bioreactor. The experimental production rates of alcohols were
calculated as well (pH 4.75). In the case of ethanol, the production rate was 0.048 g/h*g of
biomass between 27 h and 168 h. The butanol production rate was 0.037 g/h*g of biomass
between 72h and 168 h; and the hexanol production rate was 0.026 g/h*g of biomass between

168 h and 212 h.

The redox potential was monitored throughout the experimental process. Inthe first part of the
experiment, after inoculation, when the pH was around 5.75, the redox potential was —100%5
mV, whereas when the bacteria started to produce acids, at a pH around 4.75, the redox
potential changed to —68=+2 mV. After partial medium replacement (pH 5.75 again) the redox
potential was —85+4 mV. Finally, at the end of the experiment (pH 5.00) the redox potential
reached —40+=20 mV.

Consumption of gaseous C1-substrates

Consumption of the gaseous Cl-substratesis hardly everreportedin studies on syngas or waste
gas bioconversion to alcohols, while this is an important aspect, among others in the case of
waste gas treatment as emission to the atmosphere of pollutants such as CO,, a potent
greenhouse gas, should be avoided. Similarly CO has clearindirect effects on climate change. CO

consumption was monitored throughout the experiment (Figure 5.4).The maximum CO
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bioconversion was reached 44 h afterinoculation, with a value of 69 %, and in the second stage
(i.e. after partial medium renewal) the maximum consumption was 56.5 % after 455 h. During
the rest of the experiment CO conversion remained around 30—40 %. It isinteresting to observe
that, after partial renewal of the fermentation broth, a jump in the levels of CO consumption
was detected with sudden improvement of CO assimilation. This could be due to a possible
presence of some inhibitory compound or to limitation of a specific essential nutrient in the
fermented medium before introducing fresh medium. However, it is also worth noting that the
period after partial medium replacement corresponds to an acidogenic stage with production of
acids mainly, and that the experimental data suggest that acidogenesis would be related to

higher consumption of the gaseous carbon substrates.
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Figure 5.4 Continuous gas-fed bioreactor experiment with natural acidification: percentage of

CO consumption over time (blue diamonds), and pH values (red plus).

On the other hand, CO, was monitored too (Figure 5.5). Its fate is somewhat more difficult to
elucidate, as carbon dioxide is not only a substrate but also a metabolite. It can be both
consumed and produced, even simultaneously. However, reasonable explanations of the
observed trends can be hypothesized. During the first few hours after bioreactor start-up, as
well as just after partial medium replacement, higher CO, concentrations were detected at the
outlet than at the inlet of the system, with net carbon dioxide production and 18-21 % higher
concentrations detected at the outlet port compared with the inlet one (Figure 5.5). During the

rest of the experiment net CO, removal was observed. A short peak of maximum CO, production
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appeared at t=50 h; it then started to drop to reach a minimum outlet carbon dioxide
concentration after 160 h of bioreactor operation. The maximum consumption reached 40 % of
the amount of CO, presentinthe feed. Duringthe remaining experimental period, until partial
medium renewal, the average carbon dioxide bioconversion remained, on average, close to 15 %

of CO, consumption refered to the inlet concentration (negative values on Figure 5.5).
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Figure 5.5 Continuous gas-fed bioreactor experiment with natural acidification: percentage of

CO2 production over time (blue diamonds), and pH values (red plus ).

Maximum CO bioconversion and maximum CO, removal (minimum CO, concentrations at the
outlet of the fermentor) were detected simultaneously. The peaks of net carbon dioxide
production observed occasionally, just after start-up (t=50 h) and after medium replacement
(t=450 h) correspond tothe exponential accumulation of organicacids (mainly acetic, as well as
some butyric, acids). Itis thus also simultaneous with biomass growth. This sounds logical, as the
production of acids from substrates such as carbon monoxide, presentin syngas or waste gases,
leads to the simultaneous accumulation of carbon dioxide as suggested from the Wood—
Ljungdahl pathway and as shown in Eq. 5.1 for acetic acid and Eq. 5.2 for butyric acid

(Ferndndez-Naveira et al. 2017):
4CO + 2H,0 > CH;COOH +2CO, Eq. 5.1

10CO + 4H,0 = CH5(CH,)2COOH + 6CO, EqQ. 5.2
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Once the production of acids stops, no more carbon dioxide is generated, resulting in net
consumption of that gaseous C1 substrate to produce ethanol, butanol oreventually hexanol as

shown in Eq. 5.3, Eq. 5.4 and Eq. 5.5 (Fernandez-Naveira et al. 2017):

6H, +2CO, > C,HsOH +3 H,0

Eq. 5.3
12 Hz + 4 C02 9 C4H90H + 7 Hzo Eq 54
18H, + 6CO, - C¢H;30H +11H,0 Eqg. 5.5

Moreover, typical reactions of bioconversion of organic acids to alcohols do not produce any
carbon dioxide either, as can be seen in Eq. 5.6, Eq. 5.7 and Eq. 5.8, for ethanol, butanol and

hexanol, respectively(Fernandez-Naveira et al. 2017):

CH;COOH +2H, - C,HsOH + H,0

Eq. 5.6
CH; (CH,), COOH + 2H, - C,HsOH + H,0 Eq.5.7
CHs (CH,), COOH + 2H, > C¢H1;0H + H,0 Eq. 5.8

5.3.2 Continuous gas-fed bioreactor at constant pH

Biomass growth and production of metabolites

This experiment was started in a similar way to the previous one, except that a high pH value
was maintained constant throughout the study in order to check how this would affect the
production of acids and if their concentration might reach highervalues, without any inhibition,
eventually resultinginincreased accumulation of alcohols. Again, the bacteria started growing
immediately afterinoculation, without any lag phase. The maximum biomass concentration was
observed 91 h after inoculation (Figure 5.6). Growth data appearing in Figure 5.6 confirm the
trend already observedinthe previous experimentin Figure 5.1, with high growth rates (0.056
h™) and fast biomass production at high pH (5.75) (Figure 5.1 and Figure 5.6) compared with
slowerkinetics at pH 4.75 (Figure 5.1). In the previous experiment, acidification and omission of
pH regulation resulted in slow growth with maximum biomass concentration reached after 236
h, whereas the constant higher pHof 5.75 in this new experiment allowed the bacteria to grow

faster, reaching a maximum bacterial concentration after 91 h.
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Figure 5.6 Continuous gas-fed bioreactor experiment at constant pH: measured growth

expressed in g/Lover time.

The first acid produced in this experiment, under pH regulated conditions, was acetic acid
followed by butyric acid and finally hexanoic acid, similarly to the previous experiment with
natural acidification. The highest concentrations of acetic and butyric acids were found, in both
cases, after 116 h, although acetic acid started being produced earlier than butyric acid. Those
maximum values were 6.20 g/L for acetic acid and 1.40 g/L for butyric acid, whereas the
maximum hexanoic acid concentration was 0.40 g/Land was reached later, after 258 h (Figure
5.7). Hexanoic acid production started only on the fourth day, after 100 h. Maintaining a
constant high pH value of 5.75in this experiment allowed higher total concentrations of acids
than in the experiment with the pH naturally dropping down to a value of 4.75. This was also
observed in another experiment in which CO was used as substrate rather than syngas
(Fernandez-Naveira et al. 2016b). The maximum amount of organic acids accumulating in the
case of natural acidification was about half the amount obtained at a constant pH of 5.75 as it
correspondedto 3.45 g/Laceticacid, 0.72 g/L butyric acid and 0.18 g/L hexanoic acid Figure 5.2)
at low pH (4.75) compared with 6.20 g/L acetic acid, 1.40 g/L butyric acid and 0.40 g/L hexanoic
acid at this higher pH (5.75).
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Figure 5.7 Continuous gas-fed bioreactor experiment at constant pH: production of metabolites:
aceticacid (blue diamonds), butyric acid (red squares), hexanoic acid (orange circles), ethanol

(greentriangles), butanol (purplecrossmarks), hexanol (pink star) expressed in mg/L over time.

In the previous experiment, the production of alcohols took place as soon as acidification
started, almost immediately after inoculation. This means that, at such low pH, there is
coexistence of acidogenesis and solventogenesis in C. carboxidivorans and it indicates that,
under such experimental conditions, both bioconversion processes can take place
simultaneously. Conversely, in this new experiment at higher pH, the exponential production of
ethanol appeared later, several hours after inoculation (around t=96 h), while butanol and
hexanol production started after 116 and 163 h, respectively. The maximum alcohol
concentrationsin this assay at constant pH were 2.70 g/L ethanol, 1.90 g/L butanol and 0.85 g/L
hexanol, which were reached after 310 h (Figure 5.7). Itis agreed that the gas (i.e. substrate)
composition may have an effect onthe bioconversion pattern. In the present study with syngas
(CO, CO,, H,;) a somewhat lower conversion of acids to alcohols was observed compared with
results for pure CO as substrate reported recently (Fernandez-Naveira et al. 2016b). In both
experiments described inthe present paper, the pHremained constant during the solventogenic
phase. Indeed, a low pH value of 4.75 was quickly reached in the first experiment, through
natural acidification, and it was then maintained constant during solvent production in order to
avoid any inhibitory effect. Similarly, in this new experiment the pH remained constant during

solventogenesis but at a higher value of 5.75. In the latter experiment (pH 5.75), as already
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indicated above, the maximum concentrations of ethanol, butanol and hexanol were 2.7 g/L, 1.9
g/Land 0.85 g/L, respectively (Figure 5.7), which were higher values than in the experiment at
pH 4.75, where the maximum concentrations of ethanol, butanol and hexanol were 2.25g/L,
1.43 g/, and 0.72 g/L, respectively (Figure 5.2). The higher concentrations of solvents at higher
pH can thus be assumed to be related to the higher production of acids at constant high pH.
When the production rates of each alcohol are analyzed, different patterns are observed in the
two experiments, as summarizedin Table 5-1. In all cases, the production rates of alcohols were
higher in the first experiment than in the second one. This can be attributed to the fact that a
lower pH simulates a more effective solventogenic phase and, consequently, the production
rates of alcohols are higher (Lee etal.2008; Millatetal. 2011). A similar pattern was observed in
a previous study in which pure CO was fermented, rather than syngas, by the same microbial
strain and at two different pH values (Fernandez-Naveira et al. 2016b). In that experiment

ethanol and butanol production rates were higher at pH 4.75 than at pH 5.75.

Table 5-1 Comparison of the different production rates of alcoholsin the experiment at high pH
(5.75) and the experiment with natural medium acidification (4.75). The rates are expressed in

g/h*g-biomass.

Ethanol production Butanol production Hexanol production
rate rate rate
Experiment 1 (pH 4.75) 0.048 0.037 0.026
Experiment 2 (pH 5.75) 0.044 0.035 0.014

In the present experiment, at constant high pH, the following total net productions of alcohols
were found: ethanol, 3.24 g; butanol, 2.28 g; and hexanol, 1.02 g; in a 1.2 L bioreactor. The
production rates, at pH 5.75, were calculated for each alcohol. The ethanol production rate
reached 0.044 g/h*g of biomass between 116 h and 284 h; the butanol production rate reached
0.035 g/h*g of biomass overthat same period; and the hexanol production rate was 0.014 g/h*g
of biomass between 163 h and 330 h. Besides, the total net production of butanol and ethanol
can also be compared between the CO fermentation study reported previously (Fernandez-
Naveira et al. 2016b) and this syngas fermentation at pH 4.75, corresponding to the first
experiment described in the previous section. In the CO fermentation process, the total net
production of ethanol and butanol was 4.21 g and 2.29 g, respectively (Fernandez-Naveira et al.

2016b), whereas 3.88 g ethanol and 2.18 g butanol were obtained at the end of this syngas
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fermentation process. Thus both values are quite similar. It is worth mentioning that in our
previous recent study on CO fermentation (Fernandez-Naveira et al. 2016b), the presence of
hexanol was not reported, as it had not been measured at that time, although subsequent
analysis revealed that hexanol was actually also produced, in similar amounts to that in syngas
fermentation. The redox potential was also measured throughout the study. When the pH was

maintained at 5.75 the redox potential remained stable at —85+3mV.

Consumption of gaseous C1-substrates

Concerning CO consumptioninthis second experiment, at constant pH, the results can be seen
in Figure 5.8. When the pH was maintained at 5.75, such higher pH seemed to favour higher
levels of CO assimilation. The highest percentage CO consumption was observed during the first
stages of the experiment reaching avalue of 76 % after91 h, whichis higher than the maximum
value foundinthe previous experiment with acidification of the culture medium. During the rest
of the process, mainly during the solventogenic stage, CO consumption gradually decayed,
reachinga minimum value of 38 % at the end of the experiment. On average, CO consumption
levels were also somewhat higherin this experiment at constant high pH (5.75) compared with

the previous experiment with culture medium acidification down to pH 4.75.
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Figure 5.8 Continuous gas-fed bioreactor experiment at constant pH: percentage of CO

consumption over time.

115



EFFECT OF THE pH CONTROL ON ANAEROBIC H-B-E FERMENTATION OF SYNGAS IN
BIOREACTORS

A similarbehaviouris observedinthis experimenttothatin the previousone, leading to similar
explanations and confirming the conclusions hypothesized in the first fermentation run. High
carbon monoxide consumption levels are observed initially, after start-up. This leads to fast
biomass growth as well as exponential production of organic acids, mainly acetic acid. As
explained earlier and as shown in Eqg. 5.1 and Eq. 5.2, the accumulation of acids leads to the
simultaneous net production of carbon dioxide, reachingits highest peak during the early stages

of the fermentation process (Figure 5.9).

Thisis alsorelated to the Wood—Ljungdahl (WL) pathway in which CO can be convertedinto CO..
Both C1 gasescan lateronalso be metabolized through the WL pathway to generate acetyl-CoA
which is an intermediate metabolite in the subsequent bioconversion to organic acids and/or
alcohols (Figure 5.3). After 100 h, the concentration of carbon dioxide decays and, at the same
time, organic acids are metabolized and converted to alcohols (Eqg. 5.6 to Eq. 5.8), with carbon
dioxide consumption. Once the fermentation of organic acids stops, net CO, consumption is

observed (Figure 5.9).
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Figure 5.9 Continuous gas-fed bioreactor experiment at constant pH: percentage of CO,

production over time.
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5.4 Conclusions

It can be concluded that: (a) a high pH (5.75) valuewas more favourable to syngas/waste gas
bioconversion to organic acids than a low pH (4.75), thus reaching a higher transient
accumulation of such acids; (b) faster production rates of alcohols were observed at lower pH
(favourable to solventogenesis), while a higher total amount of alcohols accumulated at higher
pH as a result of the presence of higher transient concentrations of organic acids; (c) organic
acids and alcohols are produced in the following order in all cases: C2>C4>C6; (d) although it
stimulates solventogenesis, alower pHhas a negative effect on bacterial growth, reaching near
inhibition below pH4.75; and (e) H-B—E fermentation allows net removal of volatile pollutants

having a greenhouse effect, such as CO:or CO, while producing ethanol and higher alcohols.
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Abstract Some clostridia produce alcohols (ethanol, butanol, hexanol) from gases (CO, CO,, H,)
and othersfrom carbohydrates (e.g., glucose). C. carboxidivorans can metabolize both gases as
well as glucose. However, its bioconversion profile on glucose had not been reported. It was
observedthat C. carboxidivorans does not follow a typical solventogenic stage when grown on
glucose. Indeed, at pH 6.20, it produced first a broad range of acids (acetic, butyric, hexanoic,
formic, and lactic acids), several of which are generally not found, under similar conditions,
during gas fermentation. Medium acidification did not allow the conversion of fatty acids into
solvents. Production of some alcohols from glucose was observed in C. carboxidivorans but at
high pH rather than under acidic conditions, and the total concentration of those solvents was
low. At high pH, formic acid was produced first and later converted to acetic acid, but organic

acids were not metabolized at low pH.

Keywords Acidogenesis, Butanol, Ethanol, Hexanol, Clostridium carboxidivorans

With minoreditorial changes to fulfil formatting requirements, this chapter is substantially as it
appears in: Bioresource Technology. Published online:.2 August 2017. DOI:
10.1016/j.biortech.2017.07.174.
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6.1 Introduction

Many fuels and platform chemicals are, nowadays, still largely being obtained from crude oil as
starting material in conventional refineries. Because of the instability of oil prices, the
environmental impactand the increasing scarcity of crude oil, scientists and industries are being
forced to look for new alternative feedstocks to produce metabolites of interest in a more
sustainable way in biorefineries (Abdehagh et al. 2014; Gowen and Fong 2011; Liu et al. 2016).
Some examples of such metabolites are acetone, methanol, ethanol, butanol and hexanol, to
cite just few. The latter compounds can be produced from renewable materials such as
lignocellulosic biomass, but also from municipal or agricultural wastes. They can be used to
obtain either simple fermentable sugars or, otherwise, syngas, which can be fermented by

clostridia into biofuels and other bioproducts.

Lignocellulosic materials are composed of cellulose (35-50 %), hemicellulose (20-35 %), and
lignin (15-20 %) (Anwaretal. 2014). Cellulose is mainly aglucose polymer, while hemicellulose
is largely composed of hexoses and pentoses, e.g. glucose, xylose, arabinose, mannose,
galactose (Karimi et al. 2006; Saha 2003). Lignin does unfortunately not yield any sugars.
Pretreatments are necessary in order to extract carbohydrates from the cellulose and
hemicellulose polymers; those carbohydrates can then be fermented by different
microorganisms (Hendriks and Zeeman 2009). The most studied organism is Clostridium
acetobutylicum. There are two major different types of pretreatments of lignocellulosic
materials, enzymatic hydrolysis and chemical hydrolysis. The first one is largely used due to the
low production of by products which could inhibit the fermentation process compared to
chemical hydrolysis (Jonsson et al. 2013; Qureshi and Manderson 1995; Rabinovich et al. 2002).
Several studies have focussed on ABE fermentation, which is the bioconversion of carbohydrates
by clostridia in order to obtain a mixture of acetone, butanol and ethanol (Jones and Woods

1986). All three metabolites are not necessarily found, depending on the strain.

On the other side, the above mentioned feedstocks can be gasified. This will yield a volatile
product called synthetic gas or syngas (Kennes et al. 2016). In case of lignocellulosic materials,
all the polymeric structure, i.e. cellulose, hemicellulose, but also lignin, can be gasified and
converted to syngas, resultingin abetter, full, use of the starting material. This gas mixture can
then also be fermented by clostridia. In case of species such as C. autoethanogenum or C.
lijungdahlii, the main products which are formed are acetic acid first and then ethanol
(Abubackar et al. 2011; van Groenestijn et al. 2013). In other species, such as Clostridium

carboxidivorans, a mixture of organic acids appears initially (acetic, butyric, hexanoic acids),
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followed by the accumulation of the corresponding C2, C4, and C6 alcohols (ethanol, butanol,
hexanol), inthe novel HBE fermentation process (Fernandez-Naveira et al. 2017a,b). It is a two-
steps process characterized by exponential bacterial growth firstand the production of different
organicacids as major products. When the conditions become favourable, then the second step
takes place, in which the acids are converted into ethanol and higher alcohols by the same
bacteria (Fernandez-Naveiraetal., 2017b; Phillips et al., 2015). Alternatively, the accumulation
of fatty acids rather than solvents could be stimulated, with further bioconversion of such acids
into other products by different microorganisms in a two-stage process (Lagoa-Costa et al.

2017).

Since C. carboxidivorans is able to ferment gases and produce acids and then alcohols (HBE
fermentation); in the present study, the main goal was to check if that species would also be
able to use sugars, such as glucose, as carbon source while following a similar bioconversion
profile asin the ABE fermentation, or otherwise what would be its metabolic profile with sugars

compared to the HBE and the ABE fermentation processes in clostridia.

The experiments were carried out in three bioreactors in order to elucidate the metabolic
profile of glucose fermentation by C. carboxidivorans. Besides, another major objective of this
research was to study the effect of different pH and operating conditions in order to try to
improve the production of alcohols or solvents. Three bioreactors were run with different
operational conditions, the first one with constant pH, the second one without pH regulation
and the last one with a change of pH at the end of the acidogenic stage; the idea being to find
how the operational conditions affect sugar fermentation in C. carboxidivorans and to check to

what extent the production of solvents from carbohydratesis possible and if it can be optimized.

6.2 Material and methods
6.2.1 Microorganism and culture media

C. carboxidivorans DSM 15243 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and was maintained
anaerobically on modified basal medium (Liou et al., 2005; Tanner, 2007) at pH 5.75 with
glucose asthe sole carbon source. The basal medium was composed of (perliter distilled water):
30 g glucose; 1 g yeast extract; 25 mL mineral solution; 10 mL trace metal solution; 10 mL of

vitamins stock solution; 1 mL resazurin; 0.60 g cysteine-HCI.
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The composition of the mineral stock solution was (per liter) 80 g sodium chloride, 100 g
ammonium chloride, 10g potassium chloride, 10 g potassium monophosphate, 20 g magnesium

sulphate, and 4 g calcium chloride.

The composition of vitamin stock solution was (per liter) 10 mg pyridoxine, 5 mg each of
thiamine, riboflavin, calcium pantothenate, thiocticacid, paraamino benzoicacid, nicotinic acid,

and vitamin B12, and 2 mg each of d-biotin, folic acid, and 2-mercaptoethanesulphonic acid.

The composition of trace metal stock solution was (per liter) 2 g nitrilotriacetic acid, 1 g
manganese sulphate, 0.80 g ferrous ammonium sulphate, 0.20 g cobalt chloride, 0.20 g zinc
sulphate, and 20 mg each of cupric chloride, nickel chloride, sodium molybdate, sodium

selenate, and sodium tungstate.

6.2.2 Continuous bioreactor experiments

Three bioreactor experiments were carried outin 2 L BIOFLO 110 bioreactors (New Brunswick
Scientific, Edison, NJ, USA). The final working volume in the three experiments was 1.2 L; using

in all cases the same medium composition and glucose concentrations.

The medium with all the compounds, except glucose, vitamins and cysteine-HCI, was introduced
inthe bioreactorand autoclaved at 120° C for 20 min. Once autoclavingfinalized, the bioreactor
was kept under an extraction hood where it was flushed with N, in order to ensure anaerobic
conditions. The vitamins solution, glucose stock solution and cysteine-HClwere added when the
bioreactor reached a temperature below 40° C. Once the bioreactor medium was completely
anaerobic, N, flushing was stopped. Then, 10 % seed culture, in the early exponential growth
phase (through previously growing the strain for 72 h with glucose) was inoculated in the
bioreactor. The experimental conditions of the three bioreactors were the same, with the
temperature of the medium maintained at 33° C and a constant agitation speed of 250 rpm.
Inside the bioreactor, four baffles avoided vortexformation and allowed thus to improve liquid
mixing. The pH was automatically maintained constant through the addition of either 2 M NaOH

or 2 M HCl solutions, by means of a peristaltic pump.

In the first experiment, the pH was maintained constant at 6.20 throughout the study. In the
second experiment, the pHwas maintained constantat 6.20 duringthe first 52 h, but afte rwards
automatic pH regulation was stopped. That way natural acidification took place, as a result of
the production of acids, reaching a pH value of 5.20, which was then maintained constant. In the

third experiment, the pH was maintained constant at 6.20 during the first hours, and when the
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maximum concentration of acids was reached, the pH regulation was changed to 5.20 adding

HCIl 2 M in a gradual way.
6.2.3 Growth measurement

The optical density (OD;=600nm) was measured daily on a UV-visible spectrophotometer
(Hitachi, Model U-200, Pacisa & Giralt, Madrid, Spain) removing 1 mLliquid samples from the
bioreactors. The biomass concentration (g/L) was estimated using a previously generated

calibration curve.

6.2.4 Fermentation products

At least every 24 h, 1 mL liquid sample was taken from each bioreactor and then centrifuged
(7000g, 3 min) using a bench-centrifuge (ELMI Skyline Itd CM 70M07). The samples were then
filtered through a filter with a pore size of 0.22 um. They were then analyzed on an HPLC
(HP1100, Agilent Co., USA) in order to determinate the concentrations of acids and alcohols
presentinliquid phaseinthe bioreactors. The HPLC was equipped with a 5 um x4 mmx 250 mm
Hypersil ODS columnand a UV detectorat a wavelength of 284 nm. The mobile phase was a 0.1

% ortho-phosphoric acid solution fed at a flow rate of 0.5 mL/min

6.2.5 Redox potential

The redox potential was constantly monitored in each bioreactor using an Ag/AgCl reference
electrode connected to a transmitter (M300, Mettler Toledo, Inc., Bedford, MA, USA) and

maintained inside the bioreactor.
6.2.6  16S rDNA analysis of bioreactor cells

Samples fromthe different bioreactors were taken duringthe experiments as well as at the end
of each assay and were analyzed using 16S rDNA gene sequencing in order to confirm the
stability and purity of the inoculated strain in each experiment. The DNA extraction procedure
was performed as per the manufacturer’s protocol using E.Z.N.A. Tissue DNA Kit (Omega Bio-
Tek). Afterthe DNA extraction, the quality of the DNA samples was analyzed using a NanoDrop
ND-1000 spectrophotometer (Wilmington, DE). A sequence of 1500 bp was amplified to obtain
the 16S rDNA using a PCR. To obtain the complete sequence, a genetic analyze r 313XL Apply
Biosystem was used using the Sanger method, in order to obtain different fragments of the
complete sequence. Later, thesesequence fragments were used in the program CLUSTALW, in
orderto determinate the query sequence of the 16S rDNA of each sample. The query sequence
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program, using the database 16S ribosomal RNA sequences (Bacteria and Archaea).

6.3 Results and discussion
6.3.1 Glucose bioreactor at constant pH

A common characteristicof some Clostridium spp. is their ability to produce both organic acids
and alcohols or other solvents (e.g. acetone), either through the ABE fermentation with
carbohydrates as carbon sources or through the HBE fermentation with gaseous substrates.
Those are two-step bioconversion processes in which organic acids are produced first
(acidogenesis), at near-neutral orslightly acidic pH, together with biomass growth; followed by a
second step consistingin the production of solvents (mainly alcohols, acetone) (solventogenesis)
afteracidification of the medium as aresult of the production and subsequent bioconversion of
acids into those solvents. Organisms such as Clostridium acetobutylicum convert sugars into
volatile fatty acids and produce later acetone, butanol and ethanol (ABE fermentation). In a
similarway, C. carboxidivoransis a bacterial species able to performthe HBE fermentation using
substrates such as CO (Fernandez-Naveira et al. 2016) or syngas (CO, CO,, H,) (Fernandez-
Naveiraetal.2017c; Phillipsetal. 2015) followingthe above described two-step bioconversion
process. Previous recent studies (Fernandez-Naveira et al. 2017c) have shown that both
acidogenesis and solventogenesis can take place at slightly acidic pH (around pH 6.00), before
any strongeracidification. Experiments were performed here under different pH conditions, nin
order to check the bioconversion characteristics of C. carboxidivorans and its potential to
produce acids and alcohols from glucose, in a similar way as in the ABE fermentation in other
clostridia. A first experiment was performed at a constant, slightly acidic, pH of 6.20and the

results were compared to the ABE and HBE fermentation profiles.

In thisfirst experiment at constant pH, after bioreactor inoculation, C. carboxidivorans started
growingand entered the exponential growth phase quitesoon (Figure 6.1). A maximum biomass
concentration of 0.50 g/L was reached 71 h after inoculation, with its bacterial growth rate
reaching0.080 h™ inthe log phase. Thisvalue is very similarto the ones found previously when
growing that strain either on CO (Fernandez-Naveira et al. 2016) or on syngas (Fernandez-

Naveira et al. 2017c) at a similar pH (pH 5.75).
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Figure 6.1 Glucose bioreactor at constant pH: measured growth expressed in g/L over time

Glucose bioconversion profile

The exponential consumption of glucose started about 24 h after inoculation and ended
approximately 80 h afterstarting the experiment, concomitant with the log-growth; followed by
alowerresidual substrate consumption up to about 100 h. At the end of the assay the total net
glucose consumption was 26.73 g/L, which corresponds to an overall substrate assimilation of
81 %. However, most of it was consumed during the exponential growth phase, corresponding

to 78 % of that overall consumption (Figure 6.2).
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Figure 6.2 Glucose bioreactor at constant pH: glucose consumption over time with

concentrations expressed in g/L.

Contrary to the HBE fermentation profile of C. carboxidivorans in which a limited number of
organic acids (acetic, butyric and hexanoic acids, mainly) and alcohols (ethanol, butanol,
hexanol) are produced as sole metabolites, in the present case with glucose as carbon source, a
wider range of acids was found in the culture medium, at non-negligible concentrations.
Similarly, in the ABE fermentation, with species such as C. acetobutylicum, acetic acid and
butyric acid are the only major acids produced (Millat and Winzer 2017). In glucose
bioconversion by C. carboxidivorans, the production of acids started simultaneously to sugar
consumption. Acetic acid and formic acid were the first metabolites appearing in the
fermentation broth, which is different from the bioconversion of CO or syngas by that organism,
in which acetic acid is also the first metabolite to be detected but no formic acid is found.
Butyricacid and lacticacid appeared afew hours later and their concentrations increased quite
fast. Almost at the same time, isobutyricacid and propionicacid were found as well butin minor
concentrations. Hexanoic acid started being produced still later, 71 h after bioreactor start-up
(Figure 6.3). This is another difference with the HBE gas-fermentation in C. carboxidivorans, in
which hexanoicacidisthe third most abundantacid afteracetic and butyric acids with basically
no other acids detected. The presence of formic acid in the culture medium has never been

reportedinthe gas fermentation process, butitis the second mostabundantacid in this glucose
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fermentation. Lacticacid and formicacid reached their maximum concentrations of 0.97 g/L and
2.92 g/L, respectively, after 99 h already. After 180 h, the maximum concentrations of isobutyric
acid and propionic acid were found, with values of 0.38 g/L and 0.17 g/L, respectively.
Interestingly, the accumulation of some acids, mainlyaceticacid wenton for a quite long period
of time still after glucose consumption had stopped (after approximately 80—-100 h, as explained
earlier). The maximum concentration of aceticacid was reached after 363 h, with a value of 7.20
g/L, which is almost twice the concentration reached at the end of glucose consumption,
suggesting that acetic acid could be produced from another compound than glucose. The
concentration of formicacid started decreasing once glucose consumption leveled off, while the
acetic acid concentration kept increasing. Overall, 2.60 g/L of the produced formic acid was
consumed, leaving only 0.34 g/L in the medium by the end of the experiment. Therefore, a
relationship between formic acid elimination and further acetic acid accumulation can
reasonably be hypothesized, as will be discussed in next experiments. Maximum butyric acid
and hexanoicacid concentrations of 1.85 g/L and 0.54 g/L, respectively, were reached after 483
h (Figure 6.3). That way the main acids present in the fermentation broth at the end of the
experimentwere: aceticacid > butyricacid > lactic acid > hexanoicacid > isobutyric acid > formic
acid > propionic acid.

8000 -

7000 -

Concentrations (mg/L)

N w H (6] o))

o o o o o

o o o o o

o o o o o
1

1000
0 : )
0 100 200 300 400 500 600
Time (h)
—&—acetic acid ——butyric acid =¥=lactic acid formic acid propionic acid
=>=isobutyric acid hexanoic acid ethanol === butanol == Hexanol

Figure 6.3 Glucose bioreactor at constant pH:product formation over time (acetic acid, butyric
acid, isobutyricacid, propionicacid, lacticacid, formicacid, hexanoic acid, ethanol, butanol and

hexanol).
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In terms of solvents, despite working at a relatively high pH (6.20), ethanol started being
produced soon, 24-32 h after start-up. Butanol was detected somewhat later but after 47 h
already, when the concentration of acids was still increasing. A similar behavior was reported in
the HBE fermentation with C. carboxidivorans and CO or syngas as substrates, at pH 5.75
(Fernandez-Naveiraetal. 2016, 2017c). With all three substrates (CO, syngas, glucose), ethanol
appears soon duringthe acidification stage, and butanol is always detected around the 44-50 h
after inoculation with the three different carbon sources. The production of hexanol started
later, after 150 h. The maximum concentrations of alcohols were 1.78 g/L ethanol, 0.33 g/L
butanol and 0.06 g/L hexanol (Figure 6.3), but contrary to the ABE fermentation with glucose or
the HBE fermentation with gases, here most of the alcohols appeared during the consumption
of the original substrate (glucose) (first 3—4 days) and no clear correlation could be found
between alcohol production and any possible consumption of organic fatty acids. Although
simultaneous production and consumption of acetic acid could have taken place, its net
concentration did never decrease, suggesting that alcohols such as ethanol and butanol could
have been produced directly from glucose rather than from the organic acids. No acetone was
found with C. carboxidivorans, although thisis a common metabolite in ABE fermentation with
otherclostridia. It was recently shown that organism lacks genes foracetone production (Bruant

et al. 2010; Fernandez-Naveira et al. 2017Db).

The maximum ethanol production rate was much higher than for other alcohols, reaching 0.072
g/h*g of biomass, between 32 h and 71 h. The butanol production rate was 0.008 g/h*g of
biomass, between 47 h and 147 h; and the hexanol production rate was only 0.001 g/h*g of
biomass, between 219 and 315 h.

The RedOx potential was monitored. On starting-up the bioreactor and during the first hours,
organicacids were largely produced and automaticaddition of sodium hydroxide was required
in order to maintain a constant pH of 6.20. The RedOx potential was then -145.0 + 5 mV.
Interestingly, when the bioreactor started to consume HCI, the RedOx decreased to values of

-320.0 £ 5mV.
6.3.2 Glucose bioreactor with natural acidification

High amounts of acids were producedinthe previous experimentata high, constant, pH of 6.20.
In C. carboxidivorans, alcohols have been found to be produced (solventogenesis) both at high
(e.g., 6 or above) as well as lower pH (e.g., 5 or below), during HBE fermentation (Fernandez-

Naveiraetal.2017c). However, in ABEfermentation with glucose as substrate, solventogenesis
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has frequently been reported to be stimulated during medium acidification, after the production
of acids (Schiel-Bengelsdorf et al. 2013; Fernandez-Naveira et al. 2017b). Therefore, because of
the absence of significant amounts of solvents in the first experiment at a constant pH of 6.20,
compared to the HBE fermentation, a new assay was set-up with natural acidification, in order
to checkif this would change the metabolic profile of C. carboxidivorans and if it could stimulate

solventogenesis.

The pH value was initially maintained constant at 6.20 for the first two days to ensure good
bacterial growth. After 52 h, natural acidification was allowed to take place in order to check its
possible stimulating effect on solventogenesis. Similarly as in the previous experiment and since
the bioreactor start-up conditions were the same, C. carboxidivorans started growing without
any lag phase, reaching a maximum biomass concentration of 0.55 g/L 46 h after inoculation
(Figure 6.4). The bacterial growth rate was 0.087 h™ measured during the exponential growth
phase, upto 30 h. Thisvalue issimilarasin the previous assay; with aslight difference which can
be explained by the limited number of data points available for calculations. pH was allowed to
drop naturally just after the maximum amount biomass was reached; that way the final
maximum biomass concentration and the biomass growth rate were not affected by the

possible inhibitory effect of the pH decrease.
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Figure 6.4 Glucose bioreactor with natural acidification: measured growth expressed in g/L over

time.
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Glucose bioconversion profile

Exponential consumption of glucose started soon after inoculation, but its consumption rate
decreased dramatically once natural acidification took place, after 52 h. No more substrate was
used at all 67 h after inoculation, at low pH. The total net glucose consumption reached 20.46
g/L by the end of the experiment which corresponds to a total sugar consumption of 82 %, but
with the majorpart of it (72 % of the total consumption) being assimilated during the first 67 h
(Figure 6.5). The near instantaneous inhibition of glucose assimilation once pH dropped to 5.20,
suggests that it cannot be metabolized at such a low pH. The first acids detected in this
experiment were aceticand formicacids, followed by butyricacid, lacticacid, isobutyricacid and
propionicacid and finally hexanoicacid (Figure 6.6), similarly asin the previous experiment. This
is because the acids appeared during the first 43 h, before natural acidification, when the
conditions are the same as in the previous experiment. 52 h after inoculation the pH was
allowed to drop down to 5.20 in a natural way as a result of the bacterial production of acids.

Only 15 h were necessary to see the pH decrease to 5.20.
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Figure 6.5 Glucose bioreactor with natural acidification: glucose consumption over time with

concentrations expressed in g/L.
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Figure 6.6 Glucose bioreactor with natural acidification: product formation over time (acetic
acid, butyricacid, isobutyricacid, propionicacid, lacticacid, formic acid, hexanoic acid, ethanol,

butanol and hexanol).

In this case, the maximum concentrations of acetic and formic acids were found after 52 h,
reachingrespectively 2.86g/L and 1.68 g/L. After67 h, the production of butyric acid, isobutyric
acid and propionic acid stopped, with maximum concentrations of 1.00 g/L, 1.05 g/L and 0.63
g/L, respectively. Finally, hexanoic acid and lactic acid reached their maximum concentrations
after 72 h and 163 h, respectively, with values of 0.52 g/L and 0.61 g/L (Figure 6.6). Suitable pH
values for C. carboxidivorans have been reported to range from 4.4 to 7.6, with optimal
conditions between 5.0 and 7.0 (Liou et al. 2005); however, in this experiment, the production
of any metabolites did significantly slowdown after natural acidification down to pH 5.20.
Although acidification could have been expected to stimulate solventogenesis, the opposite
occurred. There was no consumption of acids at all, at pH 5.20, and no production of solvents.
Even formic acid consumption was inhibited at such low pH, while it had almost completely
been used up at high pH, in the previous assay. That way the main acids present in the
fermentation broth at the end of this experiment were: acetic acid > formic acid > butyric acid
=isobutyricacid > propionic acid > lactic acid > hexanoic acid. The proportions of acids are then
also different from the previous assay. Since formic acid was not metabolized, its final
concentration was higherthan that of butyricacid at the end of the experiment. In the previous

assay, the maximum concentration of formic acid, after 99 h, was also higher than for butyric
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acid, but it was then used up at constant high pH. Therefore, atthe end of the experiment there
was only a low, residual, concentration of formicacid when maintaining a high pH of 6.20, while

it remained present at its maximum concentration when acidification takes place.

Concerning the concentrations of solvents, ethanol was the first alcohol appearing in the
fermentation broth. The presence of some ethanol was already detected soon after bioreactor
inoculation andits concentration continued immediately increasing, meaning that this solvent
appeared during the high pH period while it was not produced anymore after natural
acidification. The maximum ethanol concentration was reached after 52 h with a value of 0.88
g/L. There was some delay before butanol was produced and it first appeared 43 h after
inoculation. It was mainly produced at high pH (close to 90 % of its final concentration),
although its maximum concentration was reached after 72 h, slightly after the pH decreased,
with a value of 0.24 g/L. No hexanol was found in this experiment. Thus, the solvents, ethanol
and butanol, appeared before any pH drop, when acids were still produced by the bacteria,
following a similar pattern as in the previous experiment. This is different from the HBE
fermentation with C. carboxidivorans (Fernandez-Naveira et al. 2016, 2017a,b), as the strain
grown on CO or syngasis still active at pH 5.20 and even below pH5, and it produces solvents at
somewhat increased rates at such low pH values. Solventogenesis is stimulated under acidic
conditions in HBE fermentation with gaseous substrates while it is not, in the present study,

when the strain is grown on glucose.

The alcohols production rates were calculated at pH 6.20. The ethanol and butanol production
rates were 0.039 g-ethanol/h*g of biomass (between 5 h and 52 h) and 0.007 g-butanol/h*g of
biomass (between 28 h and 52 h). The rates were not calculated at low pH as no significant
production of alcohols was observed. In this case, the production rate of ethanol was lowerthan
in the previous experiment. The reason was the inhibition caused by the pH drop on the
production of alcohols. However, the production rate for butanol was similar in both

experiments.

In assays using gases as substrates, CO or syngas, the highest production rates of alcohols were
observedatlow pH, duringthe solventogenic stage, whereas, in the present experiment, with
glucose as a carbon source, the production of alcohols at low pH was not significant; that way

the highest production rate was obtained at higher pH.

The RedOx potential was also monitored. When the pH was maintained at 6.20 (first 52 h), the

RedOx potential was =150 + 10 mV, as in the first experiment. However, when the pH dropped
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known to be affected by the pH value and to become less negative at lower pH.
6.3.3 Glucose bioreactor with artificial pH change

It isknown and accepted, from ABEand HBE fermentations, that maintaininga high pH, optimal
for acidogenesis, for a longer period of time, will increase the production of acids during that
first stage; which will, afterwards, stimulate solventogenesis and increase the amount of
solvents produced during the second stage, as a result of the higher concentrations and
availability of fermentable organicacids. In orderto check such possible behaviorin the case of
glucose bioconversion by C. carboxidivorans, in this experiment, a high pH was maintained
constantfor several daysinorderto produce higheramounts of organicacids, before artificially
decreasingthe pHand checkif this would more efficientlystimulate solventogenesis and result
inthe accumulation of higheramounts of alcohols. Therefore, the pH was maintained constant
until the maximum concentrations of acids were reached (211 h). Thereafter, the pH was
decreased to 5.20, through the addition of HCI 2 M. C. carboxidivorans started growing
immediately after inoculation, without any lag phase (Figure 6.7), and a maximum biomass
concentration of 0.432 g/L was reached within 40 h, with a bacterial growth rate of 0.081 h™t
duringthose first 40 h of exponential phase. The pHwas modified artificially after the maximum
biomass concentration had been reached; that way possible growth inhibition at low pH was

avoided.
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Figure 6.7 Glucose bioreactor with artificial pH change: measured growth expressed in g/L over

time.

Glucose bioconversion profile

C. carboxidivorans started to consume glucose soon after inoculation and its consumption
stabilized 120 h after bioreactor start-up. The total net glucose consumption was 26 g/L at the
end of the experiment, which represents 95 % of the initial concentration. No more glucose was

metabolized after the artificial pH change (211 h) (Figure 6.8).
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Figure 6.8 Glucose bioreactor with artificial pH change: glucose consumption over time with

concentrations expressed in g/L.

As in all cases, acetic acid and formic acid were produced first, as soon as the bioreactor was
inoculated. A few hours later, butyric acid, lactic acid, isobutyric acid and propionic acid
appeared. Hexanoicacid was the last acid to be detected (Figure 6.9) similarly asinthe previous
two experiments. All those acids reached their maximum concentrations before the pH was
decreased. The first acids reaching their maximum concentrations were lactic acid, formic acid
and isobutyric acid, with values of 1.40 g/L, 1.62 g/L and 0.77 g/L, respectively, 118 h after
inoculation. The nextones were propionicacid, aceticacid, butyric acid, and hexanoic acid, with
maximum values of 0.42 g/L for propionic acid, 6.73 g/L for acetic acid, 2.20 g/L for butyric acid
and 1.25 g/ L for hexanoic acid (Figure 6.9). Except for formic acid, for all other organic acids
their concentrations kept gradually increasing until the pH change. The behavior was
reproducible under similar conditions and comparable trends are observed in Figure 6.9 and

Figure 6.3 when the pH was maintained constant at a high value of 6.20.
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Figure 6.9 Glucose bioreactor with artificial pH change:product formation overtime (acetic acid,
butyric acid, isobutyric acid, propionic acid, lactic acid, formic acid, hexanoic acid, ethanol,

butanol and hexanol).

Before the pH change, 1.40 g/L formicacid was consumed, but not anymore afterthe pH change
towardsthe end of the experiment. There was some, but only very slight, consumption of the
other acids after lowering the pH: 0.50 g/L isobutyric acid, 0.41 g/L lactic acid, 0.72 g/L acetic
acid, 0.32 g/L butyric acid and 0.20 g/L hexanoic acid. The most abundant acid was acetic acid
and the concentrations of all different acids followed the following pattern from the highest to
the lowest concentrations: aceticacid >butyricacid > hexanoicacid > lactic acid > isobutyricacid
> propionic acid > formic acid. This is the same pattern as observed in the experiment at

constant pH (first experiment above).

Concerning solvents, those were produced, in this case again, at high pH during glucose
assimilation, but notanymore after acidification, contrary to the typical successive acidogenic-
solventogenic steps in ABE and HBE fermentations (Fernandez-Naveira et al. 2017b). Ethanol
was produced as soon as the experiment started, and butanol appeared for the first time 45 h
after inoculation. This is similar as in the first two experiments, at high pH (6.20), with
production of alcohols when the concentrations of acids were still increasing. Hexanol
production started after 211 h, just a few hours before the pH was changed. Maximum

concentrations of ethanol, butanol and hexanol were reached just before the pH change from
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6.20 to 5.20 (211 h after inoculation) with values of 2.34 g/L, 0.36 g/Land 0.13 g/L, respectively
(Figure 6.9). 50 h after the pH change to 5.20, a second artificial pH change was decided, down
10 4.90, to seeifa lower pH would better stimulate the production of alcohols. However, higher
concentrations of alcohols were not reached with any of both pH changes. Thus, most of the
productiontook place at high pH, contrary to the common solventogenic stages in ABE and HBE
fermentation. This is then also different from the trend observed with gaseous substrates
metabolized by C. carboxidivorans, where higher productions rates were observed at low pH
(4.75) than at high pH (5.75) for all three alcohols. The alcohols production rates were also
calculated, but only at pH 6.20, as no more alcohols were produced after the pH drop. The
ethanol production rate was 0.085 g/h*g of biomass between 7 h and 67 h. The butanol
production rate was 0.009 g/h*g of biomass between 31 h and 118 h; and the hexanol

production rate was 0.005 g/h*g of biomass between 187 and 211 h.

Although the production of fatty acids is ubiquitous in clostridia, their further conversion to
solvents is much less widespread. Still, C. carboxidivorans is known to possess the required
enzymes to metabolize gaseous substrates (CO, syngas) and convert acids obtained from gas
assimilationinto alcohols. Under any of the three experimental conditions described above, the
production of solvents was limited and occurred at high, rather than low, pH. Acid crash is a
phenomenon that can explainthe absence of a clear and efficient solventogenic stage and the
lack of conversion of acidsinto alcohols in clostridia. However, the concentration of fatty acids
accumulating in the present experiments are similar or lower than found under similar
conditions (e.g. pH) in gas fermentation with the same strain. Thus, a possible inhibition of
solventogenesis by fatty acids, such as acetic and butyricacids, is not expected. Other potential
inhibitory condition is the accumulation of formic acid (Qi et al. 2016). That compound is
observed to accumulate transiently in this glucose fermentation, but it was not found in gas
fermentation processes (Fernandez-Naveira et al. 2017b). Some studies have reported that
formic acid might be more inhibitory than the above mentioned fatty acids and trigger acid
crash in C. acetobutylicum (Wanget al. 2011). On the other side, some authors did also suggest
that formic acid could have a stimulating effect on species such as C. acetobutylicum or C.

beijerinckii, but only when present at low concentrations (Cho et al. 2012).

Formic acid is produced during the early stages of the fermentation process in C.
carboxidivorans, concomitant to the consumption of glucose. In the experiment at constant pH
6.2, after glucose consumption, formic acid starts disappearing while the acetic acid
concentration keeps increasing. Once glucose is roughly exhausted, it sounds reasonable to

assume that the increase in concentration of the C2-fatty acid results from the conversion of
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formicacid. This agrees with datareported in a recent study suggesting that C. carboxidivorans
would convertformicacid into aceticacid, to different extents, depending on conditions such as
the pH of the medium, such bioconversion would mainly occurat higher pH (e.g. pH 6.0, but not
pH 5.0) (Ramiod-Pujol et al. 2014). Although some authors reported that formic acid does not
support growth (Liou et al. 2005), others hypothesized that some growth could simultaneously
take place at high pH (e.g., 6.0), but not a low pH (Ramié-Pujol et al. 2014), which might explain
formicacid consumption and a concomitant slight increase in biomass concentration observed
here in the late stage of the experiment at constant pH 6.20, as shown in Figure 6.1 and Figure
6.3, while formicacid consumption and additional growth were notobservedin the experiment
with natural acidification downto pH5.2 (Figure 6.4 and Figure 6.6). Such two-phase growth on
mixtures of organic acids and gaseous substrates such as CO has also been reported in other
anaerobicbacteria (Haddad et al. 2013). Thereisno evidence from any of the experiments that
formicacid mightsignificantly have inhibited solventogenesis. From Figure 6.9, it appears that,
even several days after complete elimination of that acid, no additional relevant increase in
concentrations of alcohols (ethanol, butanol, hexanol) was found. C. carboxidivorans should
posses all the required enzymaticmachinery to produce alcohols and doesindeed produce some
of them, mainly ethanol (up to 2 g/L, depending on culture conditions), but mainly at the
beginning of the experiments during glucose consumption, usually at high pH (6.20), rather than
through any possible conversion of acids into alcohols during a specific solventogenic stage at

lower pH.

6.3.4 16S rDNA analysis

The experiments were carried out under sterile operating conditions. However, glucose is a
suitable carbon source for many microorganisms. Therefore, the 16S rDNA sequence was
analyzed atthe end of each experiment, showing a query sequence with a similarity of 99 % to
C. carboxidivorans in all three experiments. This analysis confirmsthe purity and stability of the

inoculated culture

6.4 Conclusions

It is known that, when grown on CO/CO./H,, C. carboxidivorans produces first a mixture of
acetic, butyric and hexanoic acids, resulting in medium acidification and the concomitant
conversion of such acids into hexanol, butanol, ethanol (HBE fermentation). It can also grow on
glucose, but has not a typical ABE fermentation pattern, which would consist in the production
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of acids followed by the production of solvents after acidification similarly as in HBE
fermentation. Instead, organicacids and low amounts of alcohols are found at high pH, although

this is not followed by solventogenesis after the pH drops down to lower values.

6.5 Acknowledgements

This research was financially supported by the Spanish Ministry of Economy and
Competitiveness (MINECO) through project CTQ2013- 45581-R, as well as through European
FEDER funds. AFN acknowledges a pre-doctoral fellowship from the Xunta de Galicia (Spain).

143



GLUCOSE BIOCONVERSION PROFILE IN THE SYNGAS-METABOLIZING SPECIES CLOSTRIDIUM
CARBOXIDIVORANS

6.6 References

Abdehagh N, Tezel FH, ThibaultJ (2014) Separation techniques in butanol production: challenges

and developments. Biomass Bioenergy 60:222—-246.

Abubackar HN, Veiga MC, Kennes C (2011) Biological conversion of carbon monoxide- rich

syngas or waste gases to bioethanol. Biofuels Bioprod Biorefin 5:93-114.

AnwarZ, Gulfraz M, Irshad M (2014) Agor-industrial lignocellulosic biomass, a key to unlock the

future bio-energy: a brief review. ) Radiat Res Appl Sci 7:163-173.

Bruant G, Lévesque M-J, Peter C, Guiot SR, Masson L (2010) Genomic analysis of carbon
monoxide utilization and butanol production by Clostridium carboxidivorans strain P7T. PLoS

One 5, e13033.

Cho DH, Shin S-J, Kim Y-H (2012) Effects of acetic and formic acid on ABE production by
Clostridium acetobutylicum and Clostridium beijerinckii. Biotechnol Bioprocess Eng 17(2):270—

275.

Fernandez-Naveira A, Abubackar HN, Veiga MC, Kennes C (2016) Efficient butanolethanol (B-E)
production from carbon monoxide fermentationin Clostridium carboxidivorans. Appl Microbiol

Biotechnol 100:3361-3370.

Fernandez-Naveira A, Abubackar HN, Veiga MC, Kennes C (2017a) Production of chemicals from

C1 gases (CO, CO,) by Clostridium carboxidivorans. World J Microbiol Biotechnol 33:43.

Fernandez-Naveira A, Veiga MC, Kennes C (2017b) H-B-E (hexanol-butanol-ethanol)
fermentation for the production of higher alcohols from syngas/waste gas. ] Chem Technol

Biotechnol 92:712-731.

Fernandez-Naveira A, Abubackar HN, Veiga MC, Kennes C (2017c) Effect of pH control on the
anaerobic H-B-E fermentation of syngas in bioreactors. ] Chem Technol Biotechnol 92:1178-

1185.

Gowen CM, Fong SS (2011). Applications of systems biology towards microbial fuel production.
Trends Microbiol 10:516-524.

Haddad M, Cimpoia R, Zhao Y, Guiot S (2013) Growth profile of Carboxydothermus
hydrogenoformans on pyruvate. AMB Express. 3:60.

Hendriks, A, Zeeman G (2009) Pretreatments to enhance the digestibility of lignocellulosic

biomass. Bioresour Technol 100:10-18.

144



GLUCOSE BIOCONVERSION PROFILE IN THE SYNGAS-METABOLIZING SPECIES CLOSTRIDIUM
CARBOXIDIVORANS

Jones DT, Woods DR (1986) Acetone—butanol fermentation revisited. Microbiol Rev 50:484-524.

Jonsson LJ, Alriksson B, Nilvebrant N-O (2013) Bioconversion of lignocellulose: inhibitors and

detoxification. Biotechnol. Biofuels 6:1.

Karimi K, Kheradmandinia S, Taherzadeh MJ (2006) Conversion of rice straw to sugars by dilute

acid hydrolysis. Biomass Bioenergy 30:247-253.

Kennes D, Abubackar HN, Diaz M, Veiga MC, Kennes C (2016) Bioethanol production from

biomass: carbohydrate vs syngas fermentation. ] Chem Technol Biotechnol 91:304-317.

Lagoa-Costa B, Abubackar HN, Fernandez-Romasanta M, Kennes C, Veiga MC (2017) Integrated

bioconversion of syngas into bioethanol and biopolymers. Bioresour Technol 239:244-249.

Liou JSC, Balkwill DL, Drake GR, Tanner RS (2005) Clostridium carboxidivorans sp. nov., asolvent-
producing clostridium isolated from an agricultural settling lagoon, and reclassification of the
acetogen Clostridium scatologenes strain SL1 as Clostridium drakei sp. Nov. Int J Syst Evol

Microbiol 55:2085-2091.

Liu T, JiagiangE, Yang JW, Hui A, Cai H (2016) Development of askeletal mechanism for biodiesel
blend surrogates with varying fatty acid methyl esters proportion. Appl Energy 162:278-288.

Millat T, Winzer K (2017) Mathematical modelling of clostridial acetone-butanolethanol

fermentation. Appl Microbiol Biotechnol 101:2251-2271.

Phillips IR, Atiyeh HK, Tanner RS, Torres JR, SaxenalJ, Wilkins MR, Huhnke RL (2015) Butanol and
hexanol productionin Clostridium carboxidivorans syngas fermentation: medium development

and culture techniques. Bioresour Technol 190:114-121.

Qi G, XiongL, LinX, Huang C, Li H, Chen X, Chen X (2016) CaCO; supplementation alleviates the
inhibition of formic acid on acetone/butanol/ethanol fermentation by Clostridium

acetobutylicum. Biotechnol Lett 39(1):97-104.

Qureshi N, Manderson GJ (1995) Bioconversion of renewable resources into ethanol: an
economicevaluation of selected hydrolysis, fermentation and membrane technologies. Energy

Sources 17:241-265.

Rabinovich ML, Melnik MS, Boloboba AV (2002) Microbial cellulases (Review). Appl Biochem
Microbiol 38:305-321.

Ramid-Pujol S, Ganigué R, Bafieras L, Colprim J (2014) Impact of formate on the growth and
productivity of Clostridium ljungdahliiPETC and Clostridium carboxidivorans P7 grown on syngas.

Int Microbiol 17:195-204.
145



GLUCOSE BIOCONVERSION PROFILE IN THE SYNGAS-METABOLIZING SPECIES CLOSTRIDIUM
CARBOXIDIVORANS

Saha BC (2003) Hemicellulose bioconversion. J Ind Microbiol Biotechnol 30:279-291.

Schiel-Bengelsdorf B, Montoyal, LinderS, Diirre P 2013. Butanol fermentation. Environ Technol

34:1691-1710.

Tanner RS (2007) Cultivation of bacteria and fungi. In: Hurst CJ, Crawford RL, Garland JL, Lipson
DA, Mills AL, Stetzenbach LD (eds.) Manual of Environmental Microbiology. ASM Press,
Washington, D.C., pp. 69-78.

Van Groenestijn JW, Abubackar HN, Veiga MC, Kennes C (2013) Bioethanol. In: Kennes, C., Veiga,
M.C. (eds.) Air Pollution Prevention and Control: Bioreactors and Bioenergy. John Wiley & Sons,

Ltd, Chichester, pp. 431-463.

Wang S, Zhang Y, Dong H, Mao S, Zhu Y, Wang R, Luan G, Li Y (2011) Formic acid triggers the
“Acid Crash” of acetone-butanol-ethanol fermentation by Clostridium acetobutylicum. Appl.

Environ. Microbiol. 77(5):1674-1680.

146



CARBON MONOXIDE BIOCONVERSION TO BUTANOL-ETHANOL BY CLOSTRIDIUM
CARBOXIDIVORANS: KINETICS AND TOXICITY OF ALCOHOLS

7 CARBON MONOXIDE BIOCONVERSION TO BUTANOL-ETHANOL BY
CLOSTRIDIUM CARBOXIDIVORANS: KINETICS AND TOXICITY OF
ALCOHOLS

147



CARBON MONOXIDE BIOCONVERSION TO BUTANOL-ETHANOL BY CLOSTRIDIUM
CARBOXIDIVORANS: KINETICS AND TOXICITY OF ALCOHOLS

148



CARBON MONOXIDE BIOCONVERSION TO BUTANOL-ETHANOL BY CLOSTRIDIUM
CARBOXIDIVORANS: KINETICS AND TOXICITY OF ALCOHOLS

Abstract Butanol production from carbon monoxide-rich waste gases or syngas is an attractive
novel alternative to the conventional acetone-butanol-ethanol (ABE) fermentation. Solvent
toxicityis a key factorreportedin ABE fermentation with carbohydrates as substrates. However,
inthe gas-fermentation process, kinetic aspects and the inhibition effect of solvents have not

thoroughly been studied.

Therefore, different batch bottle experiments were carried out with the bacterial species

Clostridium carboxidivorans using CO as carbon source for butanol-ethanol fermentation.

A maximum specific growth rate of 0.086 + 0.004 h™" and a biomass yield of 0.011 g biomass/g

CO were found, which is significantly lower than in other clostridia grown on sugars.

Besides, three assays were carried out to check the inhibitory effect of butanol, ethanol, and
their mixtures. Butanol had a higher inhibitory effect on the cells than ethanol and showed a
lower 1Cso, reduced growth rate, and slower CO consumption with increasing alcohol
concentrations. A concentration of 14-14.50 g/L butanol caused 50 % growth inhibition in C.
carboxidivorans, and 20 g/L butanol resulted in completeinhibition, with a growth rate of 0 h™.
Conversely, 35 g/L ethanol decreased by 50 % the final biomass concentration respect to the
control and yielded the lowest growth rate of 0.024 h™. The inhibitory effect of mixtures of both
alcohols was also checked adding similar, near identical, concentrations of each one. Growth
decreased by 50 % in the presence of a total concentration of alcohols of 16.22 g/L, consisting of
similar amounts of each alcohol. Occasional differences in initially added concentrations of
alcohols were minimal. The lowest growth rate (0.014 h™) was observed at the highest

concentration assayed (25 g/L).

Keywords: Clostridium carboxidivorans. Butanol. Ethanol. Inhibitory effect. Batch experiment.

1Cso.

With minoreditorial changes to fulfill formatting requirements, this chapteris substantially as it
appears in: Appl Microbiol Biotechnol. Published online: 27 February 2016. DOI:
10.1007/s00253-016-7389-8.
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7.1 Introduction

Nowadays, the instability of the oil price as well as recent concerns about the increasing scarcity
of fossil fuelsand their negative environmental impact have led to agrowinginterestin biofuels
such as ethanol and butanol (Gowen and Fong 2011; Abdehagh etal. 2014). Butanol has recently
beenrecognized as a highly promising biofuel (Bellido et al. 2014) and has several advantages. It
isless hygroscopic and less corrosive and has a higher caloric content than ethanol (Qureshi et
al. 2001; Wallneretal. 2009). For those reasons, inrecentyears, butanol has been considered a
chemical of great industrial importance with a high potential to replace gasoline (Diirre 2007;

Lee et al. 2008).

Ethanol and butanol can be obtained through fermentation of different sugars available in food
crops, whichis the conventional and most common commercial technology nowadays, known as
first generation process. However, this process leads to food-fuel competition. Recently, in
order to avoid such drawback, a new alternative has been developed using lignocellulosic
feedstocks from agricultural waste and energy crops, which are inexpensive and renewable
starting materials for biofuels production and do not adversely affect food supplies (Gowen and
Fong 2011). Extracting simple, carbohydrates from the polymeric lignocellulosic structure is a
complex process (Balat and Balat 2009) requiring physical, chemical, or enzymatic
pretreatmentsinorderto hydrolyze the biomassinto fermentable sugarsinthe so-called second
generation process. Carbohydrates can be converted to butanol by clostridial strains, together
with otherside products, i.e., ethanol and acetone, through the acetone-butanol-ethanol (ABE)
fermentation. Based on advancesin biotechnology and process engineering, new fermentation
processesare being developed, using renewable carbon sources, foramore efficient production

of butanol (Diirre 2007; Lee et al. 2008; Papoutsakis 2008).

Besides butanol production from carbohydrates, a novel production route has been suggested,
consisting of converting biomass orany other carbonaceous feedstocks into CO-rich gases, such
as syngas. The gaseous substrate can then be fermented into ethanol and/or butanol by some
bacterial species, mainly clostridia. Interestingly, this alternative route can also use CO-rich
waste gases as substrates (Abubackar et al. 2011; Kennes and Veiga 2013). Under optimized
conditions, a mixture of butanol and ethanol (B-E) is obtained as end-products (Fernandez-
Naveira et al. 2016). Only very few bacteria have been isolated so far and shown to produce
butanol from carbon monoxide. Clostridium carboxidivorans is one such bacterium able to grow
on synthesis gas, by using CO, CO,, and H, to produce the liquid biofuels ethanol and butanol

using a variation of the classical Wood-Ljungdahl pathway (Ukpong et al. 2012).
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In the more extensively studied conventional ABE fermentation from carbohydrates, solvent
toxicityis a critical problem. Under normal conditions, the clostridial cellular activity decreases
significantly in the presence of 20 g/L or more solvents (Woods 1995). This is one of the most
important factors to be considered in butanol fermentation as bacterial cells rarely tolerate
concentrations exceeding 2 % butanol (Liu and Qureshi 2009). This should thus be taken into
account in order to get a more efficient production process. Although studies have been
performed onthe inhibitory effect of butanol on cell growth of specific bacteria with sugars as a
carbon source in the conventional ABE fermentation (Moreira et al. 1981), no data are yet
availableinthe literature onthe kinetics and the inhibition effect of solvents (b utanol, ethanol)
in the more recently developed clostridial butanol-ethanol (B-E) fermentation from CO-rich

gases as carbon source.

In order to increase butanol production from gaseous substrates, it is necessary to know its
inhibitory effectas well asthe inhibitory effect of other end-product solvents (i.e. ethanol) on
the B-E fermentation process. Therefore, this work focussed on evaluating the inhibitory effect
of end-products of the B-E fermentation on the growth kinetics and bioconversion of CO to

valuable metabolites, by C. carboxidivorans in batch bottle experiments.

7.2 Material and methods

7.2.1 Microorganism and culture media

C. carboxidivorans P7 DSM 15243 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and was maintained
anaerobically on modified basal medium (Liou et al. 2005; Tanner 2007) at pH 5.75 with CO (100

%) as the sole gaseous substrate.

The medium composition (per liter distilled water) was as follows: Yeast extract, 1 g; mineral

solution 25 mL; trace metal solution, 10 mL; resazurin, 1 mL; cysteine-HCI, 0.60 g.

The mineral stock solution contained (per liter distilled water): 80 g sodium chloride, 100 g
ammonium chloride, 10g potassium chloride, 10 g potassium monophosphate, 20 g magnesium

sulfate, and 4 g calcium chloride.

The trace metal stock solution contained (per liter distilled water) the following: 2 g

nitrilotriacetic acid, 1 g manganese sulfate, 0.80 g ferrous ammonium sulfate, 0.20 g cobalt
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chloride, 0.20 g zinc sulfate, and 20 mg each of cupric chloride, nickel chloride, sodium

molybdate, sodium selenate, and sodium tungstate.
7.2.2 Bottle batch experiments

Batch experiments were carried outin order to check the inhibitory effect of ethanol, butanol,

and mixtures of both ethanol and butanol.

All mediausedforthe batch experiments were prepared with the same methods and under the
same conditions. For the experiments, 10 % seed culture in the early exponential growth phase,
grown with CO as sole carbon source, was aseptically inoculated into 200 mL serum vials
containing 100 mL medium at pH = 5.0 £ 0.1. The bottles were maintained under anaerobic
conditions. They were pressurized to 1.2 bar with 100 % CO and were agitated at 150 rpminside
an orbital incubator at 30° C. The experimental setup and the method used for media
preparation as well as sampling details are described elsewhere (Abubackar et al. 2011;
Abubackar et al. 2015; Fernandez-Naveira et al. 2016). All the batch experiments were carried
out induplicate, reaching statistically highly reproducible results,and some were even repeated

in order to confirm data whenever needed.

Three separate experiments were carried out in order to analyze the inhibitory effect of each
compound separately. Butanolwas checked at the following concentrations: control (0g/L), 1, 5,
10, 15, and 20 g/L. The effect of ethanol, which appeared to be somewhat less inhibitory, was
checked at the following concentrations: control (0 g/L), 1, 5, 20, 25, and 35 g/L. Similarly, the
combinedinhibitory effect of both alcohols togetherwas analyzed, using the following total final
concentrations: control (0 g/L), 2, 6, 15, and 25 g/L, using identical concentrations of each
alcohol. There was only a slight difference in the initial concentrations at the highe st values

assayed of 15 and 25 g/L, but always below 10 %.
7.2.3 Growth measurement

One milliliter liquid sample was withdrawn daily in order to avoid affecting too much the total
liguid volume. Two daily samples were occasionally taken, mainly during the exponential growth
phase, in orderto have more data points allowingto calculate the exponential growth rate. The
optical density (OD, =600 nm) was measured foreach sample, in order to estimate the biomass
concentration, using a UV—visible spectrophotometer (Hitachi, Model U-200, Pacisa and Giralt,
Madrid, Spain). The measured absorbance allowed to estimate the biomass concentration

(mg/L) by comparing it with a previously generated calibration curve.
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Growth rates, (1), expressed in h™, were calculated using the following formula:

[ln(Nt) - ln(No)]
(t —to) Eq. 7.1

Where N, isthe cell density (g/L) attime t (expressedin hours) and Ny is the cell density at time
0 (to).

Such maximum growth rate was estimated during the exponential growth phase based on the
best slope fit to the experimental data and making sure reproducible results were obtained.

Whenever needed, an additional experiment was performed to confirm reproducibility.

One of the most common parameters usedin toxicity assaysisthe ICs, (Leboulangeretal. 2001),
i.e., the concentration of the tested substance that decreases the growth by 50 %. ICs, values
were calculated using non-linearregression analysis (four parameters sigmoidal) of transformed
alcohol concentration as natural logarithm data versus percentage of growth inhibition. The
regression analysis was performed using the regression Wizard software (Sigma-Plot 12.5, SPSS

Inc.).

Cell yield coefficient (YX/S) is defined as the amount of cell mass produced per amount of

substrate consumed (CO). It was estimated through the following equation:

N — N,
Yx/s = S _ SO Eq. 7.2

Where N is the cell density at the end of the exponential growth phase (g/L), N, is the cell
density at time O, S is the final substrate concentration at the end of the exponential growth

phase, and S, is the substrate concentration at time 0.
7.2.4 Gas-phase CO concentrations

Gas samples of 1 mL were taken from the headspace of the bottles to monitor the CO

concentrations.

Gas-phase CO concentrations were measured using an HP 6890 gas chromatograph (GC, Agilent

Technologies, Madrid, Spain) 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 oventemperature was initially 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.
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7.2.5 Ethanol and butanol concentrations

The concentrations of ethanol and butanol were analyzed for each bottle from liquid samples (1
mL) usingan HPLC (HP1100, Agilent Co., USA) equipped with a 5 um x4 mm x 250 mm Hypersil
ODS columnanda UV detectorat a wavelength of 284 nm. The mobile phase was a 0.1 % ortho-
phosphoric acid solution fed at a flow rate of 0.5 mL/min. The column temperature was set at
30° C. The samples were centrifuged (7000g, 3 min) using a centrifuge (ELMI Skyline Ltd. CM

70M07) before analyzing the concentration of water-soluble compounds by HPLC.

7.3 Results
7.3.1 Growth parameters of C. carboxidivorans

Growth parameters of C. carboxidivorans were estimated on pure carbon monoxide in
experiments repeated in sextuplicate. The maximum specificgrowth rate (1) was found to reach
0.086 + 0.004 h™". This value is significantly lower than for clostridial strains grown on sugars in
ABE fermentation (Table 7-1). Each experiment corresponds to the duplicate controls of the
three alcoholsinhibition experiments (i.e., atotal of six assays) described in the next section and
summarized in (Table 7-2, Table 7-3 and Table 7-4). Detailed experimental data can thus be
foundin the next sections. Besides, the biomass yield (YX/S) was also estimated based on the
amount substrate consumed and generated biomass and appeared to reach 0.011 g biomass/g

Co.

Table 7-1 Specific growth rates of Clostridium carboxidivorans and Clostridium acetobutylicum

grown, respectively, on CO or carbohydrates (glucose, lactose)

Carbon source u(h™) microorganism References
Carbon monoxide 0.086 +0.004 C. carboxidivorans This study
Glucose 0.48 C. acetobutylicum Srivastave and Volesky 1990
Lactose 0.23-0.28 C. acetobutylicum Napoleti et al. 2012

7.3.2 Butanol toxicity experiment

In the experiments with added butanol, C. carboxidivorans started growing immediately after

inoculation (Figure 7.1) at all the concentrations assayed, with the exception of the bottle with
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the highest butanol concentration (20 g/L) in which no growth at all was observed. Butanol
affected the growth of C. carboxidivorans and the negative effect on growth was concentration-
dependent (Figure 7.1, Table 7-2). The control reached its maximum biomass concentration
(0.135 g/L) after 30 h (Figure 7.1), and the maximum growth rate was reached in the control
bottles, in the absence of any added butanol, with a value of 0.084 h™ (Table 7-2). All butanol
concentrations assayed provoked a decrease in the growth rate of that strain (Table 7-2). The

highest concentration assayed (20g/L) completely inhibited the bacterial growth, with a growth
rate of Oh™.
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Figure 7.1 Batch experiments with butanol. Measured biomass accumulation over time,
expressed in g/L. Data are given as mean values * standard deviation of the means (control
bottles represented as blue diamond, 1 g/L butanol represented as green triangles, 5 g/L
butanol represented as red squared, 10 g/L butanol represented as purple X, 15 g/L butanol

represented as blue X, and 20 g/L butanol represented as orange circle).
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Table 7-2 Batch experiments with butanol. Maximum specific growth rates in the presence of

different butanol concentrations, expressed in h™

Butanol concentration (g/L) u(h™)
Control 0.084

1 0.076

5 0.043

10 0.026

15 0.019

20 0.000

The ICso of butanol for growth was 14.50 g/L after 48 h of butanol exposure and 14.20 g/L after

72 h of exposure.

Carbon monoxide consumption was monitored during the experiment and is shown in Figure
7.2. In the control bottles and with 1 g/L of butanol, 50 % CO was already consumed after 24 h
and itwas totally consumed after 77 h. In the case of butanol concentrations of 5and 10g/L, 50
% CO consumption was reached after 28 h of butanol exposure, and total CO consumption was
observed after 92 h exposure. Only in the bottles with the highest alcohol concentrations (15
and 20 g/L) was total substrate removal not possible, observing 20 % CO consumption, after 99
h of butanol exposure. This was related to the fact that in those bottles, biomass had scarcely
grown and could not consume CO, whereas significant growth was found in the control bottles
as well as in the presence of butanol at 1, 5, and 10 g/L, where growth took place at different
rates, and reaching different final biomass concentrations. The highest final, total amount
biomass was reached in the control bottle. The total maximum biomass concentration gradually

decreased at increasing added butanol concentrations
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Figure 7.2 Batch experiments with butanol. Percentage CO consumption (control bottles
represented as blue diamond, 1 g/L butanol represented as green triangles, 5 g/L butanol
represented as red squared, 10 g/L butanol represented as purple X, 15 g/L butanol represented

as blue X, and 20 g/L butanol represented as orange circle)
7.3.3 Ethanol toxicity experiment

In case of the ethanol inhibition study, ethanolshowed a negative effect on the bacterial growth
of C. carboxidivorans, and this effect was here also concentration-dependent (Figure 7.3 and
Table 7-3) similarly as for butanol. The maximum biomass concentration was observed in the
bottleswith 1 g/L of ethanol (0.153 g/L) as well as in the control bottles (0.150 g/L), resulting in

statistically similar values.
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Table 7-3 Batch experiments with ethanol. Maximum specific growth rates in the presence of

different ethanol concentrations, expressed in h™.

Ethanol concentration (g/L) u(h™)
Control 0.082

1 0.090

5 0.066

20 0.055

25 0.028

35 0.024
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Figure 7.3 Batch experiments with ethanol. Measured biomass accumulation over time,
expressed in g/L. Data are given as mean values * standard deviation of the means (control
bottles represented as blue diamond, 1 g/L ethanol represented as red square, 5 g/L ethanol
represented as green triangle, 20 g/L ethanol represented as purple X, 25 g/L ethanol

represented as blue X, and 35 g/L ethanol represented as orange circle).
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It is noteworthy that in bottles with an added ethanol concentration of 1 g/L, in assays
performed under exactly the same conditions, and with the same preculture inoculum, a
somewhat higher growth rate was found than in the control bottles, with growth rates of 0.090
and 0.082 h™, respectively. The study was repeated and that effect was observed again in a
second experiment, where the growth rate in bottles with 1 g/L added ethanol was slightly
higherthan the value foundinthe control bottles. Although the highest ethanol concentration
added (35 g/L) was higherthan forbutanol (20 g/L), growth was detected in all the bottles with
ethanol and reached growth rates higher than 0.024 h™ in all cases, even in the most

concentrated bottles (25 and 35 g/L) (Table 7-3).

The ICs, of ethanol for growth could not be estimated with the statistical software (SigmaPlot)
because the most concentrated bottle had only reached 51 % growth inhibition at the end of the
experiment, suggesting a much lower inhibitory effect of ethanol compared to butanol.
However, arather accurate estimation of the ICs, could be done based onthe experimental data
obtained, that way the ICs, of ethanol for growth appeared to be very close to 35 g/L, where 51

% inhibition was found.

Carbon monoxide consumption is shown in Figure 7.4. Maximum fast CO consumption was
observed afterasimilartime period in all the assays up to an ethanol concentration of 5g/L. In
the bottles with 20 g/L of ethanol, carbon monoxide did not disappear completely, and the
maximum consumption was 84 % after 329 h of ethanol exposure. Similarly, in the bottles with
the highest alcohol concentrations (25 and 35 g/L), total substrate consumption was not
possible either, observing 42 and 39 % CO consumption, respectively, at the end of the
experiment after 230 h of ethanol exposure. This was related to the fact that in those bottles,
biomass had scarcely grown and could thus notconsume CO, whereasinthe control bottles and
with 1, 5, and 20 g/L added ethanol, growth took place at different rates, and different final
biomass concentrations were reached. The final total amount accumulated biomass gradual ly

decreased at increasing ethanol concentrations.
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Figure 7.4 Batch experiments with ethanol. Percentage CO consumption (control bottles
represented as blue diamond, 1 g/L ethanol represented as red square, 5 g/L ethanol
represented as green triangle, 20 g/L ethanol represented as purple X, 25 g/L ethanol

represented as blue X, and 35 g/L ethanol represented as orange circle).
7.3.4 Toxicity experiment with mixtures of both alcohols

In this experiment, the bacteria started growing soon after inoculation (Figure 7.5). The negative
effect of the mixture of ethanol and butanol on the growth of C. carboxidivorans is shown in
Figure 7.5 and in Table 7-4. This negative effect of the ethanol-butanol mixture is here also
concentration-dependent (Figure 7.5 and Table 7-4). The maximum biomass concentration
(0.170 g/L) was reached after48 h in the control bottle. Growth took place in all the bottles and
reached growth rates higher than at least 0.014 h™. In the bottles with the highest alcohol
concentration (25 g/L), growth started initially and reached a maximum biomass concentration
of 0.053 g/L after 60 h of alcohols exposure. However, after that time of alcohols exposure,

growth stopped and the biomass started slightly decaying.
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Table 7-4 Batch experiments with mixtures of alcohols. Maximum specific growth rates in the

presence of different total concentrations of butanol and ethanol (1:1), expressed in h™

Total concentration of alcohols (1:1

mixtures) (g/L) uth)
Control 0.090

2 0.072

7 0.033

15 0.018

25 0.014
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Figure 7.5 Batch experiments with both butanol and ethanol (1:1, w/w). Measured biomass
accumulation overtime, expressed in g/L. Dataare given as meanvalues tstandard deviation of
the means (control bottles represented as blue diamond, 2 g/L represented as red square, 7 g/L

represented as green triangle, 15 g/L represented as purple X, 25 g/L represented as orange

circle).
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The ICs, for growth was 16.22 g/L after 111 h of alcohols exposure, which is similar, but slightly
higher than in the assays with pure butanol, and can be explained by the lower toxicity of

ethanol in the mixture of both alcohols.

Carbon monoxide consumption was monitored during all the experimentandis shown in Figure
7.6. In the control bottles, 50 % CO was consumed after 24 h and it was totally consumed after
60 h. In the case of 2 g/L, complete CO consumption was found after 130 h of alcohols exposure.
In the bottles with 7 g/L, the maximum final consumption was 63 % after 60 h of alcohols
exposure, andinthe bottles with the highest concentrations of alcohols (15 and 25 g/L), only 30

and 22 % CO consumption were respectively observed, after 230 h of alcohols exposure.
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Figure 7.6 Batch experiments with both butanol and ethanol (1:1, w/ w). Percentage CO
consumption (control bottles represented as blue diamond, 2 g/L represented as red square, 7
g/Lrepresentedasgreentriangle, 15g/L represented as purple X, 25 g/L represented as orange

circle).
7.3.5 Comparison of inhibitory effects of alcohols

Figure 7.7 compares the inhibitory effect on growth rates of ethanol, butanol, and mixtures of
both alcohols. It shows that pure ethanol is the least toxic to bacterial growth, followed by the

mixture of alcohols and pure butanol with the highest inhibitory effects. A similar trend can be
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foundforthe inhibitory effects of the different alcohols on substrate consumption as well asICs,

data.
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Figure 7.7 Comparison of growth rates in each experiment. Maximum specific growth rates (GR)
of each treatmentin the three experiments, expressed in h™. Butanol experiment represented
as blue diamond, ethanol experiment represented as red square, mixture of alcohols experiment
represented asgreentriangle. The lines represent the general trend of variation of the growth
rates as a function of the concentration of alcohols (butanol experiment represented as blue
line, ethanol experiment represented as red line, mixture of alcohols experiment represented as

greenline).

7.4 Discussion

Bioalcohols such as butanol can be produced through the conversion of lignocellulosic
feedstocksinto carbohydrates which are then fermented into biofuels. Alternatively, another
recent approach consists in using CO-rich gases (i.e., syngas, waste gases) which can also be
fermentedto butanol and ethanol. Both the carbohydrate and the carbon monoxide routes use
clostridia or acetogens in general as biocatalysts and present each their own advantages and
drawbacks (Kennes et al. 2016). The lower biomass yield and slower bacterial growth rate is a

typical drawback of the syngas approach, studied in this paper, reaching specific growth rates
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close to hardly 0.086 h™, to be compared to values of 0.23-0.48 h™ when clostridia are grown
on sugars (Table 7-1). Thus, growth rates appear to be about4-5 times higheron carbohydrates
than on carbon monoxide. Similarly, our data show that the biomass yield on CO is 0.011 g
biomass/g CO, while itreaches 0.36-0.53 g biomass/g carbohydrate when growing clostridia on
sugars such as lactose (Napoli etal. 2012). Specific strategies are thus needed to overcome the
low biomass production on such gaseous substrates in continuous bioreactors for B-E

fermentation, such as cell recycling.

Another aspect to be taken into account, common to both the carbohydrate and the carbon
monoxide (waste gas, syngas) approach, is the potential toxicity of e nd-metabolites, i.e., butanol
and ethanol, on growth and substrate conversion itself. Toxicity studies have been performed
and reported in the literature for clostridial strains converting sugars to solvents (ABE
fermentation), but, to the best of our knowledge, no previous reportis available on the effect of
alcohols on clostridiafermenting CO-rich gases; although, in a recent patent application, it has
been shown that recombinant strains of CO-fermenting clostridia might tolerate ethanol

concentrations of up to around 50 g/L (Koepke et al. 2012).

The ICs, value of butanol obtained for C. carboxidivorans grown on CO in the present work
(14.50 g/L), and reported here for the first time, is rather close to the values available from
studies with other Clostridium species grown on carbohydrates. Similar results in terms of
butanol inhibition were obtained by Moreira et al. (1981) using sugars as carbon source in C.
acetobutylicum. They found that 0.10-0.15 M (7.41-11.12 g/L) butanol caused 50 % inhibition of
cell growth and sugar uptake rate by negatively affecting the ATPase activity. A comparable
effect was reported by Jones and Woods (1986), who found that 7-13 g/L butanol caused 50 %

inhibition of cell growth.

The mechanism of butanol toxicity seems to be related toits hydrophobicnature, as this alcohol
isa lipophilicsolvent which can disrupt the phospholipid and fatty acid composition of the cell
membrane causinganincrease in membrane fluidity (Bowles and Ellefson 1985). Thisincrease in
the membrane fluidity would cause destabilization of the membrane and disruption of
membrane functions such as transport processes, substrate (glucose) uptake, and membrane
ATPase activity (Bowles and Ellefson 1985). On the other hand, Gottwald and Gottschalk (1985)
also found that butanol can inhibit the ability of C. acetobutylicum to maintain its internal pH
and abolishes the membrane pHgradient. Butanol toxicity has also been related to the autolytic

degradation of the solventogenic cells in C. acetobutylicum P262 (Van der Westhuizen et al.
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1982), and it was suggested that concentrations of butanol near the inhibitory concentration

were involved in the release of autolysin during the solventogenic phase (Barber et al. 1979).

The effect of ethanol was also studiedin the presentwork and it was shown that concentrations
of 35 g/L could reduce the growth of C. carboxidivorans by 50 % after 200 h of ethanol exposure.
That value is similar to the values obtained in the fermentation of sugars, for which it was
suggested thatthe addition of acetone and ethanol up to 40 g/L reduced growth by 50 % (Jones
and Woods 1986), and total growth inhibition appeared at concentrations of about 50-60 g/L of
ethanol (Leung and Wang 1981; Costa and Moreira 1983).

In the butanol toxicity experiment with C. carboxidivorans, the 1Cs (14.50 g/L) was much lower
the value of ICs, observed in the ethanol toxicity experiment (35 g/L). A similar trend was
observed for the growth rate. In the assay on ethanol toxicity, in the bottle with 35 g/L of
ethanol (the most concentrated one), a growth rate of 0.024 h™ was reached, which is a value
close to the one obtainedin the assays with 10 g/L of butanol. These results show that ethanol
has a quite weaker inhibitory effect on C. carboxidivorans than butanol, as more ethanol is

required to observe the same toxic effect as with butanol.

In both experiments with individual alcohols, the % CO consumed was monitored. This
parametershows that the bottles with ethanol reached higher percentages of CO consumption
than the bottles with butanol. The assays with the highest butanol concentrations (20 g/L) did
not even reach 20 % CO consumption, whereas in the bottles with the same concentration of
ethanol, as much as 83 % CO was consumed. Besides, the bottles with the highest amount
ethanol (35 g/L) still reached as much as 40 % CO consumption. There was basically no growth at
all of C. carboxidivorans in the presence of a concentration of 20 g/L butanol; that way, this
concentration would thus be near the concentration of full inhibition. As described above, the
effect of alcohols on the level of CO consumption could be related to the fact that butanol
disrupts the membrane fluidity, so the uptake of CO is a function of the characteristics of the
membrane, which can get damaged as a result of butanol toxicity (Bowles and Ellefson 1985).
Also, butanol at high concentrations could be involved in the release of autolysin, with an effect

on the autolytic degradation of the cell (Van der Westhuizen et al. 1982; Barber et al. 1979).

Ethanol added at low concentration (up to 1 g/L) appeared not to cause any negative effect on
the cells, and a somewhat faster biomass accumulation than in control bottles was even
observed. This might be related to the fact that ethanol may favor the uptake of cholesterol or

saturated fatty acids into membranes (Goldstein 1986). Goldstein (1986) suggested that the
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bacteriahe studied could be able to uptake a higher quantity of molecules such as fatty acids or

other compounds, which could favor their growth.

In the lastexperiment, the effect of similaramounts of both alcohols in mixtures was analyzed.
In that experiment, the 1Cs, was found to reach a value of 16.22 g/L of the ethanol and butanol
mixture. This value is higher than the value obtained in the butanol toxicity assay, and it can
most probably be related to the lower inhibitory effect of ethanol in the mixture. The growth
ratesin that experiment werehigher than in the butanol experiment, at all the concentrations
assayed. However, compared with the ethanol toxicity experiment, the growth rate was lowerin
the mixture thaninthe ethanol experiment. That difference is related to the strong toxic effect

of butanol in the mixture in comparison with ethanol.

Also, differences were observed regardingthe % CO consumed. A rather similar effect in terms
of CO consumption was observed between the butanol experimentand the assay with mixtures
of both alcohols, again as a result of the more significant inhibitory effect of butanol compared
to ethanol. The bottles with the highest concentrations of alcohols only consumed 20-30 % CO
in both cases, whereas in the bottles with ethanol only, the % CO consumption was always

higher and exceeded at least 40 % in all cases.

It can be concluded that: (a) The alcohol with lowest inhibitory effect has the highest ICsy,
meaning that butanol had the highest toxic effect on CO fermentation by C. carboxidivorans,
followed by the 1:1 mixture of alcohols and finally ethanol; (b) small quantities of ethanol
(around up to 1 g/L) have no toxic effect and seem even to exhibit a slightly positive effect on
biomass growth and accumulation compared to the control cultures; (c) the alcohols produce a
negative effect onthe growth rate, on biomass accumulation as well as on the CO consumption

rate in all the experiments (except at low ethanol concentrations).
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Abstract Clostridium carboxidivorans can produce acids and/or alcohols through syngas (C1-gas)
fermentation. Inthe syngas fermentation process, the production of acids takes place at higher
pH, during the acidogenic stage, while the solventogenic stage, with the conversion of
accumulated acidsinto alcohols, should be more favourable at a lower pH of the fermentative
broth. The pH drop, when switching from the acidogenic stage to the solventogenic stage, can
either be natural —and result from the bacterial production of acids - or artificial, or even a
combination of both. Fora natural acidification process, astrongacid such as hydrogen chloride
was added to a syngas fermenting bioreactor in this study. Cycles of high and low pH were
appliedinordertoswitch fromacidogenicto solventogenic stages. pH increases were possible
through the addition of sodium hydroxide. This pH adjustment procedure leads to the
accumulation of salts and increased salinity of the medium, estimated in terms of conductivity.
The possible inhibitory effect exherted by changes in salinity in the syngas bioreactor was
estimated in batch, bottles, assays. Different batch bottle assays were carried out with different
salinities (media with different concentrations of sodium chloride) using C. carboxidivorans and
pure CO as a carbon source. At NaCl concentrations below 9 g/L (conductivity of 26.4 mS/cm),
maximum growth rates around 0.055 h™* were obtained, whereas increasing the concentration
of sodium chloride had a negative effect on the bacterial growth. Also the maximum biomass
accumulation and the CO consumption rate decreased atincreased salinities. In the case of the
most concentrated bottles, above 15 g/L NaCl (conductivities above 37.9 mS/cm) no relevant
growth was observed, getting complete inhibition and growth rates around 0 h™. Also, the ICs,
or concentration yielding 50 % growth inhibition, was estimated with a value around 11 g/L

sodium chloride.

Keywords: Clostridium carboxidivorans; carbon dioxide; ethanol; butanol; HBE fermentation;

syngas

With minor editorial changes to fulfil formatting requirements, this chapter is waiting to be

submitted
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8.1 Introduction

Biorefineries based on the production of biofuels and platform chemicals from renewable
sources, biomass, or wastes are being optimized nowadays to gradually replace the more
conventional oil refineries and chemical industries or to coexist with those, as they are
considered to be more sustainable and environmentally-friendly. A key challenge in biofuels
productionisto develop alow cost and effective process, to make such production competitive
and viable (Branduardi and Porro, 2016). Environmental sustainability in the biofuelindustry can
be evaluated through life cycle assessment or using other similar tools (Rosen 2018).
Biorefineries are mainly classified into firstand second generation processes. In first generation
biorefineries, sugars from agricultural crops, such as corn or sugarcane, are metabolized by
microorganismsin orderto obtainbiofuels (e.g., bioalcohols) or bioproducts. The raw material
used inthis process has to deal with a food-fuel competition whichis one of its major drawbacks
(Kennesetal. 2016). Therefore, research on first generation processes is generally not funded
anymore, among others in the European Union. Feedstocks used in second generation
biorefineries are agricultural wastes such as lignocellulosic materials; that way the problem of
food-fuel competition is avoided. However, that raw material is composed of cellulose,
hemicelluloses and lignin, and rather complex pre-treatments may often be necessary to obtain
simple sugars which can then be metabolized by microorganisms. The use of enzymatic,
chemical, thermal, or other pretreatments convert cellulose and hemicelluloses into simple
sugars, but lignin does not yield any simple sugars (Kennes et al. 2016); that way an important
percentage, reaching sometimes up to 30 %, of the lignocellulosic material cannot be used for
the sugar fermentation process. The conversion of lignocellulosic biomass or other similar
renewable resources into syngas by means of a thermochemical pre-treatment, allows to use
the complete feedstock, i.e. cellulose, hemicelluloses but also lignin; to obtain afermentable gas
mixture. That syngas can be metabolized by anaerobic bacteria as carbon and energy source to
produce a range of fuels, e.g. bioalcohols, and chemicals (Abubackar et al. 2011; Bengelsdorf et
al. 2013; Mohammadi et al. 2011). Some industrial emissions are also rich in C1 gases and
sometimes hydrogen, similar as syngas obtained from biomass, and can then also be used by
anaerobic bacteria as substrates and fermented into alcohols or other commercial products
(Kennesand Veiga 2013). Syngas fermentation by either mixed cultures (Yang 2018; Chakraborty
et al. 2019) or pure cultures (Abubackar et al. 2011) has gained increased interest recently,
focusing, among others on its potential for biofuels production (e.g., ethanol, methane). Such
gas fermentation process needs then to be optimized, trying to determine the best bioreactor
operating conditions and avoiding any possible inhibitory issue.
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Different parameters may affect the efficiency of afermentation process, eitherin a positive or
a negative way, and may also affect the nature and concentration of end metabolites. Optimal
culture medium composition is one such key parameter. For example, in syngas-metabolizing
solventogenic acetogens, the pH of the culture broth as well as the addition or omission of
specific trace metals allows to shift the metabolism towards the production of either acids or
alcohols (Abubackar et al. 2016; Fernandez-Naveira et al. 2017a). Similarly, the salinity of a
fermentation medium can play a role in the activity of microorganisms and should be considered
when setting-up bioprocesses. The salinity of a medium may vary, among others during pH
adjustment, as the addition of chemicals such as sodium hydroxide or hydrogen chloride will
result in the accumulation of salts. In first and second generation production of biofuels and
other platform chemicals through sugar fermentation, pH adjustment during pretratments or
fermentation steps may lead to the accumulation of salts or other potentially inhibitory
compounds (Casey etal. 2013; Palmqvistetal. 2000). Similarly asin first and second generation
processes, pHisa key parameter strongly affecting the metabolism of solventogenic clostridia
and acetogensin general, fermenting syngas, while pH adjustment relies on the addition of acids
or bases that will ultimately affect salinity. Studies on the effect of high salt concentrations have
beendone in pathogenic, medical and food-related clostridia mainly. For example the addition
of salt (i.e., NaCl) is known to be a common way to prevent the growth of different
microorganisms such as Clostridium spp in food products (Lund, 1993). It has also been
described thatthe addition of saltin levels of 8.2-10.5 (W/W) allows to prevent spore outgrowth
(Khanipour et al. 2014). To the best of our knowledge, no study has been reported on the
influence of salinity or conductivity of the medium on the activity of syngas-metabolizing strains

useful in environmental applications.

In this study, anaerobicsyngas fermentation was performed in a stirred tank bioreactor and pH
was adjusted after a specific processing time in order to stimulate solventogenesis, i.e. the
accumulation of alcohols. Salinity was checked in terms of conductivity duringthe fermentation
process and during pH adjustment. Besides, batch assays were set-up in order to check the
inhibitory effect of the salt concentration and conductivity on the C. carboxidivorans strain used
to inoculate the syngas-fed bioreactor. Conductivity data found in the fermentor were

compared to inhibitory values identified from batch assays.
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8.2 Material and methods

8.2.1 Microorganism and culture media

Clostridium carboxidivorans (P7 DSM 15243) was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany), and was maintained
anaerobically on modified basal medium (Liou et al. 2005; Tanner, 2007) with carbon monoxide

(100 %) as a carbon source, and with an initial pH of 5.75.

The general composition of the medium used was (per liter distilled water): Yeast extract, 1 g;

mineral solution 25mL; trace metal solution, 10 mL; resazurin, 1 mL; cysteine-HCI, 0.60 g.

The trace metal stock solution was composed of (per liter distilled water): 2 g nitrilotriacetic
acid, 1 g manganese sulfate, 0.80g ferrous ammonium sulfate, 0.20 g cobalt chloride, 0.20 g zinc
sulfate, and 20 mg each of cupricchloride, nickel chloride, sodium molybdate, sodium selenate,

and sodium tungstate.

The composition of the mineral stock solution was (per liter distilled water): 100 g ammonium
chloride, 10 g potassium chloride, 10 g potassium monophosphate, 20g magnesium sulfate, and
4 g calcium chloride. In the batch assays, different concentrations of NaCl were added to each
bottle in order to check its effect on the strain. The NaCl concentration commonly

recommended by culture collections for that strain is 2 g/L.

8.2.2 Bottle batch experiments

Different concentrations of sodium chloride were added in serum vials, per duplicate, in order to
check the effect of sodium chloride on bacterial growth and activity. Sodium chloride was added
at the following final concentrations: 0.2 g/L, 3 g/L, 9 g/L, 10 g/L, 11 g/L, 12 g/L, 15 g/L, 18 g/L
and 21 g/L. The medium was introduced in 250 mL anaerobic serum vials with 100 mL working

volume.

The pH was adjusted to 5.75, and the medium was boiled and flushed with nitrogen to ensure
anaerobic conditions. After that, the bottles were sealed with rubber stoppers and aluminum

caps and autoclaved for 20 min at 120° C.

For seeding the medium, 10 % biomass in exponential growth phase was inoculated in each
bottle. They were then pressurized to 1.2 bar with 100 % CO and were agitated at 150 rpm

inside an orbital incubator at 37° C.
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8.2.3 Bioreactor experiment

The continuous gas-fed bioreactor experiment was carried out in a 2 L BIOFLO 110 bioreactor
(New Brunswick Scientific, Edison, NJ, USA) with a working value of 1.2 L. A gas mixture of
C0:CO,:H;:N, (20:20:10:50) was used as a carbon and energy source and was fed at a flow rate
of 10 mL/min using a mass flow controller (Aalborg GFC 17, Mullheim, Germany) during all the

experiment.

The original basal medium was prepared as described above, with the addition of 2 g/L NaCl,
and was then autoclaved. After sterilization, the medium was flushed with N, and cooled down
to 33° C. A water jacket allowed to maintain the temperature constant throughout the
experiment. During the cooling down process, once the temperature had reached about 35° C,
cysteine-HCland vitamins wereadded. Once the bioreactor had reached anaerobic conditions,
the N, feed wasinterrupted anditwas then replaced by a syngas mixture fed to the reactor at a
flowrate of 10 mL/min, using a microsparger. The agitation speed was maintained constant at
250 rpm. To avoid the formation of vortex in the culture medium, four baffles were placed
inside the bioreactor. The pH and redox potential were constantly controlled. The pH was
adjusted to the desired value through the addition of either 1 M NaOH or 1 M HCl solutions.
Finally, 10% of the bacterial culture, in exponential growth phase (which was grown with CO as

a carbon source during 72h), was inoculated in the bioreactor.

Initially, during the first experimental period, pH was maintained constant at a value of 5.75,
then, when the maximum concentration of acids was reached, the pH was lowered to 4.8
through addition of HCl in a gradual way. 170 hours afterthe pH drop, it value was increased up
to 5.75 again, adding NaOH gradually. 50 hours later, the medium of the reactor was partially
replaced. When the maximum concentration of acids was reached again, HCl was added again to

decrease the pH to a value of 4.8.

8.2.4 Growth measurement

For the batch assaysin bottles, samples were taken at least twice a day during the exponential
growth phase and once a day after that, withdrawing 1 mL of liquid sample from each bottle.
The optical density (OD, = 600 nm) was measured on a UV-visible spectrophotometer (Hitachi,
Model U-200, Pacisa & Giralt, Madrid, Spain) in order to estimate the biomass concentration. A
biomass calibration curve had previously been plotted, representing biomass concentration vs
optical density, with the aim to estimate the biomass concentration (g/L) based on the
absorbance readings.
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The growth rates (u), expressed in hour™, for each bottle, were calculated during the

exponential growth phase using the following equation:

_ [In(Ny) — In(Ny)]
B (t —to) Eq. 8.1

where N,is the cell density (g/L) attime t (expressedin hours) and Ny is the cell density attime 0
(to).

Another parameter estimated in that assay was the 1Cso (concentration of the tested substance
that decreases the growth rate by 50 %). It is one of the most commonly used parametersin
toxicity assays (Leboulanger et al. 2001). The ICs, for each concentration of sodium chloride
were estimated using a non-linear regression analysis (four parameters sigmoidal) of the
concentration of sodium chloride as logarithm versus the percentage of growth inhibition. The
percentage of inhibition is calculated considering that the control bottles correspond to 0 %
inhibition. All the calculations were made using the regression Wizard software (Sigma-Plot 12.5,

SPSS Inc.).
8.2.5 Gas-phase CO concentrations

Similarly as for biomass sampling, samples were taken once or twice a day in bottles assays,
depending on the growth phase. 1 mL gas sample was removed from the headspace of each

bottle to estimate CO consumption.

The CO concentration in each bottle was measured using an HP 6890 gas chromatograph (GC,
Agilent Technologies, Madrid, Spain) equipped with athermal conductivity detector (TCD) using
Helium as a carrier gas. 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 maintained constantat 50° C, while

the temperature of the injection port and the detector were maintained constant at 150° C.
8.2.6 Fermentation products

In case of the bioreactor studies, 1 mL liquid samples were taken daily to check the nature and
concentration of fermentation products on an HPLC (HP1100, Agilent Co., USA) equipped with a
supelcogel C-610 column and a UV detector at a wavelength of 210 nm. A 0.1 % ortho-
phosphoric acid solution was used as a mobile phase at a flow rate of 0.5 mL/min. The column
temperature was set at 30° C. The samples were centrifuged (7000 g, 3 min) using a benchtop
centrifuge (ELMI Skyline Itd CM 70M07) and filtered using a 0.22 um filter, before analyzing
them on the HPLC.
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8.2.7 Conductivity measurement

In the bioreactorstudies, conductivity was checked at the beginning of the experiment, at the
end and after pH changes, when adding NaOH or HCI. For batch bottles experiments, the
conductivity was only checked afterinoculation checked, because those assays did not have any
pH control and conductivity remained constant. Forthe measurements, 1 mL liquid sample was
removed from the medium and conductivity was measured with a conductimeter (EUTECH

INSTRUMENTS alpha CON560).

8.3 Results and discusion
8.3.1 Continuous gas-fed bioreactor

The bioreactor was set-up with continuous syngas feed and its performance as well as salinity

(conductivity) data were monitored as described hereafter.

Bioreactor performance

Acidogenesis, with the production of organic acids, started immediately after bioreactor
inoculation. The first acid to be produced by C. carboxidivorans was acetic acid, which was the

only acid to be detected in large amounts during the first three days of operation (Figure 8.1).
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Figure 8.1 Fermentation products expressed in mg/L over the time in continuous gas-fed
bioreactor. (Aceticacid represented as ®, butyricacid represented as m, ethanol represented as

A and butanol represented as X).

Later, 72 hours after inoculation, butyric acid started to appear, when acetic acid had already
reached a high concentration of 3.50 g/L. The maximum concentrations of these acids were 4.70
g/L for acetic acid, 144 hours after inoculation, and 1.30 g/L for butyric acid, 192 hours after
inoculation. These values agree with data reported recently under very similar conditions,
except for a somewhat higher concentration of acetic acid found in that previous work, which
could be due to the slightly lower maximum concentration of biomass obtained in the present
experiment compared to the previously reported study (Fernandez Naveira et al. 2017b).
Growth of C. carboxidivorans was simultaneous to the production of acetic acid, following a
common pattern, as also observed in otherrelated bioreactorstudies (Fernandez-Naveira et al.
2016a; 2017b). A maximum biomass concentration of 0.29 g/L was reached after 72h (Figure
8.2), slightly beforethe concentration of aceticacid stopped increasing (Figure 8.1). The growth
rate was calculatedin the exponential phase, between 0 and 48 hours, reaching a value of 0.063
h™'. These values of maximum biomass concentration and growth rate are similar to values
reportedin otherstudies atthe same pH and with similar experimental conditions (Fernandez-

Naveiraetal. 2017b). During that first experimental stage, at pH 5.75, bacterial growth and the
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production of acids were concomitantto a fast CO consumption, starting soon afterinoculation.
During the first 120 h, a maximum CO consumption, between 90-93 %, was observed (Figure
8.3). After 120 h, the CO consumption started to decrease around 83 % at that pH value of 5.75.
Concerning the production of alcohols, some ethanol was first detected 72 h after inoculation
whereas butanol was not observed until t =101 h (Figure 8.1). The maximum concentrations of
ethanol and butanol, before the artificial pH drop (t = 200 h), were 0.40 and 0.29 g/L,

respectively.
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Figure 8.2 Biomass measurement in g/L over time in gas-fed bioreactor.
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Figure 8.3 Percentage of CO consumption over time.

In order to stimulate the solventogenic phase, artificial acidification down to pH 4.80 was
applied att = 200 h. Afterthe pH change, both acetic and butyric acids started to be consumed,;
althoughthe aceticacid concentration had also already been found to slightly decrease before
lowering the pH value. In Figure 8.1, consumption of 0.70 g/L acetic acid and 0.30 g/L butyric
acid was observed during this period. After the pH drop, hexanoic acid was detected in the
medium. However, for technical reasons the concentration of C6 compounds could only be
measured later, after the experiment had finalized. Since the exact concentrations detected
(corresponding to a few hundreds of mg/L) were not fully reliable, the data have not been
plottedin Figure 8.1, as this does also not affect the main goal and conclusions of the study. As a
general rule, it can be stated that the production of such compound was similar as in other
similarstudies. Duringthe low pH conditions, CO consumption started decreasing down to 74-76
% (Figure 8.3). Although biomass appeared initially to decay somewhat at pH 4.80, the biomass
concentration remained then roughly constant around 0.260 g/L during this experimental stage
(Figure 8.2). After the artificial pH drop, only 0.16 g/L ethanol and 0.10 g/L butanol were
produced and hardly any acids were consumed, although a low pH is expected to be more

favourable to solventogenesis than higher pH values. Therefore, it was decided to check if
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changes in the salt concentration and conductivity, due to the artificial pH drop reached by
adding HCI to the medium, could be a possible reason for the low alcohol productivity, slight
biomass decay and reduced gas consumption. This was checked in batch assays described in the

next section.

Because of the lower bioreactor performance, it was decided to increase the pH again to 5.75.
However, nosignificantimprovementin acids consumption or production was observed ( Figure
8.1), while the biomass concentration kept slowly decreasing ((Figure 8.2). Therefore, a partial
medium replacement was decided and part of the bioreactor’s fermented medium was replaced
by fresh medium, to check if any inhibitory medium component may have accumulated,
including salts, or if some key compound may have become limiting. After the partial medium
renewal, biomass started immediately to grow again, reachinga maximum value of 0.300 g/L, at
t = 528 h (Figure 8.2), which is similar to the original highest steady-state cell concentration
reached in the first stages of the experiment. It can also be observed, in Figure 8.1, how the
partial medium renewal exerted a positive effect on the production of acids, with afast increase
of theirconcentrations up to maximum values of 6.00 g/L for aceticacid (t =552 h) and 1.98 g/L
for butyric acid (t =600 h). As a consequence of the bacterial growth and acids production, CO
consumption recovered as well, reaching a maximum value of 85 %. Then, later on, the CO
consumption started to decrease again, around t =600 h, when the maximum concentration of
acids was reached. With this partial medium renewal, the production of alcohols was also
stimulated, reaching maximum concentrations of ethanol and butanol for that second period of

0.75 g/Land 0.60 (respectively), at t =700 h (Figure 8.1).

Subsequently, inthe last experimental period, after t =700 h, HCl was gradually added in order
to decrease the pHvalue to 4.80 again, aiming at stimulating solventogenesis. A slow conversion
of acids had already taken place at pH 5.75, while the pH decrease seemed toinhibitany further
alcohols production. As observed in Figure 1 no more alcohols were produced after the pH was
modified. A dramatic decrease of the biomass concentration (Figure 8.2) and slowdown of gas

consumption (Figure 8.3) were also found and the experiment was then stopped.

The total net production of alcohols was analysed, reaching the following values: 1.05 g/L of
ethanol, where 0.56 g/L was produced between t =0h and t =264 h, and 0.49 g/L betweent =
413 h and t = 704 h, in both cases such production took mainly place at pH 5.75. There was no
production of acids eitheratlow pH although this was expected as alow pH might stimulate the
production of alcohols through acids consumption, but would not favor the production of such

acids. In the case of butanol, an overall production of 0.89 g/L was observed, with 0.39 g/L
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produced during the first pH 5.75 period, between t = 101 h and t =288 h, and 0.50 g/L during
the second pH 5.75 period, between t =576 h and t = 776 h, in a similarway as for ethanol. That
way, a total amount of 1.26 g ethanol and 1.07 g butanol were accumulated in the 1.2L

bioreactor.

In another similarexperiment with a natural pH drop (Ferndndez-Naveira et al. 2017b), the low
pH did indeed stimulate the solventogenic stage. However, the artificial acidification applied
here, through the addition of hydrogen chloride, seemed to have a negative effect on the
process. This negative effect could be related with a higher sensitivity of C. carboxidivorans to
these artificial pH changes and/or an increased salinity provoked by the artificial pH decrease,

not expected when allowing a natural acidification process.

Salinity effect and conductivity measurements

Several hypotheses were considered in orderto try to clarify the problem with the solventogenic
stage. Inhibition could have been provoked by the salinity due to the addition of NaOH and HCI
required forthe artificial pH decrease. Onthe other side, C. carboxidivorans might be sensitive
to the pH changes and the way they were applied in the present study, and the artificial pH
decrease down to pH 4.80 might not be a fully suitable strategy to stimulate solventogenisin
this case. Finally, acombination of artificial acidification, low pH and salinity, and may be other
conditions, might altogether have affected the bacterial solventogenic activity. In order to
estimate the possible effect of pH, a full set of experiments was performed at somewhat higher
solventogenic pH values (e.g., pH 5.00), applying natural acidification strategies as reported
elsewhere (Fernandez-Naveira et al. submitted publication), while the effect of salinity,
estimated in terms of conductivity, was evaluated in this study. The data and main conclusions

are detailed below.

At different stages of the fermentation process described above, samples were taken in orderto
check the conductivity of the culture medium and estimate a possible relationship between
salinity and inhibitory conditions. The following values were obtained: 13.85 mS/cmatt=0h,
on starting the experiment; 14.59 mS/cm after the first pH drop, at t =240 h; 17.33 mS/cm after
the pH increase and before the partial medium replacement, at t =384 h; and 15.30 mS/cm
after the partial medium replacement (t = 432 h); and 16.21 mS/cm at the end of the

experiment.
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Since fluctuations of conductivity were observed during the different experimental periods,
batch bottle inhibition experiments were set-up using media with different salt additions and

conductivities, as described hereafter.

8.3.2  Batch bottle experiments

Batch assays were performed in presence of different salt concentrations and thus medium

conductivities to evaluate their effect of the growth and activity of C. carboxidivorans.

Growth parameters of C. carboxidivorans

Biomass concentration

Three different growth patterns can be described, depending on the sodium chloride
concentration, i.e. conductivity (Figure 8.4). In media with 0.20 g/L and 3 g/L, Clostridium
carboxidivorans started growing soon uponinoculation of the bottles, without any significant lag
phase, and reached similar maximum biomass concentrations of 0.140 g/L after 46 hours in 0.2
g/L bottles, and 0.144 g/L after 85 hours in 3 g/L bottles. Those maximum biomass
concentrations agree with other dataavailable inrecentliterature describing batch assays with
that same strain (Fernandez-Naveira et al. 2016a; 2016b). The growth pattern observed in the
bottles with 9 g/L sodium chloride can still be combined with the other assays at the two
concentrations described above, only that in this case C. carboxidivorans showed a slightly
longerlag phase of 22h, reachinga maximum biomassvalue of 0.161 g/L after 61 hours, which s
close to the values obtained at the two previous concentrations assayed. The second pattern
observed is for concentrations ranging between 10 and 12 g/L sodium chloride, in which
inhibitory effects started already be observed, and C. carboxidivorans exhibited a lag phase of
about 100 h afterinoculation, oreven 122 h at the highest concentration of 12g/L. Although the
10 g/L assay still reached a maximum biomass accumulation of 0.108 g/L, after 166 hours, those
valueswere lowerinthe othertwo cases. At 11g/L sodium chloride, the biomass concentration
was only 0.072 g/L after 190 hours; and that parameter reached 0.060 g/L, after 240 hours, at a
salt concentration of 12 g/L. The third pattern corresponds to bottles with still higher
concentrations of sodium chloride, of 15, 18 and 21 g/L. In those bottles, complete inhibition
was found and the highest amount biomass in those experiments did not exceed 0.003 g/L. That
way, as can be seen in Figure 8.4, increasing the concentration of sodium chloride in the
fermentative broth, results in a negative effect on the growth pattern of C. carboxidivorans

when surpassing a given threshold salt level.

185



EFFECT OF SALINITY ON C1-GAS FERMENTATION BY CLOSTRIDIUM CARBOXIDIVORANS
PRODUCING ACIDS AND ALCOHOLS

0.18 ~

0.16

0.14

0.12

0.1

0.08

0.06

Biomass concentration (g/L)

0.04

0.02 gl “i’: MO —
0 T T T T T 1
0 50 100 150 200 250 300

Time (h)
=02 =3 =0=9 10 =11 12 15

i1

18 He=21

Figure 8.4 Measured biomass concentration expressed as g/L over time. (0.2 g/L of sodium
chloride represented as A, 3 g/L of sodium chloride represented as X, 9 g/L of sodium chloride
represented as e, 10 g/L of sodium chloride represented as +, 11 g/L of sodium chloride
represented as -, 12 g/L of sodium chloride represented as ¢, 15 g/L of sodium chloride
represented as 0, 18 g/L of sodium chloride represented as o and 21 g/L of sodium chloride

represented as .

Specific growth rates

The specificgrowth rates were estimated for each concentration of sodium chloride used in this
study (Table 8-1). The specific growth rates in bottles in which no inhibition took place agree
with values obtained with that same species under similar conditions in other batch studies
describedinrecentliterature (Fernandez-Naveiraetal. 2016b). A negative effect on the growth
rate of C. carboxidivorans could be observed atincreasing sodium chloride concentrations above
athresholdvalue. Uptonearly 9 g/L NaCl, noclear inhibition was detectable, although inhibition
seems then tostart at such value of around 9 g/L. The slight variations in growth rates over that
concentration range of 0-9 g/L could be related with the sampling time or with the state of the
inoculum oreven with the experimental accuracy, but not significant differences were observed.

However, at higher NaCl concentrations, both the growth rates and maximum biomass
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concentrations decreased, even reaching total inhibition of C. carboxidivorans when the amount

NaCl reached 15 to 21 g/L (Table 8-1).

Table 8-1 Maximum specific growth rates for each sodium chloride concentration.

Sodium chloride concentration (g/L)  Specific growth rate () (h™")

0.2 0.055
3 0.055
9 0.052

10 0.044
11 0.032
12 0.021
15 0
18 0
21 0

Hardly any research has beenreported on the effect of salinity on clostridiaand acetogens used
in environmental applications, while studies can be found for pathogenic clostridia or strains
typically found in food research. Although the salt concentration in the bioreactor was below
the inhibitory values identified for C. carboxidivorans in batch assays, that strain seems to be
more sensitive to salinity than previously described clostridia in food research. A strain of C.
botulinum 62A was found to tolerate NaCl concentrations up to 3 % without any inhibition
(Montville 1983). Similarily, the parent strain of C. botulinum ATCC 3502 with a growth rate of
0.31 h™ inpresence of 1 % NaCl, was still able to grow in presence of 4 % NaCl, but with a quite
lower growth rate of 0.10 h™ (Derman et al. 2015). For other bacteria such as C. tyrobutyricum
different strains found in dairy products tolerated at least 3 % salt in milk, but complete
inhibition was often already observed at 3.5% (Ruusunen et al. 2012). In cooked ham and beef,
among three C. perfringens strains, all could develop at NaCl concentrations up to 2 % but
complete inhibition was generallyfound above 3 % salt (Zaika. 2003). Many of those bacteria do
generally still grow in presence of about 2-4 % NaCl, depending on the strain, while C.

carboxidivorans appears to be already completely inhibited at such concentrations.
ICs0

An important parameterin toxicity assays is the ICs,. To check how restrictive the salinity of the
fermentation broth could be on the activity of C. carboxidivorans, the ICs, values were estimated
181 and 202 hours after inoculation. The values obtained were 10.79 g/L and 11.02 g/L,
respectively. Those values correspond to the concentration at which inhibitory effects started
being detected in the experiment, as shown in Figure 8.3, where no inhibition was found
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between0.2and 9 g/L, while longerlagphases and reduced maximum biomass concentrations

started being observed at concentrations exceeding 9 g/L.

Conductivity measurement

When gas fermentation experiments are carried out to obtain alcohols with Clostridium
carboxidivorans, non negligible amounts of NaOH and HCl are consumed during the acidogenic
and solventogenic stages in order to adjust pH. The addition of those two chemicals would
change the salinity and conductivity of the fermentation broth. As a result, this could have a
negative effect onthe bioconversion process. For each sodium chloride concentration assayed,
the corresponding conductivity was measured (Table 8-2), in order to estimate the conductivity
range that would cause a negative effect on C. carboxidivorans, and eventually complete
inhibition.

Table 8-2 Conductivity measurement for each concentration of sodium chloride.

Sodium chloride

concentration (g/L) Conductivity (mS/cm)

0.2 10
3 17.1
9 26.4
10 27.1
11 29.9
12 32.8
15 37.9
18 43.6

21 48

With these values, and the data obtained in the IC5, analysis (10.79 and 11 g/L of NaCl), the
value of conductivity which would cause 50 % inhibition on the growth of C. carboxidivorans was

around 29.9 mS/cm.

The medium used in the continuous gas-fed bioreactor experiment described here, and in
similarexperiments with C. carboxidivorans and syngas as a carbon source described in recent
literature (Fernandez-Naveira et al. 2016a, 2017b) corresponds to the compositions commonly
added in the standard culture medium (2 g/L NaCl). This corresponds to an initial conductivity
around 14 mS/cm. At the end of the bioreactor experiment, after consumption of NaOH and
HCl, the conductivity of the fermentative broth was around 16- 18.7 mS/cm. These values

observed in the bioreactors are far from the ICso. Therefore, the conductivities reached in the
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fermentation broth due tothe addition of NaOH and HCl should not representaproblem forthe

bioconversion process and no inhibition should be expected.

CO consumption

Similarly as observed for the biomass concentration, three patterns were also observed for the
percentage of CO consumption (Figure 8.5). Similar fast CO consumptions were typical at NaCl
concentrations between 0.2and nearly 9 g/L (Figure 8.5). In all those bottles, exceptat 9 g/L, CO
started to be consumed soon after inoculation, reaching 100 % consumption quite fast and
exhausting the carbon source 61 hours afterstarting the experiment. In the case of bottles with
9 g/L sodium chloride, the consumption of CO started a few hours later (12 hours)
correspondingalso to the moment when growth started. A second pattern can be observed for
concentrations between 10 and 12 g/L sodium chloride. In those bottles, CO consumption was
slowerand the substrate did not get fully exhausted. The maximum CO consumptions were 79 %
after 166 h, 53.5 % after 214 h, and 56 % after 204 h for the bottles with 10, 11 and 12 g/L,
respectively (Figure 8.5). The lower CO consumption in those bottles is also related with the
lowerbiomass concentration obtained in comparison with the first set of assays at lower NaCl
concentrations. For the last group of bottles, corresponding to 15, 18 and 21 g/L sodium
chloride, still lower CO consumptions were observed with maximum values of 24 %, 27.6 % and
35 % after 204 hours for each concentration. In those bottles no significant growth was
detected, and the biomass concentration remained low tough constant during all the
experimental process. That way some consumption of CO was observed which could be logical
as it could have been used for biomass maintenance orto satisfy other metabolicaspects. Some

minimal loss during the sampling can also not completely be excluded.
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Figure 8.5 Percentage of carbon monoxide consumption over time. (0.2 g/L of sodium chloride
represented as A, 3 g/L of sodium chloride represented as X, 9 g/L of sodium chloride
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8.4 Conclusions

In syngas bioconversion in bioreactors with pHregulation, an increase in salinity/conductivity is
observed during the experiment, related to the pH adjustment procedure and the addition of
sodium hydroxide or hydrogen chloride. The salinity (conductivity) of the medium (e.g., NaCl
concentration) can affect the internal functions of the cell, causing reduction of the performance
of the process at high salt concentrations. However, the salt concentrations found in this
fermentation process are below possibleinhibitory values. Therefore, it should not significantly
affectthe long term efficiency of the bioconversion. The results show that concentrations below
9 g/L do not affect the strain’s activity while concentrations of 15 g/L or higher do completely
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inhibit C. carboxidivorans, withintermediateinhibitory effects at salt concentrations between 9
and 15 g/L. It has been shown that, in solventogenic clostridia, shifting the pH from a high to a
low value, may allow to completely consume acids, produced from the gas fermentation, and
convertthose into alcohols, provided other conditions are optimal (e.g., medium composition,
presence of key trace metals) (Abubackar et al. 2015; Fernandez-Naveira et al. submitted
publication). Since conductivity did not seem to affect the stability of the process and the low
conversion of acids in syngas fermentation, the pH value could have played a role. Indeed, the
optimal pH range for that strain has been suggested to be 5-7 (Liou et al. 2005, Fernandez-
Naveiraetal. 2017c) and a pH around 4.80, - although not reported to be inhibitory -., could be
close to a lower threshold value that could have avoided complete conversion of acids to
alcohols, as observed in this paper. Conversely, in another recent study it was found that
limiting the pH drop to a minimum value of 5.0 (instead of 4.80) does allow the complete
conversion of acids (e.g., acetic acid) into alcohols (e.g, ethanol) in C. carboxidivorans
(Fernandez-Naveira et al. submitted). Besides, a natural acidification process, without any
addition of acid or base, may be less stressful for the bacteria, than artificial acidification, and
thus still allow a better conversion of acids into alcohols. However, it remains unclear why
partial medium replacement significantly improved the production process, and thus aspects
such as the salinity or a low pH do not completely allow to explain the limited conversion of

acids into alcohols and the highly positive effect of partial medium replacement.
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Abstract. Clostridium carboxidivorans is one of the few bacteria able to produce (bio)alcohols,
e.g. ethanol, butanol and hexanol, from C1gases (e.g., CO, CO,) and syngas, following the Wood-
Ljungdhal pathway. Inthat pathway, gases are first convertedintofatty acids, i.e., acetic, butyric
and hexanoicacids (acidogenesis), to be subsequently converted into alcohols (solventogenesis).
This research focused on identifying conditions that allow to selectively produce either fatty
acids or alcohols, whichisindustrially relevant as it represents ameans to select for the desired
metabolites. The conversion of gasesinto acids and the subsequent conversion of the latterinto
alcohols are catalysed by metalloenzymes whose activity would be stimulated by the presence
of specific trace metals, e.g. tungsten (W), selenium (Se). Therefore, different bioreactor
experiments wereset-up either with or without addition of W or Se and at different pH values.
The results showed that combining the presence of those trace metals with a low pH (5.00)
allows to accumulate high amounts of alcohols as major end products (8.04 g/L total alcohols;
3.03 g/L total acids) produced from the conversion of fatty acids obtained from C1 gas
fermentation. Instead, maintaining a higher pH (6.20), in the absence of those trace metals,
allows for the selective production of organic acids (9.55 g/L) while a much lower total
concentration of alcohols was found (0.68 g/L). Omitting W, but not Se, at such higher pH (6.20),
led to a still higher total concentration of acids (11.30 g/L) and lower conversion to alcohols

(2.02 g/L).

Keywords: Butanol; ethanol; hexanol; selenium; tungsten; waste gas

With minor editorial changes to fulfil formatting requirements, this chapter is submitted in

Applied Energy:
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9.1 Introduction

Many energy sources are still produced from nonrenewable sources in mostly non
environmentally-friendly oil refineries. There is a need to look for more sustainable production
processes based on a circular economy concept, reducing pollution and considering the
advantages of reusing contaminants in a cost-effective way (Andersen 2007). Biomass and other
similar feedstocks as well as pollutants are good candidates to produce biofuels at industri al
scale (Martinez et al. 2017). Bioethanol is one of those biofuels suitable to replace
transportation fuels such as gasoline (Kennes and Veiga 2013). Bioethanol production based on
the fermentation of carbohydrates obtained from lignocellulosic materials has been quite
extensively reported (Kennes et al. 2016). Another, more recent and innovative alternative,
consistsin gasifying those feedstocks in order to obtain syngas that can also be converted into
ethanol, with pure anaerobic bacteria (Mohammadi et al. 2012; Abubackar et al., 2015) or with
mixed cultures (Chakraborty et al. 2019). That process can also use some waste gases, e.g. from
steel industries, as they have similar gas compositions, and all contain mainly CO, CO, and H,.
Some recent cost analyses have proven that such technology is cost-effective, industrially
feasible and competitive compared to carbohydrate fermentation (Roy et al. 2015; He et al.
2011). Gas fermentation to ethanol has now reached precommercial scale (Phillips et al. 2017).
Besides, the technology allows to mitigate greenhouse gas emissions, while yielding a biofuel,
whichisa significant aspect as the sustainability of a biofuel production process includes energy

and greenhouse gas saving, and a low environmental impact (Rathore et al. 2016).

It has beenrecently shown that, besides ethanol, other metabolites, such as biopolymers, can
be obtained as well from anaerobic waste gas or syngas fermentation (Drzyzga et al. 2015; Lagoa
et al. 2017); but in order to broaden the range of compounds that can be obtained through
anaerobicCl-gas fermentation, research gaps related to the production of energy sources (e.g.,
ethanol, higher alcohols) need to be addressed. C1-gas fermentation for the accumulation of
higheralcohols, besides ethanol, whichis the focus of this paper, is a novel process with only a
limited number of reports on optimization (Ferndndez-Naveira etal. 2017a). Higher alcohols are
interesting as novel energy sources. Butanol is a C4 alcohol that can be used as a fuel, besides
having other industrial applications (Dong et al. 2012). It has several advantages compared to
ethanol and is more similar to gasoline (Ramey et al. 2007). It is less hygroscopic than ethanol,
lessvolatile, less corrosive and has a higher energy content (Lagoa et al. 2017). It can be mixed
at high ratios and concentrations with gasoline. Onthe otherhand, hexanol is alonger chain, C6,

alcohol being considered as asuitable substitute of refinery diesel. It can also be blended with
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fossil fuels and other alcohols (Atmanli 2016; Yilmaz et al. 2017). Besides, studies have been
done on the compatibility of hexanol with Jet aviation fuel (Chuck et al. 2014), on oxidation
kinetics and on engine emissions in presence of hexanol (Babu and Anand, 2017; Togbé et al.
2010). Additionally, it has been reported that hexanol can be used as a starting material for
obtaining other liquid transportation fuels (Luggren et al. 2016). Ethanol and higher alcohols are
thusinteresting biofuels, but some research gaps related to the optimization of their production
still need to be further addressed, among others for the novel HBE (hexanol -butanol-ethanol)

gas fermentation process (Fernandez-Naveira et al. 2017a).

Clostridium carboxidivorans is able to metabolize syngas for the production of ethanol and
higher alcohols, via the Wood-Ljungdahl (WL) pathway (Miller 2003; Fernandez-Naveira et al.
2017b). Generally, solvent producing clostridia using that pathway for C1-gas fermentation, will
first generate fatty acids, which can later be converted to solvents further down in the WL
pathway. If the desired end products are ethanol and higherfuel-alcohols, optimizing conditions
that allow to minimize the accumulation of acids while maximizing the production of alcohols, as
addressedinthis paper, will provide anew body of knowledge that will improve the efficiency of
the process and itsindustrial application. Inthat sense, some trace metals are used as cofactors
by metalloenzymes of the WL pathway. Bioreactor studies on their involvement if HBE
fermentation have notyetbeenreported. In the WL pathway, acetogenic bacteria convert gas-
substrates into the common intermediate acetyl-CoA, for their growth and the production of
organic acids and alcohols. From basic biochemical studies, it appears that tungsten (W) and
selenium (Se) can be considered as two key trace metalsinvolved eitherin the assimilation of C1
gases or in the conversion of acids, produced from such gases, into alcohols. Se plays arole in
formate dehydrogenase (FDH), an enzyme catalyzing the reduction of C1 gases, mainly CO,, in
bacteria such as C. ljungdahlii (Cakar et al. 2018) and C. carboxidivorans (Alissandratos et al.
2013). Some authors have mentioned the involvement of W, and sometimes molybdate, in the
activity of formate dehydrogenases (e.g., in C. thermoaceticum) (Andreesen et al. 1973; Saxena
and Tanner 2011). Depending on the strain, either tungsten or molybdate would thus be
involved inthe activity of FDH. Onthe otherside, W is considered to be a key trace metal forthe
activity of aldehyde:ferredoxin oxidoreductase (AFOR), an enzyme catalyzing the conversion of
acidsintoan aldehyde. Lateron alcohol dehydrogenase (ADH) will catalyze the conversion of the
aldehyde into alcohols in several clostridia metabolizing CO, CO, or syngas (Abubackar et al.
2015; Fernandez-Naveiraetal. 2017a). The combined effect of W and Se is therefore expected
to affect the assimilation of C1gases and theiroverall conversionintoacids and later alcohols in
HBE fermentation, while omitting W only would mostly affect the last step of the pathway in
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which acids are converted into alcohols. The selection of optimized bioreactor operating
conditionsand the presence of specific trace metals would presumably allow to maximize the

production of fuel-alcohols.

In this study, four experiments were carried out with syngas as substrate mixture and C.
carboxidivorans as a biocatalyst, using different trace element compositions, i.e. absence or
presence of tungsten or selenium, in order to study how it affects the bioconversion profile in
the HBE fermentation, i.e. the conversion of C1 gases to acids and, later, ethanol and higher
alcohols (butanol, hexanol). Objectives of this research were to evaluate the combined effect of
tungsten and selenium as well as the individual effect of those trace metals on bacterial growth
and on the production of acids and alcohols, and that way maximize the production of novel
biofuels (e..g, higheralcohol). Four bioreactors were operated under different conditions. First,
a reactor was set-up using the complete medium composition (i.e., presence of all trace metals)
and allowing natural acidification (no pH control) as a result of the initial accumulation of acids.
Then, two additional bioreactors were used with a medium in which tungsten and selenium
were omitted and applying different operating conditions in each system, i.e. in one reactor the
pH was maintained constant throughout the experiment and in the other one there was no pH
control (i.e., with acidification). Finally, a bioreactor without tungsten, at constant pH, was

operated in order to check the effect of that specific trace metal.

9.2 Material and methods

9.2.1 Microorganism and culture media

C. carboxidivorans P7 DSM 15243 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and was maintained under
anaerobic conditions on modified basal medium at pH 6.2 and with a mixture of the following
gases as substrate: CO:CO,:H,:N, (30:10:20:40) (Liou et al. 2005; Tanner 2007). The medium
used in the experiments had the following composition (per liter distilled water): 1 g yeast
extract; 25 mL mineral solution; 10 mL trace metal solution; 10 mL vitamins stock solution; 1 mL

resazurin; 0.60 g cysteine-HCI.

The mineral stock solution was prepared with the following composition (per liter distilled
water): 80 g sodium chloride, 100 g ammonium chloride, 10 g potassium chloride, 10 g

potassium monophosphate, 20 g magnesium sulfate, and 4 g calcium chloride.
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Three trace metal solutions were prepared in orderto carry out the different experiments. The
composition of the complete trace metal solution was (per liter distilled water): 2 g
nitrilotriacetic acid, 1 g manganese sulfate, 0.80 g ferrous ammonium sulfate, 0.20 g cobalt
chloride, 0.20 g zinc sulfate, and 20 mg each of cupric chloride, nickel chloride, sodium
molybdate, sodium selenate, and sodium tungstate. The second solution had the same trace
metals composition but omitting sodium tungstate, and in the third stock solution the addition

of sodium selenate and sodium tungstate was omitted.

The vitamin stock solution had the following composition (per liter distilled water): 10 mg
pyridoxine, 5 mg each of thiamine, riboflavin, calcium pantothenate, thioctic acid, para-amino
benzoic acid, nicotinic acid, and vitamin B12, and 2 mg each of D-biotin, folic acid, and 2-

mercaptoethanesulfonic acid.

9.2.2 Continuous gas-fed bioreactor experiments

Four experiments were carried out in 2L BIOFLO 110 bioreactors (New Brunswick Scientific,
Edison, NJ, USA) with a working volume of 1.2 L. In one of them the complete basal medium
described above was used. In other two, tungsten and selenium were omitted in the trace
elementssolution. In the fourth one only tungsten was omitted. The four bioreactors were all
fed the same syngas mixture, which was continuously supplied at a flow rate of 10 mL/min using
a mass flow controller (Aalborg GFC 17, Millheim, Germany). A microsparger was used for
optimal diffusion of the gas. Each bioreactor wasfilled with 1.2 L of the desired medium and was
autoclaved for 20 minutes at 121° C. After autoclaving, N, was flushed through the medium in
order to remove oxygen and, at the same time, the medium was cooled down using a water
jacket. When the temperature reached 40° C, cysteine-HCl and vitamins were added from a

stock solution.

When the medium reached anaerobic conditions, N, flushing was replaced by syngas feeding.
The operating conditions of the bioreactors were, in all cases, a constant temperature of 33°C
and a constant agitation speed of 250 rpm during all the experiment. Besides, four baffles were
placed inside those bioreactors in order to improve medium mixing and to avoid vortex

formation.

A 10 % seed culture, in early exponential growth phase, was used toinoculate the bioreactors. It
was grown for 72 h with CO as a carbon source and with the same medium composition as for
each bioreactor, meaningthatthe inoculum for the first bioreactor (with the two trace metals)

was grownina complete culture medium while, for the two bioreactors without selenium and
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tungstentheinoculawere grown without thesetwo trace metals to avoid their presence in the

bioreactorandfinally forthe bioreactor without tungsten the inoculum was grown without W.

Regarding the pH, the latter was maintained at a given value, whenever required, using
peristaltic pumps for the addition of either 2M NaOH or 2M HCI solutions. In the case of the
control bioreactor with both W and Se and one of the two reactors without tungsten and
selenium, the pH was regulated and maintained constant at 6.2 during the first hours of the
experiment until reaching an acetic acid concentration of about 2.0 g/L. When such
concentration was reached, automatic pH regulation was switched on, and the pH could drop
down naturally, as a result of the production of acids, to a value of 5.2. In the other bioreactor
without selenium and tungsten and in the bioreactorwithout tungsten, the pH was maintained
at a constantvalue of 6.2 during all the experiment. Tungsten and Selenium concentrations of
samples taken from the bioreactors were determined and confirmed using an HR-ICP-MS

(Element Thermo Finnigan).

9.2.3 Growth measurement

1 mL of liquid sample was daily removed from the bioreactors for measurement of the biomass
concentration. The concentration was measured on a UV-Visible spectrophotometer at a
wavelength (A) of 600 nm (Hitachi, Model U-200, Pacis & Giralt, Madrid, Spain). A biomass
calibration was done previously to be able to estimate the biomass concentration (g/L) from the

optical density reading (OD A=600nm) obtained with the spectrophotometer.

9.2.4 Gas-phase CO and CO, concentrations

In order to quantify the concentrations of CO and CO,, 1 mL of gaseous sample was daily

removed from the outlet port of the bioreactor.

An HP 6890 gas chromatograph (GC, Agilent Technologies, Madrid, Spain) equipped with a
thermal conductivity detector (TCD) was used for measured the gas-phase CO concentrations.
The GC was fitted with a 15-m HP-PLOT MolecularSieve 5A column (ID, 0.53 mm; film thickness,
50 um), the oven temperature was maintained constant at 50° C and in the injection port and in
the detector the temperature was maintained constant at 150° C (Fernandez-Naveira et al.
2016). Helium was used as the carrier gas. Similarly, an HP 5890 gas chromatograph, equipped
witha TCD was used forthe CO, analyses. The injection, oven, and detection temperatures were

kepted at 90, 25, and 100° C, respectively.
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9.2.5 Fermentation products

1 mL liquid samples were taken from the reactor at least every 24 h. The concentrations of
acids, ethanol and higher alcohols were measured using an HPLC (HP1100, Agilent Co., USA)
equippedwithasupelcogel C-610columnanda UV detectorata wavelength of 210nm. A0.1%
ortho-phosphoricacid solution fed at a flow rate of 0.5 mL/min was used as mobile phase. The
column temperature was set at 30° C. The samples were centrifuged (7000 g, 3 min) using a
benchtop centrifuge (ELMI Skyline Itd CM 70M07) before analyzing the concentration of water-
soluble products by HPLC.

9.3 Results

9.3.1 Continuous gas-fed bioreactor with W and Se and natural acidification from pH 6.20 to

5.00

Biomass and solvent production

The experiment was carried out with the culture medium containing both W and Se in the trace
elementssolution and atan initial pH of 6.20. The pH was maintained at such value for 48 hours
in order to allow acidogenesis to take place, as a higher pH has been proven to stimulate
bacterial growth and acids production (Fernandez-Naviera et al. 2017c). Once the biomass
concentration reached avalue of 0.29 g/L and the amountaccumulated acetic acid was 1.91 g/L,
automatic pH regulation was stopped in orderto allow natural acidification until reaching a final
pH value of 5.00, expected to stimulate solventogenesis with conversion of the organic acids
into alcohols. That pH value was then maintained constant throughout the remaining
experimental period. Previous studies have indeed shown that lowering the pH down to values
around 5 would generally effectively allow metabolisation of acids in clostridia with
simultaneous accumulation of alcohols, which is desirable when fuel-ethanol and other higher
alcoholswantto be obtained (Abubackaretal.2015; Ferndndez-Naviera et al. 2017c). However,
lower pH values might become inhibitory, depending on the strain and specific culture

conditions.

A short lag phase of 19 h was observed after inoculation (Figure 9.1); then Clostridium
carboxidivorans reached its highest biomass concentration of 0.38 g/L within 72 h after seeding
the reactor, with a maximum growth rate of 0.074 h™* calculated in the exponential phase, just
before natural acidification started. Figure 9.1 shows how biomass growth slowed down
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simultaneously tothe natural acidification process and ultimately leveled off; that way between
t= 48 h (when natural acidification was started) and t= 72 h (when the maximum biomass
concentration was reached) the amount biomass only increased by 0.09 g/L. This was expected,
as it has been reported that a pH decrease would generally inhibit biomass growth and acid
productioninthe HBE (Hexanol-Butanol-Ethanol) fermentation process (Fernandez-Naveira et
al. 2017a). The same effect of natural acidification on biomass growth was also recently found in

another study using the same strain (Ferndndez-Naviera et al. 2017c).
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Figure 9.1 Control experiment with trace metals and natural acidification from pH 6.20 to 5.00.

Measured growth expressed in g/L over time (blue diamonds) and pH values (red plus)

The production of acids was observed as soon as biomass started to increase (Figure 9.2), with
acetic acid being the first acid to be detected, around t= 19 h. That acid reached a maximum
concentration of 2.52 g/L, 54 h after inoculation. Later on, butyric acid appeared, at t=48 h,
reaching a maximum value of 0.51 g/L about 67h after seeding the reactor. C2, C4 and then C6
fatty acids would generally appearinthat chronological order, with increasing number of carbon
atoms. Hexanoic acid would be the last acid to be produced, after acetic and butyric acids; but
that acid was not detected in this experiment, which could be attributable to the fast pH
decrease inthe early stages of the experiment, prematurely finalizing the acidogenic stage. For
that same reason, the fast acidification downto pH5.00 led to lower concentrations of all other
acids (aceticacid, butyricacid) as well, due to the negative effect of such low pH conditions on

the acidogenicstage. In some otherrecently published report hexanoicacid was detected 50-60
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h after inoculation when maintaining a higher pH (Fernandez-Naviera et al. 2017c). Similarily,
hexanoic acid was detected when natural acidification was allowed but only down to a less
acidic pH of 5.60 (unpublished data) (compared to pH 5.00in the present study). In both those
previous cases hexanoic acid was found in the medium, confirming the negative effect on the
accumulation of longer chain fatty acids (C4 and C6, mainly) of early strong acidification or
acidification down to low pHvalues. Provided the final pHis not too low, natural acidification of
the medium will have a positive effect on the solventogenic stage, not only in gas fermentation
but also in the fermentation of carbohydrates by acetogenic bacteria; and the conversion of
acidsintoalcohols would be stimulated as a result of acidification (Kennes et al. 2016; Millat et
al. 2013), while slowing down or ending the production of more acids. This explains the
consumption of acids and the conversion of those acids into alcohols when pH 5.00 had been
reached. Nevertheless, the production of ethanol started already at a higher pH value, at the
same time as aceticacid was detected, which does also largely agree with datareportedin other
studies with Clostridium carboxidivorans (Fernandez-Naviera et al. 2016; Ferndndez-Naviera et
al. 2017c). Thereby, alcohols could presumably be produced from the assimilation of acids as
well as from the gaseous substrates to some extent. The appearance of ethanol during the
acidogenic stage is assumed to be related to the presence of trace metals (W, Se) in the
medium, potentially involved in the activity of specific enzymes. Other experiments, shown
hereafter, support such hypothesis, as the absence of one or both trace metals in the culture
medium largely impedes ethanol production during the acidogenic stage. Besides, acetic acid
production stopped at low pH (5.00), while the concentration of ethanol keptincreasing after
such acidification. In Figure 9.2, it can be observed that the acids were basically completely

consumed and reached values near 0 g/L soon after the pH had dropped down to 5.00.

205



SELECTIVE ANAEROBIC FERMENTATION OF SYNGAS INTO EITHER ORGANIC ACIDS OR ETHANOL
AND HIGHER ALCOHOLS

6000 - - 7.0
5000 L 65
4
-
S, 4000 | 1 L 6.0
S
N
wv
S
-S 3000 - ¥ 55 L
(5 b C
]
c
[«5]
[&)
c
S
@]

0 50 100 150 200 250 300 350 400 450

Time (h)

Figure 9.2 Control experiment with trace metals and natural acidification from pH 6.20to 5.00.
production of metabolites: aceticacid (blue diamonds), butyricacid (red squares), hexanoic acid
(orange circles), ethanol (green triangles), butanol (purple crossmarks), hexanol (pink star)

expressed in mg/L over time, and pH values (red plus).

The maximum accumulation of alcohols was observed 187 h afterinoculation, corresponding to
5.91 g/L for ethanol and 2.13 g/L for butanol. No hexanol was detected throughout the
experiment, which would largely be due to the absence of hexanoic acid production, as
mentioned above (Figure9.2). The alcohol production rates, calculated in this experiment, were

0.096 g ethanol/h*g of biomass and 0.043 g butanol/h*g of biomass.

The results reached under these experimental conditions are relevant from an industrial
viewpoint as they allow to selectively produce ethanol and higher alcohols such as butanol or
even hexanol, with only minoramounts of by-products, e.g. fatty acids. Obtaining a fermented
medium highly enriched in the desired end products (i.e. alcohols) simplifies downstream
processing of any industrial process and reduces the corresponding costs. The presence of
various fermentation by-products at non-negligible concentrations would otherwise significantly
increase production costs (Ranjan etal. 2012), while theiraccumulationis largely avoided under
the operating conditions evaluated in this study. The production of ethanol as singlealcohol and
majorend product through C1-gas fermentation has been studied in clostridia and has recently
been considered for cost-effective precommercial application confirming the industrial

relevance of this gas fermentation technology (Daniell et al. 2012). Besides, as reported
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recently, in biobased industries, itis more economical and environmentally-friendly to produce
alcohols from cheap and abundant gases (pollutants) such as CO and CO,, as suggested here,

rather than from carbohydrates derived from biomass or food/feed (Dtirre 2016).

CO and CO, evolution

CO consumption was measured during all the experiment (Figure 9.3). A maximum carbon
monoxide consumption of 89 % was found 67 h after inoculation, when the highest biomass
concentration was reached. This is understandable as biomass growth is known to take place
during acidogenesis, simultaneous to a high consumption of the gaseous substrate (Fernandez-
Naveira et al. 2017a). Once the maximum biomass concentration was reached, the CO
consumption decreased progressively, as aconsequence of the cessation of bacterial growth at

the onset of the solventogenic stage.
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Figure 9.3 Control experiment with trace metals and natural acidification from pH 6.20 to 5.00.

Percentage of CO consumption over time (blue diamonds), and pH values (red plus)

As soon as the fermentorwas inoculated, C. carboxidivorans started producing CO, (Figure 9.4),
as a consequence of CO consumption, known to be converted to acids and CO, in the HBE
fermentation process (Fernandez-Naveira et al. 2017a). Afterwards, when natural acidification
took place, CO, started to be consumed resulting in a decrease of biomass growth and the
beginning of the production of alcohols (Figure 9.4). In HBE fermentation, carbon dioxide would

thus initially be produced while it will subsequently be consumed in a later stage, depending
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also on the availability of compounds such as hydrogen, present in syngas and required in

carbon dioxide consumption.

7.0

% CO, consumption

-200 - -~ 4.0
Time (h)
Figure 9.4. Control experiment with trace metals and natural acidification from pH 6.20 to 5.00.
Percentage of CO, consumption over time (blue diamonds),and pH values (red plus).

In order to confirm that the selective production of alcohols, with negligible accumulation of
fatty acids as by-products, is the result of the presence of trace metals and an optimal pH,
additional experiments were performed, under different trace metal and pH conditions, as

described below.

9.3.2 Continuous gas-fed bioreactor without W and Se and natural acidification from pH

6.20 to 5.00

Biomass and solvent production

In orderto avoid and elucidate the possible effect of pH besides the effect of trace metals (W,
Se), this experiment was performed under the same conditions as the first one, but without the
trace metals. Similarly as in the first experiment, a short (19 h) lag phase was observed after
inoculating C. carboxidivorans (Figure 9.5). Afterwards, the strain started growing exponentially
until natural acidification was allowed, 48 h after inoculation. The maximum biomass
concentration was 0.38 g/L, reached 90 h after start-up of the bioreactor (Figure 9.5). The
growth rate was estimated during the exponential phase (between 22 and 46 hours after

inoculation) and was found to reach a value of 0.068 h™. The maximum amount biomass was

208



SELECTIVE ANAEROBIC FERMENTATION OF SYNGAS INTO EITHER ORGANIC ACIDS OR ETHANOL
AND HIGHER ALCOHOLS

similar as in the first experiment, but the growth rate was somewhat lower in this modified
medium, without W and Se, compared to the control experiment. As expected, (natural)
acidification exhibited the same negative effect on biomass growth as observed in the first

experiment; growth does first slowdown to eventually end up stopping at pH 5. 00.
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Figure 9.5 Continuous bioreactor without W and Se and natural acidification from pH 6.20 to

5.00. Measured growth expressed in g/L over time (blue diamonds) and pH values (red plus).

A typical acids production pattern was found in this assay. Both here as well as in the other
experiment described above, aceticacid was the first acid to be produced, simultaneously with
bacterial growth. A maximum aceticacid concentration of 4.11 g/L was detected, 91 hours after
inoculation, when the highest biomass concentration was reached (Figure 9.6). Butyric acid and
hexanoicacid appeared around the end of the acidification stage, with maximum values of 0.72
g/L and 0.21 g/L, respectively, 91 h after inoculation (Figure 9.6). W and Se are expected to
stimulate the activity of enzymes used in anaerobic gas fermentation or used in the conversion
of acidsinto alcohols. Selenium has, among others, been found to affect the activity of formate
dehydrogenase in the gas fermenting species C. l[jungdahlii (Cakar et al. 2018), while tungsten

has been suggested to stimulate the conversion of acetic acid into acetaldehyde in C.
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autoethanogenum due toits presence in aldehyde:ferredoxin oxidoreductase (AFOR), the step
before of the conversion of thatacetaldehydeinto ethanolviathe alcohol dehydrogenase (ADH)
(Abubackaretal. 2015). The absence or presence of such trace metals did not notably affect the
production of organic fatty acids; but mainly their conversion into alcohols. That way, the
absence of those trace metals might justify the higher maximum concentrations of all three
acids in this experiment (Figure 9.6) compared to the previous experiment with W and Se
(Figure 9.2). For that same reason, hardly any ethanol is produced here during the acidogenic
stage in absence of those trace metals, contrary to what was observed in their presence in the
previous assay with the trace metals.
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Figure 9.6 Continuous bioreactor without W and Se and natural acidification from pH 6.20 to
5.00. Production of metabolites: acetic acid (blue diamonds), butyric acid (red squares),
hexanoicacid (orange circles), ethanol (green triangles), butanol (purple crossmarks), hexanol

(pink star) expressed in mg/L over time, and pH values (red plus).

Although some ethanol appeared afew hours afteracetic acid was first detected (28h), most of
the alcohol was produced during the solventogenic stage, reaching its maximum value of 2.48
g/L 235 h afterinoculation (Figure 9.6). The first traces of butanol were found 91 hours after the
experimental start-up; and it then reached a maximum concentration of 0.83 g/L, 163 h after

inoculation. At that time, between t= 120 h and t= 163 h, hexanol just appeared, reaching its
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maximum value of 0.39 g/L, 187 h afterstartingthe experiment (Figure 9.6). Similarly as for the
acids, shorter chain alcohols are produced first, following a chronological order of production

with increasing carbon numbers, from C2 to C4 and finally C6.

The alcohol production rates were found to be 0.069 g ethanol/h*g of biomass, 0.029 mg
butanol/h*g of biomass and 0.020 g hexanol/h*g of biomass. Compared with the first
experiment, which was operated under the same conditions (natural acidification down to pH
5.00), except for the absence of W and Se, here lower maximum concentrations of alcohols
were reached together with lower production rates, which can be considered to be due to the
lack of relevant trace metals in the culture medium. However, hexanol was produced and
detectedinthis experimentas well as hexanoicacid that can be convertedtothe corresponding
C6-alcohol, resulting therefore in the presence of hexanol. The production of alcohols is thus
clearly stimulated by the presence of specific trace metals, while omitting such trace metals
would allow to selectively accumulate organic acids in the HBE fermentation process. This
confirms the original hypothesis on the key role of specific trace metals on the production of

alcohols in this HBE fermentation process using syngas as substrate mixture.

CO and CO, evolution

CO consumption and growth of C. carboxidivorans started simultaneously, soon after
inoculation. The maximum CO consumption was reached 68 h after inoculation with a value of
76 % (Figure 9.7). Afterwards, it quickly dropped when medium acidification was allowed, down
to minimum values around 15-19 %. Although CO consumption was slightly lower than in the
previous experiment, the pattern was otherwisevery similar, meaning that both CO assimilation
and biomass growth decreased when natural acidification took place. Besides, CO
concentrations were measured once day; thus a somewhat higher maximum could have been

reached, though not detected.
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Figure 9.7 Continuous bioreactor without W and Se and natural acidification from pH 6.20 to

5.00. Percentage of CO consumption over time (blue diamonds), and pH values (red plus).

CO, consumption and production are shown in Figure 9.8. CO, was produced at the same time
as CO was being consumed, reaching its maximum production 67 h after inoculation, exactly
when CO consumption reached its maximum value. When CO consumption started deceasing,
CO, production started dropping as well. At the end of the experiment alower CO, production
was detected, due to the decrease of CO consumption. As explained above and based on
stoichiometric bioconversion equations published elsewhere (Fernandez-Naveiraetal. 2017a), it
can be considered that the amount hydrogen present in the syngas mixture used in this study
might not have been high enough to remove all the amount carbon dioxide originally present in
the syngas mixture together with the amount produced during the early stages of the process.
This is true both in presence or absence of W and Se, and was observed in this experiment as

well as in the experiment with a complete trace metals solution.
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Figure 9.8 Continuous bioreactor without W and Se and natural acidification from pH 6.20 to

5.00. Percentage of CO, consumption over time (blue diamonds) and pH values (red plus).
9.3.3 Continuous gas-fed bioreactor without W and Se at constant pH 6.20

Biomass and solvent production

The absence of trace metals such as W or Se together with bioreactor operation at a constant
high pH is expected to favourthe production of acids while significantly reducing the presence
of alcohols, since both a high pH and the absence of such trace metals would be favourable to
acidogenesis and unfavourable to solventogenesis. Such hypothesis was indeed confirmed in
this experiment. Growth of C. carboxidivorans started soon after its inoculation, with a
maximum biomass concentration of 0.33 g/L reached 95 h after starting the bioreactor
operation (Figure 9.9). A growth rate of 0.076 h™ was calculated during the exponential phase.
In this assay the pH was maintained constant ata value of 6.20 throughout all the experimental
period. By maintaining the pHat a relatively high value of 6.20, without any natural acidification,
a somewhat higher growth rate was found, due to the fact that a higher pH has been observed

to promote bacterial growth (Millat et al. 2013; Lee et al. 2008).
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Figure 9.9 Continuous bioreactor without W and Se and constant pH of 6.20. Measured growth

expressed in g/Lover time.

As observed in the other experiments described above, acetic acid production and bacterial
growth appeared simultaneously, but asignificantly higher maximum acetic acid concentration,
of 7.95 g/L, was found compared to the previous assays, 163 h after inoculation ( Figure 9.10).
The presence of butyric acid and hexanoic acid was observed 47 h and 91 h after inoculation,
reaching maximum values of 1.23 g/L and 0.32 g/L, respectively, 211 h after start-up of the
experiment (Figure 9.10). As hypothesized initially, the maximum concentrations of fatty acids
were higherin this experiment due to the higher pH value, maintained constant during all the
experiment and considered to limit the conversion of acids into alcohols (Phillips et al. 2015).
Only ethanol and butanol were produced and at relatively low concentrations, and no hexanol
was detected throughout the experiment due to the negative effect of a high pH on the
solventogenic stage. Besides, as expected and as observed in the previous experiment, the
absence of W and Se, played akey role in the low production of alcohols. The high pH value and
the absence of those trace metals exerted cumulative negative effects. That way, alcohols
production was lowerand delayedintime; ethanoland butanol appeared, respectively, 48 h and
163 h after inoculation. Maximum ethanol and butanol concentrations of hardly 0.61 g/Land
0.069 g/L were reached, 187 h and 259 h after inoculation, respectively. Those concentrations

are lower than the concentrations obtained (2.72 g/L ethanol, 1.92 g/L butanol and 0.85 g/L

214



SELECTIVE ANAEROBIC FERMENTATION OF SYNGAS INTO EITHER ORGANIC ACIDS OR ETHANOL
AND HIGHER ALCOHOLS

hexanol) in experiments with syngas, at a higher constant pH of 5.75 and with W and Se added
to the medium (Fernandez-Naveira et al. 2017c).
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Figure 9.10 Continuous bioreactor without W and Se and constant pH of 6.20. Production of
metabolites: acetic acid (blue diamonds), butyric acid (red squares), hexanoic acid (orange
circles), ethanol (greentriangles), butanol (purple crossmarks), hexanol (pink star) expressed in

mg/L over time.

Ethanol and butanol production rates were estimated, with values of 0.006 g ethanol/h*g of
biomass and 0.002 g butanol/h*gof biomass. Compared with the previous experiments, those
are the lowest alcohol production rates obtained. Those rates are also lower than those
obtainedin otherexperiments athigherpH, in presence of W and Se and with syngas as gaseous
substrate mixture (Fernandez-Naveira et al. 2017c). The absence of W and Se, but also the pH
value, dothusclearly affect the metabolicprofile and do directly affect the level of production
of alcohols in HBE fermentation. Contrary to the first assay, in which the operating conditions
allowed for selective production of alcohols, the conditions applied in this experiment resulted
inthe selective production of organic acids, in both cases with minor presence of by-products.

Atindustrial scale production of either organic acids or alcohols would thus be possible.
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CO and CO, evolution

Again, CO consumption and cell growth started at the same time. A maximum CO consumption
of 67 % was reached 67 h afterinoculation. Then, the consumption started gradually to decrease

down to values of 20-30 % in the last phase of the experiment (Figure 9.11).
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Figure 9.11 Continuous bioreactor without W and Se and constant pH of 6.20. Percentage of CO

consumption over time

As in the previous experiments, CO, was produced in the first part of the study, during the
acidogenic stage. When CO consumption deceased, the production of CO, dropped and it
started being consumed, 150 h after inoculation. Some net CO, consumption was observed

(Figure 9.12).
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Figure 9.12 Continuous bioreactor without W and Se and constant pH of 6.20. percentage of CO,

consumption over time

9.3.4 Continuous gas-fed bioreactor without W at constant pH 6.20

Biomass and solvent production

Although W and Se together were considered to be potentially able to affect the overall
pathway from the assimilation of C1 gases all the way down to the production of alcohols, a
reasonable assumption was raised suggesting that W might have played the most relevant role
bothin the higher production of acids from C1 gases as well as in the production of alcohols. In
order to elucidate to effect of W as individual trace metal compared to Se, an additional
experiment was undertaken without W but in the presence of Se. At such pH, growth of C.
carboxidivorans was observed immediately afterinoculation without any lag phase (Figure 9.13).
The maximum biomass concentration was reached 48 h afterinoculation with avalue of 0.42 g/L
(Figure 9.13). A growth rate of 0.100 h™ was calculated during the exponential phase. The
maximum biomass concentration obtained and growth rate were somewhat higher than in the
previous experiment. This could be due to the absence of tungstenin the fermentation broth, as
tungstenis a trace metal necessary to metalloenzymes of the WL pathway for the production of

alcohols. The production of alcoholsis a process very e xpensive energetically forthe bacteria; as
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a consequence, it could be assumed that the absence or reduction of production of alcohols

allows the bacteria to be more efficient in their growth and production of acids.
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Figure 9.13 Continuous bioreactor without W and constant pH of 6.20. Measured growth

expressed in g/L over time

The same pattern of acids production was observed as in the previous experiments, where
aceticacid was the first acid to appear, followed by butyricacid and finally hexanoicacid (Figure
9.14). Likewise, acetic acid was produced simultaneously to the bacterial growth, reaching a
maximum value of 10.05 g/L 162 h after inoculation (Figure 9.14). Clostridium carboxidivorans
started to produce butyric acid 50 h after inoculation, while hexanoic acid was observed 211 h
after inoculation. Besides, the maximum concentration of those acids was 1.12 g/L for butyric
acid and 0.13 g/L for hexanoic acid, around the end of the experiment, after 331 h, when it
remained basically constant (Figure 9.14). As was previously hypothesized, the absence of
tungstenresultsin a clear increase in the production of acids, mainly in the case of acetic acid,
compared to other data published recently for the same conditions and similar pH values

(Fernandez-Naveira et al. 2017c).
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Figure 9.14 Continuous bioreactor without W and constant pH of 6.20. Production of
metabolites: acetic acid (blue diamonds), butyric acid (red squares), hexanoic acid (orange
circles), ethanol (greentriangles), butanol (purple crossmarks), hexanol (pink star) expressed in

mg/L over time.

Concerningthe alcohols, ethanol was produced as soon as Clostridium started to grow, whereas
butanol was not observed until 162 h after inoculation (Figure 9.14). Their maximum
concentrations were reached simultaneously, 307 h after inoculation, with values of 1.63 g/L
and 0.39 g/L, respectively. However, hexanol was not produced at all in this experiment ( Figure
9.14). Comparingthis experiment with the previous ones and with recent literature data using
similar pH conditions (Fernandez-Naveira et al. 2016; Fernandez-Naveira et al. 2017c), the
absence of tungsten appearstoleadto lowerconcentrations of all alcohols in HBE fermentation.
However the absence of the two trace metals together (previous experiment) has a negative
effect on the maximum biomass concentration and growth rate when these values are
compared with this experiment omitting tungsten only. Also, lower concentrations of acids were
obtainedinthe previous experimentsin comparison with the presentone (Table9-1), this could
be related with the lower biomass concentration obtained during the third experiment in
comparison with this last experiment under same pHconditions. In this way, it can be suggested

that the lack of both trace metals had more negative effect on the production of alcohols than
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the absence of tungsten only, howeverthe major negative effect seems to be produced by the
absence of tungsten (Table 9-1). A similar effect was observed by Abubackar et al. (2015) using
C. autoethanogenum grown in a medium without selenium or tungsten in the medium, for the
production of ethanol. C. autoethanogenum does not perform the full HBE fermentation
process, but still produces acetic acid and ethanol through gas fermentation (Abubackar et al.

2015).

Table 9-1 Effect of trace metalsand pH on the selective production of acids and alcohols during

the HBE fermentation process.

acids concentrations alcohols concentrations

Selenium Tungsten pH conditions

(g/L) (g/L)
Natural Acetic acid: 2.52 Ethanol: 5.91
. e Butyric acid: 0.51 Butanol: 2.13
Experiment 1 + + acidification .
(6.2-55.0) Hexanoic acid: 0 Hexanol: 0
) ’ Total: 3.03 Total: 8.04
Natural Aceticacid: 4.11 Ethanol: 2.48
. e e Butyric acid: 0.72 Butanol: 0.83
Experiment 2 - - acidification L.
(6.2-55.0) Hexanoic acid: 0.21 Hexanol: 0.39
e Total: 5.04 Total: 3.70
Acetic acid: 7.95 Ethanol: 0.61
. Butyric acid: 1.28 Butanol: 0.07
Experiment 3 i ) Constant pH 6.2 Hexanoic acid: 0.32 Hexanol: 0
Total: 9.55 Total: 0.68
Acetic acid: 10.05 Ethanol: 1.63
. Butyricacid: 1.12 Butanol: 0.39
Experiment 4 * i Constant pH 6.2 Hexanoicacid: 0.13 Hexanol: 0
Total: 11.30 Total: 2.02

The ethanol and butanol production rates were estimated, reaching 0.021 g ethanol/h*g of
biomass and 0.005 g butanol/h*g of biomass, which are, as expected, lower values than
obtained in the previous experiments, described above. The data summarized in Table 9-1
clearly allow to see the effect of trace metals and/or pH on the selective production of acids and

alcohols.

CO and CO, evolution

Carbon monoxide consumption was concomitant with the bacterial growth. Figure 9.15 shows a
maximum CO consumption of 84 %, 23 h after inoculation. When the bacterial growth ceased,
CO consumption started to decrease as well (50 h afterinoculation). Maximum CO consumption

was reached somewhat laterinthe previous experiments. Also, the maximum consumption was
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slightly higherinthe previous experiment (89 %) with respect to this one (84 %). Although such
difference is low, this could be related to the fact that the bacteria can theoretically also
produce some amount of alcohols directly from CO based onthe WP pathway, whichwould also
be affected by the presence of trace metals, such as W, in the last steps of the pathway.
Nevertheless, for energetic reasons, most of the alcohols produced should go through the
production of acids first. As mentioned above, Clostridium carboxidivorans produces CO, during
the acidogenicstep, asa consequence of CO consumption. This can also be seen in Figure 9.16,
where a maximum consumption of -121 % was observed, 43 hours after inoculation, coinciding
with the maximum biomass growth and CO consumption. Subsequently, CO, was consumed,
until it stabilized and reached an approximate value of -20 % (Figure 9.16). When comparing
with the previous experiment, it was observed that the production of CO, was higherin that

experiment, also related to the higher CO consumption.
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Figure 9.15 Continuous bioreactor without W and constant pH of 6.20. Percentage of CO

consumption over time

221



SELECTIVE ANAEROBIC FERMENTATION OF SYNGAS INTO EITHER ORGANIC ACIDS OR ETHANOL
AND HIGHER ALCOHOLS

200 -

150 *

100 r

50 F

( 50 100 150 20 400 450

-100 F

% CO: consumption

-150 F

-200 -

Time (h)

Figure 9.16 Continuous bioreactor without W and constant pH of 6.20. Percentage of CO,

consumption over time

9.4 Conclusions

It can be concluded that, in syngas HBE fermentation, experimental conditions can be selected
in order to direct the bioconversion pattern towards the production of specific metabolites.
Tungsten and selenium are components of some metalloenzymes of the Wood-Ljungdhal
pathway involved in C1 gas fermentation and in their bioconversion into fatty acids and later
into alcohols. In terms of fatty acids and alcohols production, the accumulation of fatty acids
was the highest in the absence of tungsten and at constant high pH, followed by conditions
without the studied trace metals at constant high pH, then conditions without those trace
metals and natural acidification (i.e., low pH), and finally the medium with all trace metals and
natural acidification (i.e., lowpH). As general rule, it can then be concluded that W plays a major
rolein HBE fermentation and in solventogenesisin C. carboxidivorans,asits presence is required
to stimulate the conversion of acids into alcohols, reaching a higher conversion rate at low pH
(e.g.,around pH 5.00) than at high pH (e.g, around pH 6.20), favourable for the accumulation of
alcoholsratherthan fatty acids. The effect of selenium seemed to be less significant compared
to tungsten. Instead a higher pH and the absence of specific trace metals such as W will
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stimulate the accumulation of fatty acids rather than alcohols in that organism. The
identification of optimal conditions, in terms of trace metals supply, forthe selective production
of specificmetabolites, either organics acids oralcohols, will result in a more efficient and cost-

effective industrial production process.
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Abstract Obtaining biofuels from biomass is a novel process with several advantages: it helps
the development of high commercial value fuels and avoids environmental problems.
Acidogenicbacteriause the Wood-Ljungdhal pathway to produce alcohols using different gases
as carbon/energy source (forexample, CO, CO, or syngas). This conversion is carried out in two
stages: acidogenesis where the bacterial growth and the production of acids are carried out and
solventogenesis where the production of alcohols takes place. In this study, a continuous
bioreactor experiment was carried out in two stages, with the objective of separating
acidogenesis and solventogenesis in two different bioreactors, that way in one bioreactor
(without tungsten, at constant pH) acidogenesis will be stimulated, while in the second one
(natural acidification) solventogenesis will take place. The results showed a good separation of
acidogenesis from solventogenesisin the two fermenters, obtaining a continuous production of

mainly acids in bioreactor 1 and mainly alcohols in bioreactor 2.

Keywords: Clostridium carboxidivorans, continuous two stages system, HBE fermentation,

syngas.

230



PRODUCTION OF HIGHER ALCOHOLS USING A TWO STAGE BIOREACTOR AND SYNGAS AS
CARBON/ENERGY SOURCE

10.1 Introduction

Higher alcohols are a good option to use as fuels instead of oil (Diender et al. 2016). These
compounds are environmentally-friendly and can be obtained in biorefineries using renewable
feedstocks, such as biomass, agricultural wastes, waste gases, and other pollutants. That way
the production of alcohols from those kinds of feedstocks is a good alternative due to the
obtention of metabolites of important commercial value and also because of the use of part of

the wastes produced in industrial processes and in other human activities (Li et al. 2018).

HBE (Hexanol-Butanol-Ethanol) fermentation is a novel process allowing to obtain higher
alcohols from waste gases. C. carboxidivorans is one of the few microorganisms able to carry out
that process by means of the Wood-Ljungdahl pathway. This pathway is divided into two
branches: the Eastern and the Western branches (Fernandez-Naveira et al. 2017a). In the first
branch, CO, is reduced to obtain formate whereas in the second one CO is taken directly or
through the CO, transformation. Using this pathway, C. carboxidivorans is able to produce acids
from gases (CO, and CO) with acetyl-CoA as an intermediate metabolite and later these acids
could be convertedinto higheralcohols (Fernandez-Naveira et al. 2017a). The Wood-Ljungdahl
pathway is a complex process involving numerous enzymes. Each enzyme is responsible of
different parts on the pathway, that way their correct activity is necessary for acids and/or

alcohols production.

Low productivity rates of alcohols make the production of ethanol and higher alcohols by
acetogenic bacteria a costly process (Doll et al. 2018); for that reason an optimization of the
parameters and operational system are necessary. There are several parameters and inhibitors
of the process to be taken into account: pH, an adequate pH is not only necessary for the
specific bacterial growth (Fernandez-Naveira et al. 2017a), it is also necessary for the shift
between acidogenic and solventogenic stages (Lee et al. 2008; Jones and Woods 1986).
Temperature, it is related with the optimal bacterial growth, with the solubility of gaseous
substrates and also with the “acid crash” which could inhibit the solventogenic stage (Ramioé-
Pujol et al. 2015). Media composition, the energy/carbon source is one of the most important
parameters in syngas fermentation (Fernandez-Naveira et al. 2017a), including the possible
effect of some trace metals such as selenium, copper, tungsten... (Fernandez-Naveira et al.
submitted; Phillips et al. 2015; Saxena and Tanner 2011; Abubackar et al. 2015; Abubackar et al.
2016); the effect of the addition of some reducing compounds to the medium, such as cysteine-
HCI (Abubackar et al. 2016), or others such as yeast extract (Mitchell et al., 1998). Gas pressure,

to increase the mass-transfer of the carbon source into the liquid media. Inhibitory compounds,
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such as methane, ethylene, ethane, acetylene, nitrogen oxide, sulphur compounds that can be
present in syngas or waste gases (Ahmed et al., 2006; Ahmed and Lewis 2007; Haryanto et al.,
2009; Xu and Lewis 2012). Solvent toxicity, higher alcohols can inhibit the bacterial activity at
high concentrations (Woods 1995; Jones and Woods 1986; Liu and Qureshi 2009; Fernandez-
Naveiraetal., 2016a). Mass transferlimitation, the low mass transferand solubility of the gases
usedinthe fermentation proccessintothe aqueous medium is akey aspect of the process, since
the transfer of the gas to the medium is related to the efficiency of assimilation by the
biocatalyst and the production of acids and alcohols (Klasson et al. 1993; Bredwell et al. 1999).
Bioreactor configurations, is related with a few parameters mentioned before, such as the

agitation, the mass transfer limitation, the bubbler system (Ferndndez-Naveira et al. 2017a).

Takinginto account the need for high, cost-effective, productivities and that optimal conditions
are differentto promote eitherthe production of acids or the production of alcohols, in the last
years the development of continuous fermentation systems has become a priority in order to
improve the accumulation of alcohols based on the separation of the two bioconversion
processes (acidogenesis/solventogenesis) in two different bioreactors. With such bioreactors
configuration, in one bioreactor acidogenesis can be promoted in a continuous way, while in the

other bioreactor the medium and operating condition are optimized for alcohol production.

In this study the use of a two stage continuous systemis promoted using C. carboxidivorans as a
biocatalyst and syngas as a carbon/energy source, with the principal aim of developing a

continuous production of ethanol and higher alcohols by means of the HBE fermentation.

10.2 Material and methods

10.2.1 Microorganism and culture media

Clostridium carboxidivorans P7 DSM 15243, was the strain used in the following experiments. It
was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany) and was maintained under anaerobic conditions on modified basal
medium at pH 6.0 with carbon monoxide as a carbon source (Liou et al. 2005; Tanner 2007). The
medium used in the different bioreactors was prepared using the following composition (per
literdistilled water): 1g yeast extract; 25 mL mineral solution; 10 mL trace metal solution; 10 mL

vitamins stock solution; 1 mL resazurin; 0.60 g cysteine-HCI.
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The mineral stock solution used in the basal medium, was previously prepared with the
following composition (per liter distilled water): 80 g sodium chloride, 100 g ammonium
chloride, 10 g potassium chloride, 10 g potassium monophosphate, 20g magnesium sulfate, and

4 g calcium chloride.

Each one of the two stage bioreactors used in thatassay contained different trace metals in the
medium, that way, it was necessary to prepare two specific trace metal solutions. One of the
bioreactors (bioreactor 2) had the complete trace metal solution, with the following
composition (per liter distilled water): 2 g nitrilotriacetic acid, 1 g manganese sulfate, 0.80 g
ferrous ammonium sulfate, 0.20 g cobalt chloride, 0.20 g zinc sulfate, and 20 mg each of cupric
chloride, nickel chloride, sodium molybdate, sodium selenate, and sodium tungstate. The
second trace metal solution used for bioreactor 1, had the same composition but omitting the

addition of sodium selenate and sodium tungstate.

Finally a vitamin stock solution was prepared, with the following composition (per liter distilled
water): 10 mg pyridoxine, 5mgeach of thiamine, riboflavin, calcium pantothenate, thiocticacid,
para-amino benzoic acid, nicotinic acid, and vitamin B12, and 2 mg each of D-biotin, folic acid,

and 2-mercaptoethanesulfonic acid.

10.2.2 Two stage bioreactors

The continuous two stage bioreactors, consisted in the use of two bioreactors of 2 L (New
Brunswick Scientific, Edison, NJ, USA) with a working volume of 1.2 L each, interconnected
among them, where acidogenesis (production of acids) will mainly take place in bioreactor 1

(F1), while solventeogénesis (production of alcohols) will take place in bioreactor 2 (F2).

To achieve this separation of the two phases of the fermentation process in 2 separate

bioreactors, the methodology used is split into the two steps described below:

The first step of the experimental study consisted of the individual assembly of F1 and F2
operated discontinuously with a 3-day lapse of time between start-up of F1 and, later, F2. The
discontinuous assembly of each of these fermenters followed the methodology previously

described in other studies (Fernandez-Naveira et al. 2016b; Fernandez-Naveira et al., 2017b).

In the case of bioreactor 1 (F1), the composition of the medium consisted of acomplete medium
but without the addition of Se and W in the trace metals solution in order to improve the
production of acids and limit the production of alcohols, as was described in the previous
section. A gas mixture was used as carbon/energy source with the following composition

CO:CO,:H;:N, (30:10:20:40) which was supplied with a constant flow rate of 10 mL/min using a
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mass flow controller (Aalborg GFC 17, Miilheim, Germany) throughout the experiment. In this

case, the pH remained constant with a value of 6.00 throughout the experiment.

In bioreactor 2 (F2), a complete medium with all the required trace metals was used, as
describedinthe previous section. CO was used as the sole carbon/energy source at a constant
flow rate of 10 mL/min using a mass flow controller (Aalborg GFC 17, Milheim, Germany). This
gas feeding, unlike bioreactor 1, was only supplied during the 1st phase (discontinuous
operation) since during the 2nd phase this gaseous feeding was removed, because during the
solventogenesis there is no CO consumption. In this case, the initial pH was the same as in F1
(6.00) and a natural acidification was performed down to a value of 5.00 when the

concentration of acetic acid reached 2.50-3.00 g/L.

The second step of the experiment consisted in connecting F1 and F2, to carry out a continuous
fermentation process. This step was carried out once F2 had consumed practically all the acids,
more or less coinciding with the maximum concentration of acids reached in F1. In this way,
with the assembly of the continuous system, it is intended that F1 would continue to produce

acids, while F2 would receive the acids from F1 and convert them into alcohols.
The connection process between F1and F2 in the continuous experiment consisted of:

- A fresh medium feed with the same initial composition as F1 (without Se and without W),

which was supplied to F1 with a flow rate of 293 mL/day.

- A connection between F1 and F2, in such a way that F2 receives biomass and acids from F1

with the same flow rate as in the previous case, 293 mL/day.

- A feeding of a metal solution of Se and W, whichissuppliedto F2in orderto avoid the dilution

of these metals in this bioreactor, due to the addition of the F1 medium.

- Recirculation of biomassin F2: consisting in the use of a cell filter (Cellflo polyethersulfone with
500 cm” of surface area and 0.20 um of pore size (Spectrum laboratories, Inc., USA)) which
filters the content of F2 to a flow rate of 293 mL/days, the bacterial content returns to the

bioreactor, while the remaining medium is eliminated.

In all cases oxygen-resistant tygon tubes were used.
10.2.3 Growth measurement

1 mL of liquid sample was withdrawn daily from both bioreactors to measure the biomass
concentration (g/L) using a UV-Visible spectrophotometer at a wavelength (A) of 600 nm

(Hitachi, Model U-200, Pacis & Giralt, Madrid, Spain). The optical density value obtained (OD
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A=600nm) was used to estimate the biomass concentration (g/L), using a calibration curve

obtained previously.

The growth rates (), expressed in hour”, were estimated during the exponential bacterial

growth using the following equation:

_ [In(Ny) — In(Ny)]
B (t —to) Eq. 10.1

where N,is the cell density (g/L) attime t (expressedin hours) and Ny is the cell density attime 0

(to)-
10.2.4 Gas-phase CO and CO, concentrations

1 mL of gaseouse sample from the outlet of the bioreactor was removed in orderto quantify the
concentrations of CO and CO, using an HP 6890 gas chromatograph (GC, Agilent Technologies,
Madrid, Spain) equipped with a thermal conductivity detector (TCD). The GC was fitted with a
15-m HP-PLOT MolecularSieve 5A column (ID, 0.53 mm; film thickness, 50 um), using helium as
a carried gas, a temperature of 50° C was maintained constant as the oven temperature and
150° C was maintained constantinthe injection portandinthe detector (Ferndndez-Naveira et
al. 2017b). The measurement of CO, was made using an HP 5890 gas chromatograph, equipped
witha TCD and with heliumas a carrier gas. The injection temperature used was kepted at 90° C,

the oven temperature was kepted at 25° C, and detection temperature was kepted at 100° C.

10.2.5 Fermentation products

1 mL of liquid samples were removed from the bioreactors at least every 24 h. When the
maximum acids or alcohols production was reached, more than one sample per day was
analyzed. The concentrations of the different metabolites were measured using an HPLC
(HP1100, Agilent Co., USA) equipped with a supelcogel C-610 column and a UV detector at a
wavelength of 210 nm and as a mobile phase, a 0.1 % ortho-phosphoric acid solution at a flow

rate of 0.5 mL/min was used. The column temperature was kept at 30° C.

Allthe samples were previously centrifuged at 7000 g during 3 min using a benchtop centrifuge
(ELMI Skyline Itd CM 70M07) and filtered through a filter with a pore size of 0.20 um before

analyzing by HPLC.
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10.3 Results and discussion

10.3.1 Growth measurement

In both bioreactors (F1 and F2), Clostridium carboxidivorans started to grow immediately after
inoculation, without any lag phase, as can be observedin Figure 10.1 and Figure 10.2. In the case
of bioreactor 1, the maximum of biomass was reached a few hours sooner than in bioreactor 2,
with the following values: 0.47 g/L 64 hours after inoculation and 0.55 g/L 72 hours after

inoculation, respectively (Figure 10.1 and Figure 10.2).
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Figure 10.1 Bioreactor 1: Growth of Clostridium carboxidivorans expressed in g/L over time.
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Figure 10.2 Bioreactor 2: Growth of Clostridium carboxidivorans expressed in g/L over time.

The growth ratee were calculated during the exponential phase of growth, in the case of
bioreactor1a value of 0.079 h™ was obtained between 0and 28 hours whereasin bioreactor2 a
lowervalue of 0.068 h™ was obtained between 28and 40 hours. Comparing these results, it was
observed that bioreactor 1 has a higher growth rate than bioreactor 2, as was also seen in
another experiment (Fernandez-Naveira et al. 2017b). This is because the lack of tungsten
inhibits the production of alcohols, and this way the bacteria are more efficient in terms of

growth and production of acids.

Figure 10.1 shows that the continuous assembly was done, approximately, 100 hours after
inoculation. The biomass growth after the continuous assembly remained constant until 250
hours, but then from that moment the biomass started to decrease. In the case of bioreactor 2,
206 hours after inoculation, the two stage continuous system was assembled and as shown in
Figure 10.2 the biomass remained constant from that moment and throughout the entire

experiment.

10.3.2 Metabolites production

As had been seen in previous experiments, using similar conditions, the first acid to appearin
both bioreactors was acetic acid, which started to be produced immediately afterinoculation. As

expected, the concentration of this acid was higher in bioreactor 1 (without selenium and
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without tungsten) than in bioreactor 2, reaching maximum values of 9.28 g/L after 112h and

4.07 g/L 62 h afterinoculation, respectively (Figure 10.3, Figure 10.4).
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Figure 10.3 Bioreactor 1: Production of metabolites: acetic acid (blue diamonds), butyric acid

(red squares), hexanoic acid (orange circles), ethanol (green triangles), butanol (purple

crossmarks), hexanol (pink star) expressed in mg/L over time.
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Figure 10.4 Bioreactor 2: Production of metabolites: acetic acid (blue diamonds), butyric acid
(red squares), hexanoic acid (orange circles), ethanol (green triangles), butanol (purple

crossmarks), hexanol (pink star) expressed in mg/L over time.

However, afterthe assembly of the continuous system in two stages, the concentration of acetic
acid continued to increase, in the case of bioreactor 1, reaching a maximum value of 9.800 g/L
160 h after inoculation (Figure 10.3), while in the case of bioreactor 2 this increase in
concentration of acetic acid corresponds to the feeding of medium received from bioreactor 1

(Figure 10.4).

Afterthis, in bioreactor1itisobserved thatthe concentration of acetic acid started to decrease
(Figure 10.3), which may be due to the dilution effect generated by the feeding of 293 mL daily
of fresh medium that was added to the bioreactor. To test the effect of this dilution, the
theoretical and experimental production of acetic acid were represented from the moment of
the assembly of the continuous system (Figure 10.5). It can be observed how there is still some
aceticacid production, obtaining experimental values greater than the theoretical ones, which
in the initial moments of the continuous systemis up to 3.09 g/L as shown in Figure 10.6. The
daily acetic acid productivity is around 1.500 g/L per day, as shown in Figure 10.6. One of the
reasons why the concentration seems to decrease in Figure 10.3, could be that a feed of 293
mL/day is too high and consequently the dilution exerted in the bioreactor is higher than the

production of acids.
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Figure 10.5 Bioreactor 1: Comparison between the theoretical (blue diamonds) and

experimental productivity (red squares) for acetic acid expressed in mg/L over time.
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Figure 10.6 Bioreactor 1: Daily productivity of the three acids expressed in mg/L over time

In the case of butyricacid, it started to be produced 64 hours after inoculation in bioreactor 1,

as shownin Figure 10.3. Atthe time of assembly of the continuous system, the concentration of
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butyric acid observed was 0.42 g/L (Figure 10.3). However, the maximum concentration was
observed 274 hours after inoculation, with a value of 2.82 g/L. In the case of bioreactor 2,
butyricacid started to be produced 72 h afterinoculation and reached a maximum value of 0.61
g/L at 122 hours (Figure 10.4). As in the previous case, the production of that acid is higherin
bioreactor 1 than in bioreactor 2 due to the lack of trace metals, thatimpedes the conversion of

these acids into alcohols, thus allowing a higher accumulation of the acids.

As in the previous case, in bioreactor 2 an increase in the concentration of butyric acid is
observed after the assembly of the continuous system, which is due to the feeding of acid-rich
medium of bioreactor F1that receives bioreactor F2 (Figure 10.4). While in bioreactor 1, Figure
10.3 shows a decrease in the concentration of butyric acid due to the dilution effect caused by
the feeding of fresh medium. As in the case of acetic acid, the theoretical and experimental
production was checked after the assembly of the continuous system (Figure 10.7),and it was
observedthatthereisstill production of butyricacid, obtaining a daily productivity value of 0.70

g/L (Figure 10.6).
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Figure 10.7 Bioreactor 1: Comparison between the theoretical (blue diamonds) and

experimental productivity (red squares) for butytic acid expressed in mg/L over time.

The last acid to be produced was hexanoic acid, which in the case of bioreactor 1, is not
observed until the assembly of the continuous system, specifically 160 hours after inoculation,

as shown in Figure 10.3, reaching a maximum value of 1.68 g/L 394 hours after the inoculation;

241



PRODUCTION OF HIGHER ALCOHOLS USING A TWO STAGE BIOREACTOR AND SYNGAS AS
CARBON/ENERGY SOURCE

while in bioreactor 2, hexanoicacid started to be detected after 72 h, reachinga maximum value
of 0.33 g/L at 203 hours, just before the assembly of the continuous system (Figure 10.4). In the
same way as in the previous cases, the theoretical productivity values of hexanoic acid for
bioreactor 1 were estimated (Figure 10.8) and they were compared to the experimental ones
obtained, todetermineifthere is a dilution effect, although in this case this is not observed in
Figure 10.3. In this way, the daily productivity of hexanoicacid was observed in Figure 10.6, and
had a constant value of approximately 0.30 g/L daily. In the case of bioreactor 2, the increase
observed after the continuous assembly, as in the previous cases, was given by the acid-rich

feed of F1to such bioreactor.
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Figure 10.8 Bioreactor 1: Comparison between the theoretical (blue diamonds) and

experimental productivity (red squares) for hexanoic acid expressed in mg/L over time.

As for the production of alcohols, it was observed in bioreactor 1 (Figure 10.3) that there was
production of alcohols throughout the experiment. Ethanol appeared immediately after
inoculation, while butanol did not appear until 68 hours after inoculation. Ethanol reached a
maximum value of 0.80 g/L 418 hours afterinoculation, while butanol reached a maximum value
of 0.29 g/L at 355 hours. However, no hexanol was detected duringall the experimental process

(Figure 10.3).
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The production of alcohols in this bioreactor is low because the lack of tungsten inhibits its
production; however, the production of acidsis favored by the absence of tungsten (Fernandez-

Naveira et al. submitted).

On the otherhand, in bioreactor 2 it was observed that there was production of alcohols before
the assembly of the continuous system (Figure 10.4). Ethanol appeared 18 hours after
inoculation and butanol 52 hours after inoculation; in the case of hexanol, its appearance was
just after the assembly of the continuous system (Figure 10.4). At 179 hours, just before the
assembly of the continuous system, ethanol and butanol reached values of 4.23 g/L and 1.73
g/L, respectively; while hexanol reached its maximum concentration after the assembly at 275

hours with a value of 0.58 g/L as shown in Figure 10.4.

In Figure 10.4 it was observed that the concentration of alcohols after the assembly of the
continuous system seems to decrease. That decrease was due to the dilution effect generated
by the feeding of medium of bioreactor 1, but it was verified through calculations of the
theoretical and experimental productivity that, despite this decrease in concentration observed
in Figure 10.4, there is still anet production. Thisfact can be observedforethanolin Figure 10.9,
obtaining a daily productivity of approximately 0.18 g/L; in the case of butanol (Figure 10.10) a
productivity of 0.06 g/L daily was obtained; and finally for hexanol, a productivity of 0.09 g/L
daily was observed (Figure 10.11).
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Figure 10.11 Bioreactor 2: Comparison between the theoretical (blue diamonds) and

experimental productivity (red squares) for hexanol expressed in mg/L over time.

Likewise, the production rates of the three alcohols were calculated. In the case of ethanol and
butanol, they were estimated before the assembly of the continuous system, and for hexanol it
was estimated after the assembly of the continuous system. The ethanol production rate was
calculated between 62 and 88 hours, obtaining a value of 0.105 g/h g biomass; the butanol
production rate was calculated between 122 and 136 hours with a value of 0.066 g/h g biomass
and finally the hexanol production rate was calculated between 203 and 227 hours with a value

of 0.031 g / h g of biomass.

Comparing this with the data obtained from the bibliography ata similar pH (4.75), using CO as a
carbon/energy source, the value of the production rates are similarin the case of butanol (0.070
g/h g biomass) and in the case of ethanol it is slightly lower (0.160 g/h g biomass) (Fernandez-
Naveira et al., 2016).

10.3.3 CO and CO, consumptions

In the case of bioreactor 1, the CO consumption of Clostridium carboxidivorans was measured.
As shown in Figure 10.12, before the continuous assembly, a maximum consumption of 69 %
was reached 88 hours afterthe inoculation; after that, the CO consumption started to decrease.

Later, coinciding with the assembly of the continuous system, the CO consumption increased
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again until reaching a maximum value of 95 % at 136 hours. And once the bacterium stopped
growing, it was observed that the consumption of CO started to decrease again, until it
stabilized at a value of 65 % (Figure 10.12).
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Figure 10.12 Bioreactor 1: Percentage of CO consumption over time.

Clostridium carboxidivorans produces CO, as a consequence of the CO consumption during
acidogenesis, whereas, in solventogenesis, it consumes this CO, to produce alcohols. This was
observedin Figure 10.13. In the first hours of the experiment, coinciding with the maximum CO
consumption, a (negative) CO, consumption of -148 % was observed. After 88 hours, CO, started
to be consumed, however, after the assembly of the continuous system, the CO, consumption
decreased again reaching a value of -188 % at 136 hours. After this, the CO, started to be
consumed and between 250 and 400 hours a consumption of -65% of CO, was observed (Figure

10.13).
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Figure 10.13 Bioreactor 1: Percentage of CO, consumption over the time.

In the case of bioreactor?2, in Figure 10.14 it is observed that the maximum consumption of CO
was reached 72 hours after inoculation, with a value of 89.50 %, which coincides with the
maximum growth of the biomass. Once the bacterium stops growing, a decrease in CO
consumption was observed until it stabilizes, reaching an approximate value of 20 %. When the
continuous systemwas assembled, the CO feed was stopped, since the goal is to stimulate the

solventogenesis process where CO, is consumed up to now.
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Figure 10.14 Bioreactor 2: Percentage of CO consumption over the time.

In this case, bioreactor 2 measured the CO, productivity in g/m?® as shown in Figure 10.15, where
it is observed that it reached a maximum value of 1256 g/m3 at 72 hours, coinciding with the
maximum CO consumption: Due to natural acidification, it was observed how CO, production
decreases until practically reaching zero. After continuous assembly, there was no CO,

production, since the CO supply has been switched off.
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Figure 10.15 Bioreactor 2: Percentage of CO, consumption over the time.

10.4 Conclusions

Using a continuous system in two stages, it is possible to separate the acidogenesis and the
solventogenesis; obtainingin this way a continuous production of acids in bioreactor 1 (without
tungsten and selenium), while the production of alcohols will be continuously carried outin

bioreactor 2.

The continuous system of bioreactors in two stagesis a novel process for HBE fermentation. It is
still necessary to optimize the parameters to be used (composition of the medium, feeding

rates, pH, etc.) to maximize the production of metabolites of interest.
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Hexanol-Butanol-Ethanol fermentation (HBE) is a novel process, where the obtention of higher
alcohols is possible using syngas as a carbon source and C. carboxidivorans as a biocatalyst.
There are many studies focused on the production of aceticacid and ethanol; howeverthere are
only few focused on the production of higheralcohols such as butanol and hexanol. Till now, the
main bacterium reported to be able to produce hexanol was C. carboxidivorans. In syngas
fermentation, the best case described in the literature reached a hexanol concentration of 1.06

g L' (Fernandez-Naveira et al. 2017).

Typical molar H:B:E ratios found in literature data, using syngas mixutres (CO:CO,:H,:N,
(2:2:1:5)) for the fermentation, were 1:2.5:6, or using another syngas mixture (CO:H,:N,:CO,)
(32:32:28:8) ) the H:B:E ratio found was (1:1.64:3.6) (Ramid-Pujol et al. 2015).

The main aim of this thesis was the optimization of the fermentation process and conditions to
improve the production of higheralcohols. Also, better understanding the W-L pathway for the
fermentation process as well as the role of metalloenzymes involved in the metabolic process
were other important objectives on this thesis. Therefore, various studies were carried out
under different fermentation conditions: different pH values during the different fermentation
steps and the method of varying the pH, different carbon sources (CO, syngas, glucose), solvent

inhibition, sodium chloride (salinity) effect and the effect of trace metals.

A summary of this thesis and the main conclusions obtained from the different experiments, are

detailed in this section.

1. Inorderto check the effect of the pH on CO fermentation, in Chapter 4, two bioreactor
experiments were carried out using different pH values during the solventogenic stage
(5.75 and 4.75). Also, results of the fermentation process in batch bottles and
bioreactors were compared. This comparison allowed to observe that non continuous
supply of CO and a non control of pH in the batch bottles, create unfavourable
conditions for C. carboxidivorans obtaining lower biomass concentrations (0.13 g/L) and
final fermentation products (0.89 g/L HAc, 0.48 g/L HBu, 0.48 g/L EtOH y 0 g/L BuOH)
comparied with the bioreactors. On the other hand, in the assays in bioreactors with a
continuous supply of CO, different pH values during the solventogenic stage were
compared. Also, during the experiment half of the medium was replaced for new
medium to improve the conditions in the bioreactor and that way restart the
fermentation process. In these experiments, it can be observed that during the

solventogenic stage, the control of pH is a key aspect forthe alcohols production. In the
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case of bioreactor 1 (pH constant at 5.75) there is higher acids and alcohols
accumulation thanin bioreactor?2 (lower pH of 4.75 during the solventogenicstep): 7.52
g EtOH and 3.91g BuOH in bioreactor 1and 4.21 g EtOH and 2.29 g BuUOH in bioreactor
2. However, when the production rates of alcohols and acids consumption rates were
analysed, a lower pH vale during the solvenogenic stage has a positive effect on these
rates: 0.13 g-acetic/h*g-biomass, 0.03 g-butyric/h*g-biomass and 0.15 g-acetic/h*g-
biomass, 0.04 g-butyric/h*g-biomasa, for bioreactors 1 and 2 respectively; 0.12 g-
ethanol/h*g-biomass and 0.06 g-butanol/h*g-biomass, in bioreactor 1 and 0.16 g-

ethanol/h*g-biomass y 0.07 g-butanol/h*g-biomass in bioreactor 2.

2. The effectof usingsyngas as a carbon source on the H:B:E fermentation was checked in

chapter 5; for this two bioreactor experiments using syngas were carried out. Also, a
new strategy of pH change was developed (natural acidification). As happened in the
bioreactors with CO, a pH drop had a negative effect on the biomass. This can be
observed by comparing the growth rates obtained in experiment 1 at high pH and low
pH, reaching 0.072 h™ and 0.0057 h™, respectively. Also, a negative effect on the acid
accumulation was observed at a low pH (4.75). However, a positive effect on the
solventogenic stage was observed when a low pH is promoted in the bioreactor; that
positive effect cannot be observed in the alcohols accumulation, due to the lower
accumulation of acids, but can be observedinthe alcohols production rates which were
higherat a low pH (4.75) than at higher pH (5.75) (0.048 vs 0.044 g-etanol/h*g-biomasa,
0.037-0.035 g-butanol/h*g-biomasa and 0.026-0.014 g-hexanol/h*g-biomasa).
When comparing the total accumulation of alcohols using either syngas or CO (chapter
before), a higher alcohol accumulation was observed when CO is used as a carbon
source (4.21 g de EtOH y 2.29 g de BuOH at a pH of 4.75 and 7.52 g EtOH y 3.91 g de
BuOH at a higher pH of 5.75).

3. Glucose and other sugars are used in ABE fermentation as carbon source. In bacteria
performing HBE fermentation, experiments with sugar as a carbon source were never
reported previously. That way, in chapter 6, three bioreactor experiments were carried
out to check the effect of glucose as a carbon source with different pHs changes
(constant pH at 6.2, natural acidification to pH 5.00 and artificial pH change to 5.20) on
the H:B:E fermentation. The consumption of glucose was observed at the same time as

the bacterial growth. Inthe other experiments with CO or syngas as a carbon source, the
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consumption of the C1 gas was also concomitant with the bacterial growth. The main
difference between the use of gases or glucose as a carbon source is related with the
variation of acids observed in the fermentation broth. In the case of glucose more
diiferent acids were observed than with syngas (lactic acid, formic acid, propionic acid).
The pH effect observedinthese experiments with glucose maintain the same tendency
as the results observed in the experiments with CO or syngas (higher pH during the
acidogenic stage have as a consequence a higher acid accumulation). Contrary with
other experiments using CO or syngas as carbon source, formic acid started to be
consumed at a higher pH, and in this time more acetic acid was observed, that fact
never was reported with gaseous carbon sources. That way, C. carboxidivorans could
use the produced formic acid as a precursor for acetic acid production and also for the
bacterial growth. Contrary to what was observed in experiments with gas as a carbon
source, the lower pH didn’t seem to stimulate the solventogenic stage, so the
conversion of acidsinto alcohols didn’t happeninthose three experiments (higher pHor
lower pH); that way lower concentrations of alcohols were observed when glucose was
used as a carbon source. This could be related with the presence of formicacid in the
fermentation broth which was found to have an inhibitory effect of the solventogenic
stage in some bacteria (C. acetobutylicum). However, higher production rates of
alcohols were observed (0.085 g-ethanol/h*g-biomass, 0.009 g-butanol/h*g-biomass,
0.005 g-hexanol/h*g-biomass in the experiment 3 and 0.039 g-ethanol/h*g-biomass,
0.007 g-butanol/h*g-biomass, 0.000 g-hexanol/h*g-biomass in the experiment 2). The
higher production rates could be related with the fact that glucose is a carbon source
easiertobe consumedthan gases;that way C. carboxidivorans could be able to produce

alcohols directly from sugars in an easier way than with C1 gases.

4. In Chapter 7, three batch experiments, using CO as a cabon source and a pH of 5.75,
were carried out to check the toxicity effect of the two alcohols produced by C.
carboxidivorans in major concentrations (ethanol, butanol and the mixture of both). In
this study the ICso for the bacteria and each solvent were stimated: 14.50 g/L for
butanol, 35.00 g/L for ethanol and 16.22 g/L for the ethanol and butanol mixture.

5. The optimization of the conditions of the fermentation brothis one important aspect to
maximize alcohol production. In the metabolic shift between acidogenesis and

solventogenesis a change in the pH of the medium is necessary. Several strategies can
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be used to change the pH of the fermentation broth, such as natural acidification and
artificial pH drop. This pH change must remain within the optimal pH range of each
bacteria; however for the same pH values, a variation in the effiency between natural
acidification and artificial pH drop could be observed. A natural pH drop seems to have
less stress onthe bacteria than the artificial pH change. When an artificial pH change is
done, HCl is added into the fermentation broth, as a consequence an increase of the
salinity/conductivity is provocked in the medium, which could be the cause of the lower
efficiency of this process thanin the natural acidification. In chapter 8, a bioreactor with
two artificial pHchangesand a batch experimentat different conductivities were carried
out.

In the bioreactor, the artificial pH change was made after reaching the maximum acids
concentration. No alcohols production was observed at a low pH; that way a partial
medium replacement was done to restart all the process. However, the same result
after the artificial pH drop was observed. Conductivity was measured in the different
stages of the bioreactor, reaching 13.85 mS/cm at the beginning, 14.59 mS/cm after the
artificial pH drop, 17.33 mS/cm after the pH increase; 15.30 mS/cm after the partial
medium replacement and 16.21 mS/cm at the end of the experiment.

In the batch experiments, different concentrations were assayed to test the possible
negative effect of conductivity on C. carboxidivorans. In this experiment, it could be
observed that concentrations lower than 9 g/L of NaCl (conductivities lower than 26.4
mS/cm) didn’t have any negative effecton C. carboxidivorans. Concentrations between
9-12 g/L of NaCl (conductivities between 26.4 and 32.8 mS/cm) start to have a negative
effect on the bacterial strain, with a ICs, around 11 g/L (29.9 mS/cm). Finally,
concentrations up to 15 g/L (37.9 mS/cm) have as a consequence a total inhibition.
When the conductivities data observed in the reactor are compared with the data
obtainedinthe batch experiments, the conductivity values of the reactorare lowerthan

the values which start to have a negative effect on C. carboxidivorans.

6. In the WL pathway there are many enzymes with an important role for the production
of alcohols. Some of those enzymes, known as metalloenzymes, need the presence of
some trace metalsfortheiractivity. An exampleis formate dehydrogenase, which needs
selenium to catalyse the reduction of C1 gases. Also, the aldehyde:ferredoxin
oxidoreductase needs tungsten to catalyse the conversion of acids into aldehyde. In

Chapter9, four bioreactors were set up to check the effect of eliminating tungsten and
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selenium from the fermentative broth, and using different pH strategies. In that
experiment a higher growth rate could be observed as a consequence of the lack of
tungsten (0.100 h™' in comparison with 0.074 h™ in the control experiment), this fact
could be related with the fact that alcohols production is an expensive energetic
process, sothe absence of this trace metal could have a positive effect on the bacterial
growth. Also, the lack of the two metals and the use of a higher pH have as a
consequence the lower accumulation of alcohols (0.676 g/L) in comparison with the rest
of experiments and a higheracid concentration (9.56g/L) compared with the control. To
understand the effect of selenium or tungsten separately, a bioreactor experiment with
only selenium but without tungsten was carried out. In that reactor a higher acids
concentration was reached (11.30 g/L) and lower alcohol concentration (2.02 g/L)
compared with the control, but a little higher compared with the bioreactor without
both trace metals. That way, the lack of those metals has a negative effect on the
alcohol production and as a consecuence a positive effect on the acids accumulation.

Also, tungsten has more effect on the process than selenium.

7. Inthelastchapter (chapter 10) of this doctoral thesis, anew and innovative continuous
system was carried out: the two stage bioreactors. This is a novel technique for
anaerobic gas fermentation with the main objective to stimulate the accumulation of
higheralcoholsand geta continuous production of these. This chapter describes a first
set-up and preliminary study where, with data obtained from the optimization done in
other chapters, optimum conditions are established in each of the bioreactors
separately to promote, on the one hand, the production of acids in bioreactor 1 (F1) in
which the optimal conditions were: a high pH and the elimination of selenium and
tungsten from the medium; and the production of alcohols in bioreactor 2 (F2), where
solventogenesis was stimulated by using a complete medium with acidification at low
pH. For the management of the continuous system, F1receives fresh medium without
Se and without W, while F2 receives medium rich in F1-acids for their transformation
intoalcohols. Likewise, F2 had a filtering system with biomass recirculation to eliminate
excess waste without eliminating the biomass. In this first set-up it was possible to
observe howin F1 alarge quantity of acids was produced (in the discontinuous system
(firstdays) and in the continuous one), reaching a daily production of 1.50 g/L of acetic
acid, 0.70 g/L of butyric acid and 0.30 g/L of hexanoic acid. In the case of fermentor 2,

the daily productivity of alcohols was 0.18 g/L for ethanol, 0.06 g/L for butanol and in
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the case of hexanol 0.09 g/L daily. Other parameters need to be optimized, such as the
flow of feeds to try to increase the daily productivities of these alcohols, as well as the

feeding of different gaseous sources ect.

Final conclusions:

10.

11
12.

13.

Duringthe acidogenicstep, a high pH was necessary toimprove the gas (CO) conversion
into fatty acids.

A low pH of 4.75 is necessary during the solventogenic step to improve the alcohols
production; however, a low pH has a negative effect on the biomass production.
Higheraccumulation of alcohols was observed using a higher pH due to the higher acids
accumulation; however, the alcohols production rates were higherwhen alower pH was
used.

Acids and alcohols are produced following the next order: C2>C4>Cé6.

H:B:E fermentation is an option with two major advantages: the removal of volatile
contaminants (with greenhouse effect) such as CO, and CO,, and on the other hand the
production of ethanol and higher alcohols which are solvents with a high commercial
value.

When CO is used as a carbon source in the fermentation process, higher production
rates and higher alcohol and ethanol final concentrations are obtained than in syngas
fermentation, due to the higher purity and concentration of CO (absence of N,)
compared to syngas.

Glucose fermentation by C. carboxidivorans had as a consequence the obtention of a
higher variety of acids than gaseous fermentation.

The solventogenic stage using glucose as a carbon source in the fermentation by C.
carboxidivorans, seems not to be improved by a pH drop.

At higherpHof 6.2, at the end of glucose fermentation, C. carboxidivorans is able to use
the formic acid (produced previously) as a precursor for actic acid production and
growth.

Butanol has a highertoxiceffect on C. carboxidivorans than a mixture of ethanol:butanol
(1:1) or ethanol.

Ethanol has the lowest toxic effect on C. carboxidivorans.

A low initial concentration of ethanol seems to cause a slight improvement on the
bacterial growth.

High salinity (conductivity) inhibits growth and activity of C. carboxidivorans.
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14.

15.

16.

17.

18.

19.

20.

Concentrationslowerthan 9 g/L of NaCl did'nt provoke inhibition, and partial inhibition
occurs between 9-12 g/L of NaCl; 1Cs, (50 % growth rate inhibition) for C.
carboxidivorans was around 11 g/L of NaCl.

Concentrations up to 15 g/L of NaCl cause a total inhibition, with no growth of C.
carboxidivorans.

The presence of tungsten and selenium have a positive effect on the alcohols
production.

The lack of tungsten has more negative effect onthe alcohol production than the lack of
selenium.

Lack of tungsten and selenium has as a consequence a higher accumulation of acids in
the fermentation broth than in control conditions.

The development of atwo stage continuous system for the continuous accumulation of
alcohols is possible.

More studies and optimization are necessary forthe complete development of the two

stage continuous system.
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En los ultimos afos la escasez de los combustibles fdsiles junto con una serie de problemas
econdmicos (inestabilidad del precio) politicos y medioambientales (la emisién de gases de
efecto invernadero a consecuencia de su uso), todo esto sumado a que cada vez hay mas
demanda del uso de los mismos, el cual se espera que se duplique en el afio 2030 debido al
incremento del 3 % anual del sector de transporte, han forzado a que en los ultimos afos se

busquen fuentes de energia alternativas y renovables.

Ademas, la Unidn Europea, a través de su Directiva de Energias Renovables RED 2009/28 / CE,
establece como objetivo que parael afio 2020, que el uso de energiarenovable debealcanzar el

20 %, donde un 10 % de participacidon debe corresponder al sector del transporte.

El uso de biocombustibles como son los bioalcoholes, etanol, butanol y hexanol, es una opcién
mas ecoldgicay que permite disminuir el uso de dichos combustibles fésiles. De hecho en los
ultimos afios se ha visto que el butanol tiene un futuro muy prometedor como biocombustible
debido a todas las ventajas que tiene (se puede mezclar directamente con la gasolina en
cualquier proporcién, usarse directamente en lainfraestructura actual sin necesidad de ninguna

modificacién, menos higroscopico, con mayor contenido energéticoy mas seguro que el etanol).

La metodologia convencional y mas conocida para la obtencidn de bioalcoholes es mediante la
fermentacion de azlcares, los alcoholes obtenidos através de este proceso son conocidos como
biocombustibles de primera generacién. El problema de esta metodologia es el uso como
materia prima de distintos cultivos (por ejemplo la cafia de azlcar) los cuales son empleados
como fuentesde alimentacidon humanay animal. Esto genera un dilema, debido a que cultivos

que tienen aplicacién alimentaria se desvian para la produccion de biocombustibles.

Es por ello, porlo que se ha desarrollado unasegundaviade obtencién de estos bioalcoholes, la
denominada biocombustibles de segunda generacién, en la cual se fermenta biomasa
lignocelulosica para la obtencidon de los bioalcoholes. Esta biomasa lignocluldsica esta
compuesta principalmente por lignina, celulosay hemicelulosa, en distintas proporciones. Para

gue sea posible el uso de este material lighocelulosico por los microorganismos, es necesario

realizarun pretratamiento, que puede ser de dos tipos: la hidrdlisis enzimatica y tratamientos
termoquimicos o gasificacion. En el primer caso, la celulosa y hemicelulosa son facilmente
degradables en azlcares (pentosasy hexosas) mediante el uso de diferentes enzimas, mientras
que laligninapresente en el materiallignoceluldsico (hasta un 30 %) es muy dificil de degradar,
lo que supone un problema en este proceso; la dificultad en la degradaciéon de la lignina,

sumado a que solo las hexosas son fermentables por los microorganismos (mientras que las

pentosas no) junto con el encarecimiento que supone el empleo de dichas enzimas hidroliticas,
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supone unadesventajaglobal enlaobtencion de los bioalcoholes con este proceso. El segundo
pretratamiento consisteen unavia alternativa, enlaque mediante tratamientos termoquimicos

se obtiene una mezcla gaseosa, la cual es conocida como “gas de sintesis”.

Este gas de sintesis, compuesto principalmente por mondxido de carbono, diéxido de carbono e
hidrogeno, puede ser fermentado por las bacterias anaerobias para obtener acidos y como
resultado final alcoholes (etanol, butanol y hexanol). A diferencia del empleo de este gas por
una via quimica (Fischer-Tropsch), el proceso biolégico de obtencién de alcoholes es un proceso
mas econdmico y sencillo, algunas de las ventajas que supone son: La baja temperatura y
presidn necesariaen el proceso bioldgico, mayor rendimientoy uniformidad del producto y por

tanto una mayor facilidad para su posterior purificacién...

El proceso de fermentacidon de gas de sintesis por bacterias acetogénicas, ademas permite la
fermentacién nosolo del gas de sintesis obtenido tras la gasificacion de material lignoceluldsico,
sinoque también permite lafermentacion de gases industrial es residuales tales como los de la
industria del refinado de petrdleo, industria del acero... Esto supone una doble ventaja, por un
lado el empleo de esos gases residuales elimina la emisidon de gases toxicos y de efecto
invernadero a la atmédsfera y por otro lado, la obtencidon de metabolitos de elevado interés

industrial.

En esta tesis se ha empleado la cepa Clostridium carboxidivorans (DSM 15243), para realizar
distintos estudios para maximizar la obtencion de alcoholes de cadena larga (etanol, butanol y
hexanol). Diferentes fuentes de carbono fueron empleadas en los distintos experimentos las
cualessondescritas enlos distintos capitulos, en estos ensayos se obtuvieron diferentes acidos
(acido acético, acido butirico, acido hexanoico entre otros) y como resultado final alcoholes de
cadena larga (etanol, butanol y hexanol). Como se describe en el capitulo 1, estos alcoholes
suponen una serie de ventajas unos frente a otros y pueden ser empleados como
biocombustibles. Asi mismo en este capitulo se recoge informacién sobre distintos
microorganismos y procesos para la obtencién de acidos y alcoholes, en donde se puede
observar como C. carboxidivorans es la Unica hasta el momento capaz de sintetizar etanol,

butanol y hexanol.

Este ha sidouno de los motivos de la eleccidn de esta bacteria para realizar esta tesis doctoral,
la innovacidn que supone la obtencién de estos tres alcoholes en un Unico proceso y con una
Unicabacteria. Como se dijo con anterioridad, el objetivo principal de esta tesis es optimizar las
condiciones de fermentacién para asi maximizar la obtencidn de estos alcoholes de cadena

larga. Para ello se han ensayado distintas fuentes de carbono, distintos pH, distintas condiciones
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de medio de cultivo, distintas estrategias y parametros los cuales irdn recogidos en distintos
capitulos. Para poderrealizar estos estudios es necesario comprender las condiciones dptimas
de crecimiento de la bacteria empleada (pH, temperatura ect) y su proceso de fermentacion;

toda estainformacidn, se encuentra recogida y esquematizada en el capitulo 1.

Los diferentes protocolos empleados paralos distintos estudios, se encuentran descritos de una
forma general, en el capitulo 3; posteriormente en cada uno de los capitulos siguientes se
encuentran cada una de las metodologias empleadas, descritas con mas detalle para cada uno

de los casos especificos.

En el capitulo 4, se realizaron experimentos en batch y en fermentadores empleando CO como
fuente de carbono, con el objetivo de ver como el control de pH y los distintos cambios de pH
afectan a la produccion y crecimiento de la bacteria. En los ensayos en batch, se pudieron
observar como la falta de un suministro continuo de fuente de carbono (CO) junto a la falta de
control de pH durante el proceso, hacen que la biomasa (0.13 g/L) y concentracion de acidos y
alcoholes maxima (0.89 g/L HAc, 0.48 g/L HBu, 0.48 g/L EtOH y 0 g/L BUOH) obtenidaseamenor
que enlos ensayos en reactores. En los dos ensayos en reactores, con un suministro continuo de
CO, se compara el efecto que tienen dos valores distintos de pH durante la solventogénesis. Asi
mismo, en ambos fermentadores se realiza un reciclaje parcial del medio, de forma asépticay
anaerobia, paraestimularde nuevo laproduccién de acidos y el crecimiento (acidogénesis). En
estos experimentos, se pudo observar como el pH durante la solventogénesis tiene un efecto
determinante para la produccion de alcoholes. En el caso del fermentador 1, en el cual se
mantiene el pH constante a5.75 durante todo el proceso, se obtiene unaacumulacién de acidos
y de alcoholes més altaque en el fermentador 2, donde tras las 72H se realiza una bajada de pH
a4.75, siendolaacumulacién netaal final del experimento dealcoholes lasiguiente: 7.52 g EtOH
y 3.91 g BuOH en el fermentador 1y 4.21 g EtOH y 2.29 g BuOH en el fermentador 2. No
obstante cuando se analizan las tasas de consumo de acidos y de produccion de alcoholes, se
puede observarcomo el pH mds bajo durante lasolventogénesis estimula el consumo de acidos
y por tanto la produccién de alcoholes, obteniendo los siguiente valores: Tasa de consumo de
acidos, para el fermentador 1 0.13 g-acetico/h*g-biomasa, 0.03 g-butirico/h*g-biomasa, 0.15 g-
acetico/h*g-biomasa, 0.04 g-butirico/h*g-biomasa, para el fermentador 2; Tasa de produccién
de alcoholes, 0.12 g-etanol/h*g-biomasa y 0.06 g-butanol/h*g-biomasa, en el fermentador1 y

0.16 g-etanol/h*g-biomasa y 0.07 g-butanol/h*g-biomasa.

Para comprobar el efecto que tenia la mezcla de gas de sintesis sobre nuestra bacteria, se

decidid realizar unaserie de experimentos con gas de sintesisy dos estrategias de pHdiferentes,
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los cuales se encuentran recogidos en el capitulo 5. Se realizaron 2 experimentos, uno a pH
constante, y el segunto con el mismo pH incial que el anterior pero con acidificacion natural a

pH 4.75.

En estos experimentos, se puede ver como una bajada de pH tiene un efecto negativo sobre la
biomasa, lo cual se puede observar (en el experimento 1 de este capitulo) cuando comparamos
la tasa de crecimiento a pH 5.75 y 4.75 (0.072 h™ y 0.0057 h™* respectivamente); este efecto
negativotambién se puede observarenlaacumulacidn de acidos, yaque se obtiene el doble de
concentraciénfinal de acidos en el experimento 2 (a pH constante 5.75) que en el experimento
1 (con acidificacion natural). Este mayor crecimiento y mayor acumulacién de acidos, viene
como consecuencia de un mayor consumo de CO durante la acidogénesis a pH 5.75 que a4.75
(76 % frente a un 69 %). No obstante, los pH bajos tienen un efecto positivo en la
solventogénesis del proceso, aunquelacantidad final de alcoholes sea mayor a pH 5.75 (2.70 g/L
EtOH, 1.90 g/L BUOH y 0.85 g/L HeOH) comparado con pH 4.75 (2.25 g/L EtOH, 1.43 g/LBuOHy
0.72 g/L HeOH); este echo es debido a la mayor acumulacién de acidos a pH elevado, no
obstante, la tasa de produccion es mas alta a pH 4.75 que a 5.75 (0.048 frente 0.044 g-
etanol/h*g-biomasa, 0.037-0.035 g-butanol/h*g-biomasa,y 0.026-0.014 g-hexanol/h*g-

biomasa). Como conclusiones generale de este capitulo, se puede destacar:

El efecto positivode unpHalto (5.75) sobre la acidogénesis, es decirsobre el consumo de CO, el
crecimiento bacteriano, la produccién de acidos y en consecuencia la acumulacion final de

alcoholes, frente a un pH bajo (4.75).

El efecto positivo de un pH bajo (4.75) sobre la solventogénesis, es decir sobre la tasa de

produccidn de alcoholes.

Asi mismo se puede observar como bajo las mismas condiciones cuando se compara los
experimentos con CO (capitulo anterior) con los de este capitulo, se obtiene una acumulacion
neta mayor cuando trabajamos solo con CO (4.21 g de EtOH y 2.29 g de BUOH en el caso de
fermentadores con pH bajoy 7.52 g EtOH y 3.91 g de BuOH en el fermentador con pH alto).

En el siguiente capitulo (capitulo 6) se analizael efecto de otrafuente de carbono distinta sobre
el crecimientoy produccidn de C. carboxidivorans. Como en los capitulos anteriores, también se
comparan distintas estrategias de pH durante el proceso; 3 experimentos fueron llevados a
cabo: el primero a pH constante 6.20, el segundo con el mismo pH inicial y una posterior
acidificacion natural a pH 5.20y el tercero de ellos con el mismo pH inicial que los anterioresy

una bajadagradual de pH a 5.20 empleando HCI 1 M una vez se alcanzé el maximo de biomasa.
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La biomasa maxima alcanzada y las tasas de crecimiento, fueron similares entre estos tres
experimentos aunque ligeramente mas altas que con las otras fuentes de carbono empleadas en
los capitulos anteriores. En los tres casos, el consumo de glucosa es paralelo al crecimiento
bacteriano y solo ocurre a pH elevado, cuando se baja el pH (bien de forma natural o
artificialmente) el sustrato deja de ser consumido. Se obtuvieron valores de consumo del 81 %
en el experimento 1, 72 % en el experimento 2 y 95 % en el experimento 3. Una de las
principales diferencias del uso de glucosa como fuente de carbono con las fuentes de carbono
gaseosasempleadas enlos otros capitulos, es que en este caso aparece una mayor variaciéon de
acidos que enlos casos anteriores. Con fuentes de carbono gaseosas, se obtenia acido acético,
acido butirico y acido hexanoico; no obstante con glucosa se obtiene una mayor variedad: acido
acético, acido butirico, acido hexanoico, acido lactico, acido férmico, acido propidnico y acido
isobutirico. Como cabria esperar, laconcentracion de acidos es mas elevadaen el experimento 1
y 3 que en el 2 ya que se emplea un pH alto durante toda la acidogénesis. Ademas, se puede
observarun echo nunca hasta ahora expuesto en ninguna publicacién, esto es que a pH elevado
el acido formico comienza a ser consumido una vez que el consumo de glucosa cesa por C.
carboxidivorans, en este mismo momento comienza a consumirse y en consecuencia vuelve a
producirse mas acido acético. En este capitulo, se hipotetiza por tanto el posible empleo de
acido féormico para el crecimiento bacteriano y asi mismo como precursor de acido acetico. En
cuanto a la produccion de alcoholes, estos son producidos solo a pH elevados y durante el
consumo de glucosa, no obstante en ninguno de los 3 casos se observa un consumo de acidos y
enconsecuenciauna produccion de alcoholes a partir de estos. Las concentraciones obtenidas
por tanto son menos que en los experimentos llevados a cabo con gas de sinte sis o con CO; no
obstante, si se observantasas de produccidon mas altas con glucosa como fuente de carbono que
con gases, esto puede deberse ala habilidad de C. carboxidivorans de producir directamente
alcoholes apartirde glucosao CO; laglucosaal ser mas facilmente fementable que el CO porla
bacteria, permite obtener tasas de conversion de alcoholes mas elevadas a pH altos ya que,
contrariamente a las fuentes de carbono gaseosas, con glucosa no hay solventogénesis a pH
bajo ( 0.085 g-etanol/h*g-biomasa, 0.009 g-butanol/h*g-biomasa, 0.005 g-hexanol/h*g-biomasa
enel experimento 3 frente a 0.039 g-etanol/h*g-biomasa, 0.007 g-butanol/h*g-biomasa, 0.000
g-hexanol/h*g-biomasa en el experimento 2). La presencia de acido férmico a elevadas
concentraciones, es conocida por algunos autores por causar un efecto inhibitorio de la
solventogénesis en C. acetobutylicum, lo cual podriaser uno de los motivos de obtenertan bajas

concentraciones de alcoholes cuando se comparan estos experimentos con los de los capitulos
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anteriores. Otra posibilidad seriaque los pHbajos no sean adecuados parala solventogénesisen

las fermentaciones de azlcares por C. carboxidivorans.

Uno de los primeros estudios que se realizaron, el cual se encuentradescrito en el capitulo 7 de
estatesis, fue llevado acabo en botellas con distintas concentraciones de etanol, butanol y una
mezcla de ambos alcoholes. El objetivo de este estudio, fue conocer cudles son las
concentraciones limites ante las cuales nuestra bacteria de estudio, C. carboxidivorans, es capaz
de crecer con normalidad. Con este estudio se pudo verel potencial efecto inhibitorio que tiene
la presencia de butanol sobre C. carboxidivorans, donde empleando el programa estadistico
Sigma Plot, se determinaron las ICs, (concentracidn inhibitoria del 50 %). Con esto, se pudo
observar que para C. carboxidivorans 14.50 g/L de butanol son suficientes para causar una
inhibicion del 50 % del crecimiento, siendo asi el butanol mucho mas inhibitorio para esta

bacteria que la mezcla de ambos alcoholes (ICso 16.24 g/L) o que el etanol solo (I1Cso 35 g/L).

Uno de los mayores retos a la hora de maximizar la produccién de alcoholes con una bacteria
dererminada, eslaoptimizacidon de las condiciones del medio de cultivo. Numerosos estudios se
han basado esla adicion/supresion de vitaminas, fuentes de nitrégeno como el cloruro amaénico,
temperaturay sobre todo el pH. C. carboxidivorans necesita dos pH distintos durante la fase de
acidogénesisy solventogénesis; en fermentadores, realizar el cambio de pH de una forma poco
agresiva (siempre dentro de las condiciones éptimas de crecimiento) que no suponga una
alteracion parael estado metabdlico de labacteriasupone un reto. Varias estrategias de cambio
de pH se han realizado en esta tesis (cambio artificial, cambio natural...) siendo el cambio
natural de pH el que parece tenerun menor efecto negativo sobre labacteria. Con la adicidn de
HCl al medio de formagradual y progresiva, se consigue realizar el cambio de pH artificial, esta
adiccion de HCl junto con la NaOH consumido durante la acidogénesis, provoca un incremento
enla salinidad/conductividad del medio, siendo una posible causa de la condicion desfavorable
de esta metodologia. Con el objetivo de explicar una posible causa ante este efecto menos
favorable del cambio artificial de pH, se propuso un experimento en fermentador, seguido de un

batch con distintas conductividades en el capitulo 8.

Tras la obtencién de la maxima concentracion de acidos en el fermentador (4.700 g/L de acido
acéticoy 1.300 g/L de butirico), se procedié a unabajada de pH gradual y progresiva mediantela
adicion de HCI. No obstante tras esta bajada de pH, no se produjo ningin cambio en el
fermetador, por lo que se cambio parcialmente el medio del fermentador para restaurar de
nuevo el ciclo y la aplicacién de una bajada artificial de pH. En el segundo ciclo, tampoco se

observa solventogénesis tras el cambio de pH. Durante todo el experimento se realizaron
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mediciones de conductividad, observandose los siguientes valores: 13.85 mS/cm al inicio del
experimento, 14.59 mS/cm despues del primer cambio artificial de pH, 17.33 mS/cm despuésde
la subidade pH al valorinicial, 15.30 mS/cm después del cambio parcial de medio y finalmente

16.21 mS/cm al final del experimento.

En los experimentos en batch, distintas concentraciones de NaCl (0.2, 3, 9, 10, 11, 12, 15, 18y 21
g/L) fueron ensayadas paradeterminar la conductividad inhibitoria para C. carboxidivorans. En
estos experimentos, se pudo observar que concentraciones menores de 9 g/L de NaCl (lo cual
corresponde a conductividades inferiores a 26.4 mS/cm) no causan ningun efecto sobre la
bacteria. Seran las concentraciones entre 9-12 g/L de NaCl (correspondientes a conductividades
entre 26.4 y 32.8 mS/cm) las que causen enla bacteriaunainhibicion al 50 % de su crecimiento,
determinando la ICsq en torno a los 11 g/L (29.9 mS/cm). Y por ultimo la total inhibicidn se

observé a concentraciones de NaCl superiores a 15 g/L (37.9 mS/cm).

Comparando estos datos de inhibicién conlos observados en el fermentador, podemos obs ervar
como cualquiera de dichos valores estdan muy por debajo de la ICs,, estando dentro de los
valores en los cuales no se observd ningln tipo de inhibicion en la bacteria en los ensayos en
batch. De este modo, se puede descartar que la causa de la poca eficiencia del cambio artificial
de pH se veacausado por un incremento en la salinidad del medio de cultivo, quedando como
otra posible causa el echo de que un cambio artificial aunque sea gradual, suponga mayor estrés

para la bacteria que un cambio natural de pH.

Las metalloenzimas son las enzimas resposables de la convesion de gas a acidoy posteriormente
de destos 4cidos a alcoholes. La actividad de estas enzimas se caracteriza por estar estimulada
por la presencia de ciertas trazas de metales. Segln la enzima de la que hablemos, estara
estimulada pordistintos metales. La FDH es una metaloenzyma involucrada en la reduccién de
gases Cl a acidos, la cudl su actividad se ve fomentada por la presencia de selenio y de
tungsteno. Asimismola AFOR, es la responsable de la conversidon de acido a aldehido, un paso
intermedio en la formaciéon de alcoholes, la actividad de esta ultima estd estimulada por la
presencia de tungsteno. Para estudiar el efecto de estos dos metales, los cuales estdn
involucrados en dos pasos de la ruta W-L, se decidié realizar cuatro experimentos (experimento
control con acidificacidon natural, experimento sin tungsteno y sin selenio con acidificacion
natural, experimento sinlos metales a pH contstante y finalmente un experimento sin tunsgteno

pero con selenio a pH constante), los cuales se encuentran recogidos en el capitulo 9.

En los cuatro experimentos la biomasa maxima obtenida es similar, no obstante en la tasa de

crecimiento es donde se pueden apreciardiferencias; en el caso del experimento a pH constante
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sin tungsteno, se aprecia una tasa de crecimiento de 0.10 h™ la cudl es una de las tasas de
crecimiento mas altas obtenidas en condiciones similares. Este echo podriajustificarse debido a
que con la ausenciade tungstenose inhibelaformacion de alcoholes, lo cual es un proceso muy
costoso para la bacteria, de este modo |la bacteria podria ser energéticamente mas eficiente en
la produccion de dcidosy ensu crecimiento. En cuantoa la produccién de acidos y alcoholes, se
puede observar como la carencia de estos metales reduce la produccion de alcoholes y en
consecuencia aumenta la acumulacion de acidos comparado con el control, pudiendo
considerarse el tungsteno el metal con mayor efecto en estainhibicidn. Asimismo este efecto se
intensificacuando el pHdel medio se mantiene alto, yaque cuando se permite unaacidificacion
natural, sigue estando presente unainhibicién enlaacumulacién de alcoholes comparado con el
control, pero el pH bajo permite unligeroascenso enlaproduccion de alcoholes comparado con

el pH alto, ya que se estimula la solventogenesis.

En el ultimo capitulo de esta tesis, capitulo 10, se desarrolla una técnica de bioreactores
continuos en dos etapas. Esta es una técnica novedosa en el campo con la que se permitiria
aumentar la concentracion de alcoholes de cadena larga ademas de su produccién de forma
continua con unaseparacién espacial en dos bioreactores distintos. En este capitulo, se describe
una primera puesta a punto donde con datos conseguidos en las optimizaciones realizadas en
otros capitulos, se establecen condiciones éptimas en cada uno de los fermentadores por
separado para impulsar, porunladola produccidon de acidos en el fermentador 1y de alcoholes
enelfermentador 2. Las condiciones llevadas acabo fueron: En el fermentador 1, unpH altoy la
eliminacién de selenio y tungsteno del medio, y de ese modo se inhibe la solventogénesis
estimulandolaacidogénesis; En el fermentador 2 por otro lado, se estimula la solventogénesis
mediante un medio completo con acidificacidn a pH bajo. Para el manejo del sistema continuo,
el F1 recibe medio fresco sin Se y sin W, mientras que el F2 recibe medio rico en acidos del F1
para su transformacién en alcoholes. Asi mismo el F2 tendra un sistema de filtrado con
recirculacion de biomasa para eliminar medio sobrante sin eliminar la biomasa. En esta primera
puesta a punto se pudo observar como el F1 produce una gran cantidad de acidos tanto en el
sistemadiscontinuo (primeros dias) como en el continuo, llegando a unas producciones diarias
de 1.50 g/L de acido acético, 0.70 g/L de acido butirico y 0.30 g/L de acido hexanoico. En el caso
del fermentador 2, laproductividad diariade alcoholes fue 0.18 g/L para el caso del etanol, 0.06
g/L para el butanol y en el caso del hexanol 0.09 g/L diario. Quedarian pendientes otros
parametros a optimizar, como el flujo de las alimentaciones para intentar aumentar las
productividades diarias de estos alcoholes, asi como la alimentacidon de distintas fuentes

gaseosas ect.
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H-B-E (hexanol-butanol-ethanol) fermentation
for the production of higher alcohols from
syngas/waste gas

Anxela Fernandez-Naveira, Maria C Veiga and Christian Kennes"

Abstract

CO, H,, and CO, are major components of syngas and some industrial CO-rich waste gases (e.g. waste gases from steel
industries), besides some additional minor compounds. It was recently shown that those gases can be bioconverted, by
acetogenic/solventogenic bacteria, into ethanol and higher alcohols such as butanol, but also hexanol, through the so-called
HBE fermentation. That process presents some advantages over existing chemical conversion processes. This paper reviews HBE
fermentation from C1-gases after briefly describing the more conventional ABE (acetone-butanol-ethanol) fermentation from
carbohydrates by Clostridium acetobutylicum, in order to allow for comparison of both processes. Although acetone may appear
in carbohydrate fermentation, alcohols are the only major end-metabolites in the HBE process with Clostridium carboxidivorans.
The few acetogenic bacteria known to metabolize C1-gases and produce butanol or higher alcohols are described. Clostridium
carboxidivorans has been used in most cases. Bioconversion of the gaseous substrates takes place in two stages, namely
acidogenesis (production of acids) followed by solventogenesis (production of alcohols), characterized by different optimal
fermentation conditions. Major parameters affecting each bioconversion stage as well as the overall fermentation process are
analyzed. Although it has been claimed that acidification is required in ABE fermentation to initiate the solventogenic stage,
strong acidification seems to some extent not to be a prerequisite for solventogenesis in the HBE process. Bioreactors potentially
suitable for this type of bioconversion process are described as well.

© 2017 Society of Chemical Industry
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for the production of alternative fuels.'~® The European Union,
through its Renewable Energy Directive RED 2009/28/EC, sets a
target for the year 2020, stating that the use of renewable energy
should reach 20% with a 10% share of renewable energy in the
transportation sector.*

Nowadays numerous studies are focusing on the develop-
ment and optimization of technologies for obtaining biofuels
(biologically sourced fuels) such as ethanol, butanol, biogas and
biodiesel as environmentally-friendly energy sources in sub-
stitution of fossil fuels. Ethanol and butanol can be obtained
through fermentation of sugars or starch feedstocks, whereas bio-
gas is produced through the anaerobic fermentation of organic
matter, and biodiesel results from a transesterification reaction
between an alcohol and vegetable oils (e.g. soybean, sunflower,
coconut oils) in most cases, although animal fats or even algae
have also been used.’ In the case of bioalcohols, conventional
techniques developed for obtaining biofuels do often lead to
food-fuel competition. Therefore, another alternative has more
recently been developed based on the use of lignocellulosic
feedstocks in order to overcome such a drawback. Energy crops
and agricultural wastes are the most common renewable and
inexpensive sources of lignocellulosic materials." The efficiency
and cost-effectiveness of this alternative still needs to be further
improved.

The use of lignocellulosic materials for sugar fermentation is a
complex process, as they contain carbohydrates in the form of long
chain polysaccharides which are difficult to metabolize directly
by microorganisms. Therefore, pretreatment of the feedstock is
necessary in order to hydrolyze those polysaccharides into fer-
mentable sugars which can then be used readily and metabolized
by several microbial species. The hydrolytic route presents some
other drawbacks. Indeed, lignocellulosic biomass is composed of
cellulose, hemicellulose and lignin mainly. Cellulose and hemicel-
lulose yield fermentable sugars while lignin does not.° The lignin
fraction which may, in some cases, represent up to more than
30% of the feedstock can thus not be used in the fermentation
process. On the other hand, those feedstocks can be converted
into syngas which can also be fermented into ethanol as well as
higher alcohols such as butanol or hexanol by some anaerobic
acetogenic bacteria. In such a case, contrary to the hydrolytic fer-
mentation process, the whole feedstock, i.e. cellulose, hemicellu-
lose and lignin can be gasified. Lignin is thus not lost. Besides, a
wider range of starting materials are suitable for gasification than
for hydrolysis as many carbon-containing materials can be gasi-
fied. Syngas is mainly composed of a mixture of CO, CO, and H,
at variable concentrations depending on the feedstock and gasi-
fication conditions. Several industrial waste gases do also con-
tain some or several of those gases and can therefore be used
as feedstock as well, with an obvious associated environmental
benefit.

The human interest in the use of microbial fermentation to pro-
duce ethanol began by the year BC 10 000.8 On the other hand, the
commercial bacterial production of butanol from carbohydrates
dates back to about 100 years ago,® while studies on the poten-
tial biological production of hexanol is still more recent. Today
research is still being undertaken on improving the biological
production of alcohols. Many of those studies deal with ethanol
production and its commercial applications. However, ethanol
presents some limitations as an individual fuel or mixed with fossil
fuels such as gasoline. It has a rather low caloric content. Besides,
it is hygroscopic and has a low density, which limits its use with
current infrastructures.'® ™12

On the other hand, butanol has the advantage of being less
hygroscopic and it has a higher energy content than ethanol,’>'*
besides being less volatile, less corrosive, absorb less water, and
being less explosive which makes it safer to use than ethanol.’>'6
All those advantages result in growing interest in that alcohol.
It is considered a chemical of great industrial importance and
could replace gasoline as a fuel,’>'” as there is no need for any
adjustment in vehicles or engines run on butanol rather than fossil
fuels. Moreover, blending of butanol and gasoline is possible at
basically any concentrations.'®

In recent years, hexanol has also been established as an alco-
hol with a high industrial interest. Recent studies aim at maximiz-
ing the production of that 6 carbons alcohol which can be con-
sidered a suitable alternative fuel as well.”® Hexanol, similarly to
butanol, is a higher carbon number alcohol, thus characterized by
a higher energy content than ethanol. Several assays have recently
been done with hexanol to check its potential for use as an avia-
tion fuel,’®2° although the viscosity of pure alcohols such as hex-
anol and butanol may be too great to be compatible with avi-
ation kerosene.'® Hexanol-diesel blends have also been tested
as well as gasoline—alcohols blends using multiple alcohols (i.e.
ethanol, butanol, and hexanol) in combination.?’ Besides, hex-
anol has several other industrial applications. It is not toxic at low
concentrations and is also used in the pharmaceutical and cos-
metic/perfumes industry, textile industry, in detergents, in pesti-
cides, and as a finishing agent in the leather industry, among oth-
ers.

The aim of this paper is to focus on reviewing a novel biological
alternative for the production of ethanol and higher alcohols
(butanol and hexanol) through the HBE fermentation, explaining
the main reactions taking place in this process and describing
the main microorganisms involved in the bioconversion of gases
to alcohols as well as the most common bioreactors and their
modes of operation. The HBE process is an interesting alternative
to the more conventional ABE fermentation used, among others,
for butanol production.

PRODUCTION OF ALCOHOLS FROM
CARBOHYDRATES

Butanol and some other alcohols can be obtained by the anaerobic
fermentation of carbohydrates (ABE fermentation), briefly revised
hereafter, as well as from the anaerobic bioconversion of syn-
gas/waste gases (i.e. CO, CO,, and H,) (HBE fermentation), as will
be described in more detail in later sections.

Clostridial alcohol producing strains

Despite numerous scientific advancements in the area of bio-
fuels production, it is necessary to identify the best-performing
microorganisms to maximize their production and minimize costs,
and thus to be able to better compete with fossil fuels. High
productivity of the desired product along with low production
costs will be the desired characteristics in a model organism for
a cost-competitive process.! Clostridium spp. have been identified
as suitable bacteria for the production of higher alcohols such as
butanol.

The use of clostridial strains in butanol production through con-
ventional ABE (acetone-butanol-ethanol) fermentation is a well
known process,??> which started being studied around the First
World War with carbohydrates as substrates. Acetone, butanol and
ethanol are the end products from the fermentation process, all
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of them having commercial uses either as biofuels or as platform
chemicals. After the Second World War, the relevance of fermenta-
tion as a major production process of those chemicals decreased
significantly and it was largely replaced by petrochemical produc-
tion as a result of the strong development of the petrochemi-
cal industry. However, interest in this type of bioconversion has
again grown dramatically in recent years for economic reasons and
because of environmental problems related to the use of fossil
fuels.

Various species of the genus Clostridium have been studied for
their ability to naturally produce butanol from carbohydrates or
similar carbon sources. This includes Clostridium acetobutylicum,
Clostridium aurantibutyricum, Clostridium beijerinckii, Clostridium
butyricum, Clostridium cadavaris, Clostridium carboxidivorans,
Clostridium chauvoei, Clostridium felsineum, Clostridium pasteuri-
anum, Clostridium puniceum, Clostridium roseum, Clostridium
saccharobutylicum,  Clostridium  saccharoperbutylacetonicum,
Clostridium septicum, Clostridium sporogenes, and Clostridium
tetanomorphum.?®> The most common and best known solven-
togenic clostridial strains for commercial butanol fermentation
are C. acetobutylicum, C. beijerinckii, C. saccharobutylicum, and C.
saccharoperbutylacetonicum.?* Clostridium acetobutylicum is the
most extensively studied species. On the other hand, there are
some other microorganisms, belonging to other genera, which
are also able to produce butanol, such as Butyribacterium (e.g.
Butyribacterium methylotrophicum) and Thermoanaerobacterium
(e.g. Thermoanaerobacterium thermosaccharolyticum W16).

Fermentation of sugars
Clostridia are anaerobic bacteria, which have been shown for
years to be able to metabolize and completely ferment vari-
ous carbohydrates, including glucose, fructose, mannose, sucrose,
xylose, and lactose, among others.?> Others, such as trehalose
and rhamnose have more recently also been found to be fer-
mented into biofuels by bacteria such as Clostridium butyricum
TMO9A.2527 Different carbohydrates are fermented through differ-
ent pathways by clostridia. In the case of hexoses, their metabolism
follows the Embden-Meyerhof-Parnas (EMP) pathway (Fig. 1(A)),
whereas the metabolism of pentoses takes place through the
pentose phosphate (PP) pathway (Fig. 1(B)).?8?° Several addi-
tional substrates, besides carbohydrates, can be metabolized into
butanol as well. For example, glycerol and also polysaccharides
such as carboxymethylcellulose were found to be fermented
by some clostridia, such as the new isolate C. acetobutylicum
YM1.3°0

Recently, numerous studies have focused on the effects of sug-
ars from agricultural feedstocks on the fermentation process.3' ~33
Typical sugar composition of the most commonly used feed-
stocks includes glucose, arabinose, mannose, xylose, fructose,
sucrose and lactose, mainly. In this area, scientists have tried
to identify the potentially best carbohydrate to use in butanol
fermentation. Clostridium acetobutylicum was found to prefere
glucose, for which the conversion rates were the highest, fol-
lowed, in decreasing order, by mannose and fructose, arabinose,
xylose, and finally lactose.?®3'~33 When comparing monosaccha-
rides, such as glucose, with disaccharides, such as sucrose and
lactose, the first difference with glucose is the transport sys-
tem into the cells. Indeed, sucrose and lactose move across the
cell membrane using the carbohydrate phosphotransferase sys-
tem (PTS). That system is slower than the one used for glucose
transport.?® On the other hand, sucrose and lactose are hydrol-
ysed into simple sugars, i.e. fructose-6-P and glucose-6-P, in the

case of sucrose; glucose-6-P and galactose-6-P, in the case of
lactose. The products obtained from sucrose and lactose will
be metabolized through different pathways. Indeed, fructose-6-P
and glucose-6-P obtained from sucrose can be converted via the
Embden-Meyerhof-Parnas pathway.3* Conversely, in products
obtained from lactose, glucose is phosphorylated and incorpo-
rated into the glycolytic pathway, while galactose-6-P is metabo-
lized via the tagatose 6-P pathway and does subsequently enter
glycolysis.>® These differences in terms of metabolism result in
different consumption rates between sucrose and lactose, as a
result of the bottleneck in the metabolism of galactose-6-P, as
the metabolism of the latter is much more complex than the
metabolism of fructose-6-P and glucose-6-P formed in the sucrose
metabolism.

The hydrolysis of lignocellulosic feedstocks yields a mixture of
carbohydrates including hexoses such as glucose and pentoses
such as xylose, which will result in carbon catabolic repression
(CCR) mainly in Gram-positive bacteria like C. acetobutylicum. CCR
consists in the preferential use of glucose over other carbohy-
drates, e.g. xylose, which will be metabolized only once the former
is exhausted. This leads to an inefficient use of the different carbon
sources present in the fermentation broth. It is necessary to deal
with this CCR issue for an optimal ABE fermentation and for the
efficient use of all the carbon sources present in the medium in the
case of complex lignocellulosic feedstocks. Working with strains
non-affected by CCR or recombinant bacteria would be a suitable
solution. 3¢

The above described characteristics show that the nature of the
sugars present in the raw material is a key parameter that will affect
the efficiency of the fermentation process and the production of
metabolites.

The fermentation metabolism of C. acetobutylicum and other
similar bacteria is divided into two phases: acidogenesis and sol-
ventogenesis. In the acidogenic phase, cells grow exponentially
while producing butyric and acetic acids mainly with a typical
molar ratio of 2:1.1n addition, CO,, H,, and ethanol are produced to
some extent as well. In the solventogenic phase, the cells are pre-
dominantly in stationary phase, and take up the acids produced
during acidogenesis, which are then converted into acetone,
butanol and ethanol, with a typical molar butanol:acetone:ethanol
ratio of 6:3:1. Such a ratio is typically found in C. acetobutylicum
but may be different in other species. Besides, all three compounds
do not necessarily appear in all clostridia (e.g. absence of acetone).
Acetoin and lactate may also be produced but in minor amounts
and only under specific conditions. It has been reported that the
shift from acid production (acidogenesis) to the production of sol-
vents (solventogenesis) is due to a change in gene expression.>’
Besides, such a shift has been claimed to be highly dependent
on the pH value. An initially slightly high pH (i.e. 5.75) is optimal
for the acidogenic phase. Acetic and butyric acids will mainly be
formed during that phase, resulting in a pH decrease. It is consid-
ered that the solventogenic phase will generally start as soon as
a critical pH value has been reached, leading to reassimilation of
the acids with concomitant production of solvents, i.e. acetone,
butanol and ethanol. Numerous studies have reported that a low
pH is necessary for the solventogenic phase and the production of
solvents.'>?%38740 |t js worth taking into account that the bacteria
need to have produced sufficient acids before reaching a pH below
4.5 and switch to the solventogenic phase. If only low amounts
of acids are available, then the solventogenic stage would be too
shortand produce only reduced amounts of solvents. This could be
avoided by using a medium with a high buffering capacity which
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Figure 1. (A) Metabolic EMP pathway in C. acetobutylicum ATCC 824" with glucose (hexose sugar) as carbon source. (B) Metabolic PP pathway of C.

acetobutylicum with xylose (pentose sugar) as carbon source.

will lead to a longer acidogenic phase with better carbohydrate
utilization and increased growth which does generally take place
simultaneously to the production of acids.*! It has been hypothe-
sized that solvent production might be a response to stress con-
ditions, such as a low pH. When the pH reaches a value of 4.5,
undissociated acetic and butyric acids are able to cross the cyto-
plasmic membrane by diffusion.*? When the value of the internal
pHis about 5, undissociated acids start to dissociate inside the cell,
releasing protons. As a result collapse of the proton gradient over
the cytoplasmic membrane takes place and cell death will occur.
In order to avoid such phenomenon, the cells will start converting
the acids to solvents, which have a neutral charge. Nevertheless, it
should be reminded that there is a point where the concentration
of solvents can become toxic to the cells; thus producing solvents
is often concomitant to cell sporulation, in order to ensure cell sur-
vival in the long-term.>43

PRODUCTION OF (HIGHER) ALCOHOLS FROM
CO-RICH GASES

Syngas, a mixture of primarily CO, CO,, and H,, is an inexpensive
and flexible substrate and can be used by acetogens in fermen-
tation processes to produce renewable fuels and chemicals.
Acetogens are anaerobic microorganisms able to grow on C1
compounds such as CO, CO, + H, or formate and produce acetate
mainly, via the Wood-Ljungdahl pathway with acetyl-CoA as
main intermediate.** Besides, occasionally, other organic acids,
such as butyrate, as well as alcohols can also be produced by a
limited number of strains. The process is flexible because it can be
generated from a wide variety of organic materials through gasifi-
cation. Gasification is a thermal process that converts most of the
lignocellulosic materials and other carbonaceous feedstocks into
syngas at elevated temperatures.*> Syngas conversion into liquid
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fuels with biological catalysts is a more effective and efficient
process compared with the use of chemical catalysts. When com-
paring two different case studies, in terms of ethanol production,
the efficiency of carbon conversion to fuel was claimed to reach
40.7% in the thermochemical route and 51.6% in the biologi-
cal route.*® Besides, the energy in the feedstock converted to
final product (LHV%, low heating value basis) was reported to
reach 45% and 57%, respectively, in the thermochemical and the
bioconversion routes. Finally, fuel yields (gal/dry US ton) of 83.8
and 117.6 were found in the thermochemical and biological pro-
cesses, respectively. One of the reasons for this higher efficiency
is the lower energy requirement and infrastructure set-up costs."
Indeed, bioconversion takes place at much lower temperature and
pressure (30-37 °C and near atmospheric pressure) than catalytic
chemical reactions (200-350 °C and 10-200 atm). Besides, a wide
range of CO:CO,:H, ratios can be used in bioprocesses, while
such flexibility in terms of ratios is highly restricted in chemical
processes (H,/CO ratios of 1-4 in chemical catalysis; that need
most often to be close to 2); also chemical processes are more
sensitive to impurities (sulfur compounds, chlorine....) than the
biological conversion of syngas. On the other hand, the use of
syngas rather than dissolved sugars as feedstock has the advan-
tage of allowing uncoupling of the hydraulic retention time from
the substrate supply in suspended growth bioreactors, as the
substrate is fed through the gas phase while nutrients are sup-
plied as liquid phase.!’ Besides syngas, CO-rich industrial waste
gases are also suitable for bioconversion to ethanol and higher
alcohols. This is the case of waste gases from numerous steel
industries.

Many microorganisms can metabolize syngas as carbon and
energy source,*” but only a few are able to convert itinto (bio)fuels.
Carbon monoxide can be metabolized by acetogens as single
substrate and can be used both as carbon and energy source. On
the other hand, CO, can be used as carbon source but needs the
presence of hydrogen as energy source. Acetogenic bacteria follow
the Wood-Ljungdahl (WL) pathway to produce biofuels from CO,
CO,, and H,, or syngas/waste gas (Fig. 2). The WL route is divided
into three phases: (i) synthesis of acetyl-CoA by reducing CO or
CO, + H,; (i) conservation of energy; and (iii) CO, assimilation into
cellular carbon.*®

The different steps of the WL pathway leading to the produc-
tion of different end metabolites are shown in Fig. 2. The figure
shows how the pathway is composed of two branches known as
Eastern and Western branches. In the Eastern branch, formate is
obtained first through the reduction of CO,. In the Western branch,
the figure makes clear how CO can be taken directly or, other-
wise, how CO, can be transformed into CO. The Wood-Ljungdahl
pathway will eventually lead to the production of acetyl-CoA.
Then, the latter is used by different enzymes to generate sev-
eral end products. On one hand, acetyl-CoA could be converted
to both acetate and ethanol. On the other hand, in the case
of butanol production, acetyl-CoA is first enzymatically trans-
formed into butyryl-CoA, which could also directly be converted
to butyric acid and butanol as end products. Acids, i.e. acetate or
butyrate, formed from acetyl-CoA or butyryl-CoA, can also further
be converted to the corresponding alcohols. In case of acetate,
the acid yields acetaldehyde in a reaction catalyzed by ferre-
doxin:aldehydeoxydoreductase (AOR). Then, ethanol is produced
through the reduction of acetaldehyde. Similar enzymes are used
for the conversion of butyric acid into butyraldehyde first and sub-
sequently into butanol. The pathway for the production of higher
alcohols such as hexanol leads to the conversion of acetyl-CoA to

“Eastern” or Methyl Branch

Co,

HYA
> 2(H)+2¢e

FDH e 2(H) H,

CODH

HCOOH CO +H,0 +— (O,

TS C ATP, THF
ADP

(CHO)-THF

MTC \»
H,0

(CH)=THF

+2(H)+2e

“Western” or Carbonyl Branch

2(H
MTD p——2(H) o,

(CH;)=TH
MTRS p—2(H)

/-Z(H)

CODH
(CH3)=THF

\—vTHF
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/‘ CO-F?
(CH3)-Co-FeS-P

CODH/ACS

co———Co

Acetate ATP
ADP

l-——SH CoA

AK
CH; CO0-PO5™

2(H)

Pi

—  Acetyl-CoOA —> 3-ketohexanoyl-CoA

THL 2(H
HBD 2

THL
3-hydroxyhexanoyl-CoA
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HBD k2(H) o ¥
Ethanol Trans-2-hexanoyl-CoA

3-hydroxybutyryl-CoA TER }"Z(H)

Hexanoyl-CoA

AT CTR ADP
Crotonyl- CoA
Butyrate BUKADP w ATP ADH
CH3 (CHz)zCOOfQ{¢ BCD AAD 2(H)
AOR PTB Butyryl-CoA Hexanoate
AAD Z(H)NR

H,0 2 H,0
Butyraldehyde Hexaldehyde
A?ZZ(H) ADH}/Z(H)

Butanol Hexanol

Figure 2. Wood-Ljungdahl pathway of acetogens,'*? for H-B-E fermenta-
tion.

hexanoyl-CoA which could directly be converted to hexanoate or,
otherwise, to hexanol via hexaldehyde as intermediate metabolite
(Fig. 2). Hexanoate and hexanol production in clostridial species is
believed to be catalyzed by thiolase enzymes (Fig. 2), for example
2-keto thiolase. In some cases, butyryl-CoA is elongated with
one molecule of acetyl-CoA, by a thiolase enzyme, which results
in the production of 3-oxo-hexanoyl-CoA, which is then con-
verted into hexanoyl-CoA. That reaction is believed to be car-
ried out by the same enzymes that convert acetoacetyl-CoA into
butyryl-CoA.?
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The complex fermentation process can be summarized through
the equations shown hereafter.

Potential reactions for ethanol and acetic acid production from
CO, CO,, and H, would be:*

AG°® = -217.4 kJ mol™
(M

6CO + 3H,0 — C,H,OH + 4CO,

AG°® = -97.0 kJ mol™
(2)

6H, +2CO, — C,H;OH + 3H,0
2CO + 4H, — C,H;OH + H, AG® = -137.1 k) mol™" (3)

AG°® = -157.2 kJ mol™
(4)

3CO + 3H, - GH;OH + CO,

AG°® = -154.6 kJ mol™
(5)

4CO + 2H,0 — CH,COOH + 2CO,

AG® = -74.3 kJ mol™
(6)

4H, + 2C0, — CH,COOH + 2H,0

AG° = -114.5 k) mol™
)
The net reactions for butanol and butyric acid production from
CO, CO,, and H, are:

2CO + 2H, — CH,COOH

AG°® = -486.4 kJ mol™
(8

12CO + 5H,0 — C,H,OH + 8CO,

AG°® = -245.6 kJ mol™
9

12H, + 4C0O, — C,H,0H + 7H,0

6CO + 6H, - C,H,0H + 2CO, +H,0 AG° = -373 kJ mol™
(10

4CO + 8H, —» C,HOH + 3H,0  AG° = -334kJmol™ (11)

10CO + 4H,0 — CH; (CH,), COOH + 6C0O, AG® = -420.8 kJ mol ™’
(12)

10H, + 4C0, — CH, (CH,), COOH + 6H,0 AG® = -220.2 kJ mol”
(13)

6CO + 4H, — CH; (CH,), COOH + 2CO, AG°=-317 kJmol™
(14)
Finally, as previously explained, hexanol can also be produced
by some acetogenic bacteria grown on gaseous C1 substrates
(CO, CO,, and H,), depending on the bacterial species used in
the fermentation process. Till now, hexanol production has been
reported in C. carboxidivorans mainly, reaching concentrations
of up to 1.06gL™" in the best case described so far on syngas
fermentation, in a bioreactor with continuous gas feed and batch
operation for the aqueous nutrient phase.®® The presence of
hexanoic acid has also been detected during the gas fermentation
process and can subsequently be converted to hexanol, similarly
as for ethanol and butanol which can be obtained simultaneously,
from the fermentation of C1 gases and, to a larger extent, from
the corresponding C2 and C4 organic acids (i.e. acetic and butyric
acids).

Equations for hexanol and hexanoic acid (i.e. caproic acid) pro-
duction from CO, CO,, and H, are:

AG® = =753 kJ mol™
(15)

18CO + 7H,0 — C4H,;0H + 12C0,

AG® = =395 kJ mol™
(16)

18H, + 6C0O, — C4H,;0H + 11H,0

AG® = -514 kJ mol™
(17)

6CO + 12H, — C4H,;0H + 5H,0

16CO + 6H,0 — CH, (CH,), COOH + 10C0, AG® = -656 kJ mol™
(18)

16H, + 6CO, — CH, (CH,), COOH + 10H,0 AG® = -341kJ mol”
(19)

10CO + 10H, — CH, (CH,), COOH + 4CO, AG® = -540 kJ mol™
(20)

A similar two stage fermentation pattern is observed in the
production of alcohols from C1 gases (CO, CO,, and H,), i.e. the
HBE fermentation, as in the more conventional ABE fermentation
using carbohydrate substrates. First the gaseous substrates are
converted into acids, during the acidogenic phase, at pH values
optimal for growth, usually close to 6.0. Both acetic and butyric
acids are formed but, as mentioned earlier, also some hexanoic
acid has been detected. Based on the few results published so far,
acetic acid appears first and is produced at somewhat higher con-
centrations than butyricacid in C. carboxidivorans. Afterwards, hex-
anoic acid does also appear, though at lower concentration than
the other two acids.®® This is different from the more conventional
ABE fermentation in which higher concentrations of butyric acid
are generally produced compared with acetic acid.>'>? The pro-
duction of acids from pure CO or CO + CO, +H, is concomitant
with biomass growth and results in acidification of the medium. As
a result, the pH decrease inhibits any further biomass growth and
stimulates solventogenesis. During the solventogenic phase, alco-
hols are generated. In a system with no automatic pH regulation,
pH is then often found to increase again. Besides, a higher pH leads
to some increase of the redox potential, reaching slightly less neg-
ative values.”® In the ABE fermentation, C. acetobutylicum metab-
olizes carbohydrates to produce acetone, butanol and ethanol as
solvents. Conversely, in the fermentation of CO-rich gases by C. car-
boxidivorans only ethanol and higher alcohols are produced but no
acetone has ever been detected. Ethanol, butanol, and also some
hexanol appear as end metabolites. The genome of C. carboxidivo-
rans strain P7 was recently characterized and shown to lack genes
for acetone production.>* It is worth mentioning that, although
acetone is produced in the ABE fermentation in C. acetobutylicum
and several other studied species, some clostridial strains (e.g.
C. pasteurianum) appear not to have the ability to produce ace-
tone from carbohydrates in such a process.>® As explained above,
butanol is the major solvent in ABE fermentation from sugars,
while ethanol has so far always been reported to be the dominant
alcoholin the fermentation of C1 gases. This is related to the higher
amounts of butyric acid appearing during the acidogenic stage in
the ABE fermentation with C. acetobutylicum and other clostridia,
while more acetic acid is generally detected in the fermentation of
C1 gases by C. carboxidivorans. Based on the limited available liter-
ature data,” typical molar hexanol:butanol:ethanol (H:B:E) ratios
in that species from the fermentation of CO:CO,:H,:N, mixtures
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(2:2:1:5) are 1:2.5:6, to be compared with acetone:butanol:ethanol
(A:B:E) molar ratios of 6:3:1 in ABE fermentation in clostridia with
monosaccharides as substrates.

In most of the few studies published so far, usually in batch
assays or in continuous gas-fed bioreactors without any contin-
uous addition of nutrients in the form of a liquid phase, final
butanol concentrations hardly reached 1gL™" or less, when pH
was allowed to fluctuate freely. However, in some recent studies,
butanol concentrations as high as 2.66 gL' were obtained dur-
ing CO fermentation®® and 1.98 g L™" from syngas fermentation®
(CO:CO,:H,:N, mixture, 2:2:1:5, on a molar basis) with the wild type
strain of C. carboxidivorans. This higher alcohol production was
reached when using pH regulation during the fermentation pro-
cess. Indeed, pH was initially maintained automatically constant at
a value of 5.75, suitable for growth and production of acids, result-
ing in the accumulation of relatively high concentrations of such
acids. Subsequently, after growth leveled off and acids had accu-
mulated in the medium, the pH was maintained at a lower value
of 4.75, favourable to the further bioconversion of the gaseous
substrates, but also the conversion of accumulated acids to the
corresponding alcohols.> Similarly to the ABE fermentation, a two
stage process with two bioreactors in series might allow producing
high amounts of alcohols, maintaining the first reactor under opti-
mal growth conditions, with accumulation of acids, and the second
reactor at a lower pH for conversion of the acids into alcohols.

Performance data available on CO and syngas fermentation to
higher alcohols, under different conditions, are summarized in
Table 1.

In acetogenic bacteria, energy conservation is highly lim-
ited. One ATP is produced in the last step of the conversion of
acetyl-CoA to acetate catalyzed by the acetate kinase enzyme
(Fig. 2). The same would take place in butyrate and hexanoate
production. However, additional ATP can also be formed by the
Rnf complex involved in pumping H* or Na* anions across the
cytoplasmic membrane which results in an ion gradient and in
concomitant ATP synthesis by the ATPase protein complexes.’
The Rnf complex has been identified as a proton-translocating
ferredoxin:NAD+ oxidoreductase in C. ljungdahlii>® Examples of
other bacteria that have been found to possess such Rnf complex
are A. woodii and C. autoethanogenum.’’-*® In some cases, the
proton gradient in autotrophic acetogens can also be created by
an energy converting hydrogenase, or Ech. Only limited research
has been published on energy conservation in C. carboxidivorans,
but some recent reports suggest that in that organism ATP could
also be produced by a membrane gradient via the Rnf complex
found on its genome.>+>°

Anaerobic bacteria converting C1 gases to (higher) alcohols
Sofar, only very few bacteria have beenisolated and proven to pro-
duce butanol or higher alcohols from CO, CO,, and/or H, (Table 2).
Their main characteristics are briefly summarized hereafter.

Clostridium carboxidivorans (ATCC BAA-624; DSM-15243)

This organism was isolated from an agricultural settling lagoon in
Oklahoma (USA). The 16S rRNA gene sequence analysis showed
that that species is closely related to C. scatologenes ATCC 25775 T
and C. drakei, but DNA reassociation analysis showed that these
three bacteria are different species. Clostridium carboxidivorans is
an acetogenic anaerobic bacterium, which can grow chemoau-
totrophically on syngas, using CO or H,/CO,. Moreover, it is one
of the few bacteria known to produce solvents from syngas,®

Methyl- Branch Carbonyl- Branch

CO,
2H" + 2¢” CO, CO + H.0 H,
CODH/
ACS
4H" + 2¢ Haase
CODH/ACS R
CHj (Co-protein) Cco CO, +2H" 2H'+2e
CoA \ .
\ ________ -+ Biomass
/ Acetyl-CoA 4H" + 2¢7
ADH
Acetate

Ethanol

Hexanoyl-CoA AH" +2¢

7

Hexanoate Hexanol

Butyryl-CoA [MH* e
/ \\ADH

Butyrate Butanol

Figure 3. Wood-Ljungdahl pathway of Clostridium carboxidivorans>*646>,

including long-chain alcohols (e.g. butanol and hexanol) besides
ethanol 395062

There are numerous studies on the metabolic and genomic char-
acteristics of that organism. Results indicate that C. carboxidivo-
rans follows a Wood-Ljungdahl related pathway for the production
of acetic, butyric, and hexanoic acids, as well as ethanol, butanol,
and hexanol, metabolizing CO or syngas, used as carbon and
energy sources (Fig. 3).54646

Clostridium drakei (ATCC BAA-623T; DSM 12750T)

This species was renamed in recognition of the contributions
that Harold L. Drake has made to our understanding of the
microbiology of acetogens. This bacterium is an obligate anaer-
obe, growing autotrophically on H,/CO, or CO, to produce acetic
and butyric acids, ethanol, and butanol as end-products of its
metabolism.%¢

Clostridium ragsdalei (ATCC BAA-622, DSM 15248)

This acetogen ferments syngas (CO:CO,:H,) into acetic acid and
ethanol. One report describes the detection of small amounts of
butanol, up to 0.47 gL', in a bioreactor inoculated with Clostrid-
ium strain P11, which is expected to belong to the species C. rags-
dalei, based on other publications and data bases.®”” However, pro-
duction of higher alcohols from syngas by C. ragsdalei has other-
wise never been confirmed nor reported elsewhere. One study has
shown that that organism is able to reduce organic acids such as
propionic acid, butyric acid, pentanoic acid, and hexanoic acid into
the corresponding primary alcohol (propanol, butanol, pentanol,
and hexanol).8

Butyribacterium methylotrophicum

This organism is a catabolically spore-forming anaerobe that fer-
ments multicarbon substrates (e.g. glucose, lactate, and pyru-
vate) or single-carbon substrates (CO, H,/CO,) to produce varying
amounts of acetic and butyric acids, ethanol and butanol. 386970

Parameters affecting gas fermentation to higher alcohols
For the commercial production of (bio)butanol and other alcohols
from C1 gases in an efficient way, a key issue consists in identifying
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Table 1.

Syngas
composition

Microorganism  Culture mode (v/v, %) pH

Temperature density Conversion

Production of higher alcohols using gaseous substrates by acetogenic bacteria

Cell
Products
concentration

(°Q) (gL™") efficiency References

C. carboxidivorans

P7 Bubble column
bioreactor

CO/CO,/N,
(25:15:60)

58-59

Bubble column
bioreactor

CO/CO,/N, 5.2
(25:15:60)

Continuous co 5.75
gas-fed
bioreactor

Continuous co
gas-fed
bioreactor

Exponential

phase 4.75

Batch CO/H,/N,/CO, 6

(32:32:28:8)

phase 5.75 and
solventogenic

37 NR NR Ethanol: 0.15; butanol: 60
0.075; acetic acid:
0.025 Apparent yields
(mole Cin products
per mole CO
consumed) Ethanol
1.6 gL~"; acetic acid:
0.3gL~"; butanol
1.1gL™" (dropped to
0.6 gL~ reason not
determined)

0.33 mol ethanol/mol 61
CO; 0.033 mol
butanol/mol CO;
0.04 mol acetate/mol
CO (based on carbon
content)
Aceticacid: 1.04gL™"; 53
butyric acid: 0.28gL™";
ethanol:4.41gL~" and
butanol: 2.3 gL~". Total
net ethanol
production: 7.52 g (in
1.2 L reactor medium)
and total net butanol
production: 3.91 g (in
1.2 L reactor medium).
CO: +50% Acetic acid: 0.06gL™"; 53
butyric acid:
0.01gL""; ethanol:
290gL""and
butanol: 1.60gL~".
Total net ethanol
production: 4.21 g (in
1.2 L reactor medium)
and total net butanol
production: 2.29g (in
1.2 L reactor medium)

Ethanol: 1.47gL~"; 62
butanol: 1.08gL™";
hexanol:0.84gL~";
caproic acid:

1.05 g L™"; acetic acid:
1.65gL~".

37 0.35 CO: 60%

33 0.52 CO: 50%

33 0.33

25 0.288 NR

NR: Not reported

optimal conditions for the fermentative process. Therefore, several
parameters need to be considered, as described in the following
sections.

pH

The importance of pH to promote the shift from acidogenic
to solventogenic phase has been explained previously. A
low pH has been considered to be more favourable for the
solventogenic stage, i.e. ethanol, butanol, and hexanol pro-
duction in the present case whereas such a low pH will have
a negative effect on cell growth.">° This is a major drawback
limiting the optimal conversion of syngas to alcohols, as a lower
pH will inhibit bacterial growth and eventually lead to cell
death. It may then also limit the overall specific productivity

of butanol and other alcohols in the process. However, some
recent studies showed that in the HBE fermentation efficient
conversion of acids into higher alcohols is also possible at higher,
slightly acidic, pH (e.g. pH5.75), theoretically most favorable to
acidogenesis.”

In the acidogenic phase, it is necessary to know and take into
account the optimum growth pH of the microorganism, which
is strain specific. A pH value below optimum has a negative
impact on growth rates and cell viability and may even result
in biomass decay. Clostridium strains have an optimum pH for
growth ranging between 5.5 and 7.5 depending on the species.
For example the optimum pH for C. ljungdabhlii is 5.8-6.0, while
a pH range of 4.4-7.6 has been reported for C. carboxidivorans,
with an optimum pH between 5.0 and 7.0.°*”! The optimum
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Table 3. Solubilities of CO, H, and CO, in aqueous phase, at different
temperatures and constant pressure of 1atm, expressed in g L™ ier
Temperature (°C) co co, H,
15 0.031 2.01 0.0017
25 0.028 1.50 0.0016
30 0.026 1.32 0.0015
37 0.023 1.13 0.0014
45 0.019 0.86 0.0013
60 0.015 0.59 0.0012

pH of butanol- or higher alcohols-producing species appears in
Table 2.

Temperature

Similarly to pH, bacteria exhibit their growth and metabolic activ-
ity over a given limited range of temperatures characterized by
defined optimal values. Temperature does not only affect micro-
bial growth and substrate bioconversion rates in syngas fermen-
tation; it does also affect the solubility of gaseous substrates in
liquid medium. For example, CO and H, are very poorly soluble in
aqueous phase and higher temperatures have a negative impact
on such solubility (Table 3).

To the best of our knowledge, all clostridia isolated so far and
producing (bio)fuels from C1 gases are mesophilic organisms.
Mesophiles typically grow in a temperature range between
about 15 and 40°C, with optima between 30 and 37°C in
most cases, depending on the species. In the case of carboxy-
dotrophs, the optimum temperature for incubation is often
close to 35-37°C. The most common temperature ranges
of the few anaerobic bacteria typically used in the produc-
tion of butanol or higher alcohols from C1 gases are given in
Table 2.

It has been suggested that temperature may affect ‘acid crash’.
‘Acid crash’ results from the accumulation of high concentrations
of undissociated acids produced during acidogenesis, mainly in
batch fermentations, leading to the inhibition of solventogenesis
and limiting the production of alcohols. It was observed exper-
imentally that a lower incubation temperature during the con-
ventional ABE fermentation, may help avoiding ‘acid crash’, as
a result of the lower rates of production of acids at such lower
temperatures.”? In a recent study, the syngas-fermenting aceto-
genic bacterium C. carboxidivorans P7 was also incubated at a
sub-optimal temperature of 25 °C, leading to a lower metabolic
activity, slow growth and longer lag phase. It also led to enhanced
ethanol and butanol production, reaching concentrations of 32.1
and 14.5 mmol L', respectively.5? Some hexanol and caproic acid
were also produced in that experiment, at concentrations of 8.21
and 9.02 mmol L', respectively. The concentrations of alcohols
were found to be significantly higher at these lower temperatures
than when incubating at 37 °C. On the other hand, other authors
did also study the effect of temperature on C. carboxidivorans.®
They found that a high temperature (37 °C) improved the reas-
similation of acids into alcohols compared with a lower tempera-
ture (25 °C), but that a lower temperature improves the elongation
of the carbon chain. Therefore, a low temperature is favourable
for obtaining long chain acids and alcohols, improving the pro-
duction of alcohols such as butanol and hexanol. In the case of
butanol and hexanol, the highest concentrations of alcohols were
found toreach 0.57 g butanol L=, and 0.48 g hexanol L=" in a study

performed at 25 °C, while at a higher temperature of 37 °C butanol
and hexanol were not detected.?

Pressure

Another important factor in syngas fermentation is the gas pres-
sure, as solubility in water for gases such as CO, H, or CO, increases
basically linearly with pressure at moderate pressures as used in
bioconversion processes. An increase in pressure may also improve
mass-transfer. Consequently, higher pressures result in a better
supply of the carbon/energy source in the culture media and
increases the availability of carbon/energy sources to the cells,
leading to higher growth and higher concentrations of fermen-
tation products. Abubackar and co-workers” compared the effect
of different nutrients and different initial pressures on ethanol fer-
mentation using C. autoethanogenum as biocatalyst. The authors
concluded that increasing the initial pressure led to higher final
ethanol concentrations, as higher pressures will positively affect
gas solubility and the efficiency of bioconversion.’

Effect of medium composition

Recently, aspects such as culture medium composition have been
optimized, aimed at maximizing the conversion of gaseous sub-
strates and acids into alcohols.

The carbon/energy source is probably one of the mostimportant
factors affecting the nature of end metabolites obtained in the fer-
mentation process. It has been known for decades that clostridia
are able to use different sugars as carbon source. More recently,
studies have also focused on the use of CO, CO, + H,, syngas, or
waste gases as carbon and/or energy sources for the production of
(bio)fuels. However, so far, only quite few acetogens have proven
to be able to produce butanol or higher alcohols from such gases.

In case of ethanol production from CO, CO,, and H,, some studies
have described the effect on bioconversion of other components
of the culture medium than the carbon and energy sources. How-
ever, hardly any information is available in the case of butanol or
higher alcohols production. Compounds that have been demon-
strated to improve the microbial productivity of alcohols are metal
co-factors. Nickel is one of those. Some authors studied the effect
of that metal on ethanol production.®# It was concluded that
nickel improves CO uptake and alcohol (e.g. ethanol) productionin
gas fermentation, due to the importance of that trace metal for the
enzymes CO dehydrogenase and acetyl-CoA synthase. The effect
of various trace metals on ethanol production was also studied
in C. ragsdalei.® It was shown that removing Cu?* and increas-
ing the concentrations of Ni**, Zn?*, Se0,2~, and WO, %~ increased
ethanol production, due to the increase of the activity of specific
metalloenzymes in the WL pathway. Abubackar and co-workers
found that the presence of tungsten significantly improved alco-
hol production and increased the ethanol/acetate ratio in C.
autoethanogenum grown on CO, while the presence of selenium
did either notimprove ethanol production or even reduce it under
the experimental conditions used in their study.8*%> Metalloen-
zymes and the presence of trace metals play thus a key role in
ethanol production and are expected to have a similar influence
in the bioconversion of gaseous C1 substrates to higher alcohols
such as butanol and hexanol.

In a recent report, the effect of different trace compounds was
described (e.g. W, Ni, Cu, Mo, and Zn) for batch butanol and hex-
anol production in C. carboxidivorans® Media in which copper
was removed while increasing the molybdate concentration(x10)
resulted in improved butanol and hexanol production. With the
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standard non-modified medium, maximum butanol and hex-
anol concentrations of 0.83gL™" and 0.24gL"", respectively,
were obtained. Conversely, with the modified medium described
above, butanol and hexanol concentrations reached 1.09gL™"
and 0.94 gL', respectively, resulting in 26% and 70% increase in
butanol and hexanol production under such conditions.3° Molyb-
date (Mo) is an analog of tungsten (W) and binds in the active sites
of some enzymes, such as the AOR involved in the conversion of
acids (e.g. butyric acid) into alcohols (e.g. butanol), as shown in
Fig. 2.

Other compounds have been studied for their influence on sol-
ventogenesis such as the nature and concentration of nitrogen
sources or the presence of vitamins. No study has been reported
for butanol and hexanol, but a related behavior can be foreseen
as for ethanol. Generally, richer media with high nitrogen concen-
trations or the presence of yeast extract will stimulate acidogene-
sis, result in the production of acids and improve biomass growth,
while nutrient limiting conditions are more suitable for the solven-
togenic phase. Although most researchers add vitamins to their
culture media, it was observed that C. autoethanogenum can effi-
ciently produce ethanol without addition of any vitamins.®®

A low redox potential is also required to produce butanol,
ethanol, and higher alcohols, and, as a general rule, a reducing
agent such as cysteine-HCl needs to be added into the medium, in
ordertoincrease the production of alcohols.8® Reducing agents are
involved in the conversion of NAD(P) to NAD(P)H, which favours
the production of alcohols.

Inhibitory compounds

Although biomass-derived syngas is composed of CO, CO,, and H,
as major constituents, it does usually also contain a range of addi-
tional compounds such as methane, ethylene, ethane, and acety-
lene, among others,®”:88 which may affect the fermentation pro-
cess as they are potential inhibitors of bacterial growth and/or of
their metabolic activity, eventually leading to poor bioconversion
yields.

Even trace amounts of additional constituents such as acetylene
or NO (nitrogen oxide) are known to inhibit the activity of some
enzymes such as the hydrogenase enzyme,® which is involved in
the generation of electrons from the reaction with H,. A NO mole
fraction above 0.015% was found to exert a strong inhibitory effect
on hydrogenase.'® The result of such inhibition is that electrons
for ethanol, butanol, or hexanol formation must be obtained from
CO rather than H,, thus reducing the available carbon amount for
product formation. The inhibition of this enzyme forces the cell
to obtain electrons from CO using CODH enzymes. Another prob-
lem associated with the presence of NO in syngas fermentation
is initial growth inhibition, besides reduction of the carbon con-
version efficiency of the process. Similarly, when using syngas or
waste gases containing CO, CO, and H, as substrate mixture, high
concentrations of CO have been proven to inhibit the activity of
hydrogenases in acetogens and thus inhibit hydrogen consump-
tion. This may result in CO consumption while H, and CO, would
then remain unused.®® So far most bioconversion studies on alco-
hol production and HBE fermentation have been performed in
suspended-growth stirred tank bioreactors. The low solubility of
carbon monoxide in aqueous phase might explain why hydrogen
consumption has been found to be still possible in such cases, min-
imizing the inhibition of hydrogenases.

Sulphur compounds may also appear in syngas. In C. ljungdahlii,
H,S concentrations as high as 5.2% (v/v) were found to hardly
affect bacterial growth.®’ The presence of sulphur compounds

may even contribute to further reduce the redox potential of
the anaerobic culture medium. On the other hand, sulphur com-
pounds can easily poison chemical catalysts, when they are used
for the conversion of syngas into industrial products, which is a
clear advantage of the biological process.

Ammonia (NH,) is another impurity to be taken into account in
syngas. Its presence can lead to non-negligible accumulation of
ammonium ions (NH,*) in media used for bioconversion. Ammo-
nium ions have been shown to be able to inhibit hydrogenase
activity and cell growth of C. ragsdalei.®®

Tars in syngas obtained from biomass were assumed to be the
likely cause of cell dormancy in C. carboxydivorans and product
redistribution, leading to increased alcohol production (in terms
of ethanol) and decreased acetic acid production.'® Clostridium
carboxydivorans appeared to be able to adapt to tars after pro-
longed exposure. If needed a gas cleaning unit, e.g. filtering sys-
tem, may be used in order to reduce or avoid the effect of tars
present in the gaseous substrate. A recent study using C. ljung-
dahlii showed that concentrations of 0.01 g L=' of CaCO; increased
cell growth and the production ethanol. However, higher con-
centrations (0.02gL™") will rather decrease growth and solvent
production.®?

Other compounds and factors may affect the bioconversion pro-
cess. The salt concentration may have inhibitory effects that may
need to be taken into account. Sodium chloride may accumulate
in some fermentation processes, for example when adjusting the
bioreactor”s pH through the addition of either hydrogen chloride
or sodium hydroxide.®* Although this has scarcely been studied,
some reports described the effect of salt accumulation in bioreac-
tors and batch experiments in the case of ABE-producing strains.
Maddox et al. found that concentrations of 30 g L~" sodium chlo-
ride or higher completely inhibit growth of C. acetobutylicum with
lactose as a carbon source.®* A concentration of 15gL~" of that
compound resulted in 50% growth inhibition. At lower concentra-
tions, growth took place but the fermentation pattern shifted from
solventogenic to acidogenic.

Solvent toxicity

Solvent (i.e. alcohols from the HBE fermentation) toxicity has been
identified as a critical problem in the fermentation. Under normal
conditions, the clostridial cellular activity decreases in the pres-
ence of 20 g L~" or more solvents in the conventional ABE produc-
tion process.”® This is one of the most important factors to take into
account in butanol fermentation as anaerobic bacteria fermenting
carbohydrates or other similar soluble substrates have been found
to rarely tolerate more than 2% butanol.’® Butanol has shown to
be a fermentation product more toxic than acetone or ethanol in
ABE fermentation,”” and it was observed that the cells can tolerate
higher concentrations of ethanol and acetone than butanol during
growth. Although as much as 40 g L~" acetone and ethanol were
required to reduce growth on hexoses by 50%, butanol concentra-
tionsof only 7-13 g L~" were already high enough to exerta similar
inhibitory effect.??

Although no thorough study had been reported until recently, a
similar toxic effect was found to take place during the bioconver-
sion of C1 gases by clostridia. Indeed, butanol and ethanol toxic-
ity was studied, using C. carboxidivorans as biocatalyst grown on
carbon monoxide.”® The authors found that butanol had a higher
toxic effect than ethanol and than 1:1 mixtures (w/w) of both
ethanol and butanol. The IC;, (i.e. the inhibitory concentration
leading to 50% growth inhibition) was observed to correspond to
14.5 g L7" for butanol, while the value of IC;, found in the ethanol
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toxicity experiments was much higher and reached 35gL™" (i.e.
lower toxic effect). It was concluded that ethanol and butanol are
both toxic for C. carboxidivorans at high concentrations, but that
ethanol had a lower inhibitory effect on C. carboxidivorans than
butanol. Thus, a higher concentration of ethanol is necessary to
exhibit the same toxic effect as butanol, in terms of IC,,, growth
rate, biomass density and CO consumption. Potential hexanol tox-
icity has not been evaluated nor reported so far but, as indicated
above, hexanol concentrations in HBE fermentation are generally
lower than butanol and ethanol concentrations.

Some of the suggested reasons for the high toxicity of butanol
are summarized hereafter. In a study on the mechanism of butanol
toxicity in C. acetobutylicum in ABE fermentation it was found that
8-12gL~" butanol caused 50% inhibition of cell growth and the
sugar uptake rate by negatively affecting the ATPase activity.”’ This
is because butanol is a lipophilic solvent. It can alter the fatty acids
and phospholipids composition of the cell membrane, which will
lead to an increase in membrane fluidity. This will alter some of the
membrane functions, such as membrane ATPase activity, transport
functions, and substrate uptake.”

Several studies have focused on trying to improve solvent (e.g.
butanol) tolerance in clostridial strains. Two major alternatives
have been put forward: (i) using mutagenesis and genetic manip-
ulation; and (ii) maintaining a low concentration of solvents such
as butanol in the fermentation broth. As described elsewhere,?®
at least one recent report has shown that in the fermentation
of CO-rich gases, mutant strains were obtained that were able
to grow in the presence of ethanol concentrations of around up
to 50 g L~".% For maintaining low solvent concentrations in the
fermentation broth, different methods are available to separate
end metabolites in order to avoid reaching concentrations that
may be inhibitory to the bacteria and that would affect the fer-
mentation process.'®! These techniques have been applied in ABE
fermentation and, although the end metabolites in CO, syngas
and waste gas fermentation are slightly different, similar separa-
tion processes would be suitable. A detailed description of these
methods is beyond the scope of this review, but common removal
techniques are adsorption, liquid-liquid extraction, pervapora-
tion and gas stripping, besides some other somewhat less studied
alternatives.'%? Adsorption is commonly set-up as an external unit,
but otherwise most of the techniques can either be integrated in
the fermentation process itself or they can be used offline. Stud-
ies reported in the literature concern mainly ABE fermentation, but
they could similarly be applied to the HBE process.

In adsorption the solvents are transferred to a solid material, e.g.
zeolites or activated carbon. It is a rather easy to use technique,
requires generally little energy compared with other alternatives,
does not damage bacterial cells and is effective in separating
solvents such as butanol from the medium.'%*1%* Liquid-liquid
extraction consists in using a solvent with a high extraction effi-
ciency for the metabolites to be separated from the fermentation
broth. At the same time, for in situ separation, one should make
sure that the solvent chosen for extraction does not exhibit any
inhibitory effect on the bacteria. Oleyl alcohol is quite popular
for the extraction of butanol in ABE fermentation or for other
similar products. lonic liquids, as non-volatile extractants, have
more recently been used as well. In gas stripping, an inert gas or
gas generated from the fermentation process itself allow to strip
solvent-metabolites from the medium. This technique is simple
and does not damage the cells. However, a potential drawback
is that it can result in foam formation, above all when working
with small bubbles, which can negatively affect the stability

and performance of the fermentation process. Low selectivity is
another potential drawback to be taken into account.'® Perva-
poration is a membrane-separation process. It has a relatively low
energy consumption and does not damage the cells. A possible
problem is membrane fouling.'%6 108

Some studies calculated the energy needed for 1-butanol
recovery with these different techniques. For adsorption a
value of 1.3MJkg~'-butanol was reported, but it may go up
to 33; using pervaporation, energy requirements between 2
and 145 MJ kg~'-butanol were reported; values between 7 and
14 kg/butanol are typical for liquid-liquid extraction and finally
values in the range of 14-31MJ kg~ butanol were reported for
gas stripping.'0>10°

Mass transfer limitation in syngas fermentation

The efficiency of bioconversion of syngas and related waste gases
to butanol and other alcohols is limited by the low water solubility
of their gaseous components, i.e. CO, CO,, H,, and gas-liquid
mass transfer is therefore a rate-limiting step in the fermentation
process.’" 1107112 Generally, gas-liquid mass transfer limits the
conversion rates in bioprocesses that use poorly soluble gases as
key components, i.e. carbon and/or energy sources (e.g. CO or H,
in homoacetogens).

Solubility data of syngas/waste gas components are given in
Table 3. As can be observed the solubilities of CO and H, are quite
low. In order to compare with another gas such as oxygen, which
is the main electron acceptor in aerobic fermentation processes
and whose solubility is about 5mgL~" at room temperature, the
solubilities of CO and H, appear to be only about 60% and 3%
of oxygen solubility, respectively, on a mass basis. Conversely, the
solubility of CO, is more than fifty times higher than that of carbon
monoxide (Table 3).

There are several steps in the diffusion process where mass
transfer limitations are inevitable in suspended growth bioreac-
tors: (i) the transport of the gaseous substrate into the gas-liquid
interface; (ii) its transport through the nutritive liquid phase to
reach the microbial cell surface; and finally (iii) gas diffusion into
the microbial cell.'"® Depending on the bioreactor configura-
tion, parameters such as the composition and properties of the
liquid, interfacial adsorption, bubble size, mixing intensity, and
other factors may influence the magnitude of the mass transfer
resistances.''®~1" 8 The mass transfer coefficient (K, a) helps under-
stand the rate of mass transfer. K, a for a slightly soluble gaseous
substrate can be determined using the following equation: '8

1dN]  Ka

V. dt  H

(p9-p’)

where N? (mol) is the moles of substrate transferred from the gas
phase, V, is the liquid working volume of the reactor, p? (atm) is
the partial pressure of the volatile substrate in gas phase and pﬁ
(atm) is the partial pressure of the volatile substrate in a gas phase
that would be in equilibrium with the actual concentration of that
substrate in the liquid phase, H (L'atm mol™) is the Henry’s law
constant, and K, a (s™") is the overall mass transfer coefficient.

Itis clear from the above equation that the efficiency of the fer-
mentation process, in terms of mass transfer and gaseous sub-
strate supply to the biocatalyst, will improve when increasing
the gas mass transfer coefficients or at higher concentration (i.e.
pressure) gradients. High gas-liquid mass transfer conditions are
strongly desired in commercial syngas or waste gas fermentation.”
Working with pressurized bioreactors would be a suitable means
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to improve gas supply to the bacteria. However, this would also
increase the solubility of carbon monoxide in the liquid phase
in suspended-growth bioreactors and, as suggested above, may
eventually lead to inhibitory effects such as the inhibition of cell
growth and of the activity of hydrogenases, with the concurrent
accumulation of H, and CO, whenever produced or originally
present in the syngas or waste gas mixture. Nevertheless, Chang
etal. reported that high cell density cultures are less affected by
the potential inhibitory effects of high carbon monoxide pres-
sures compared with fermentations at low biomass densities.'®
Such high cell concentrations could be reached, in continuous
suspended-growth bioreactors, through the use of cell recycling
modules. Another characteristic of pressurized bioreactors is that
they would result in higher operating costs.

Various substances such as surfactants, alcohols, salts, catalyst
and small particles can be added to increase the gas-liquid mass
transfer rates.'?® Besides, the addition of nanoparticles to batch
bottle systems or stirred tank bioreactors for carbon monoxide
or syngas fermentation have shown to lead to increased mass
transfer. The addition of functionalized nanoparticles yielded bet-
ter results than non-functionalized ones. The dissolved concen-
trations of CO, CO,, and H,were found to increase by 273%,
200%, and 156%, in the presence of methyl functionalized sil-
ica nanoparticles at a concentration of 0.3% by weight. Simi-
larly, the cell concentration of C. l[jungdahlii, producing ethanol,
increased between 29% and 166%."?' However, such approach
might not be realistic nor cost-effective at present in full-scale
reactors.

Bioreactors suitable for HBE fermentation are reviewed in the
next section. The k a values in such reactors may vary depending
on several parameters, such as gas and liquid flow rates, agitation
speed in CSTR or gas bubble size in suspended-growth bioreac-
tors. A few authors recently compared mass transfer in different
bioreactor configurations, in the case of both packed-bed and
suspended-growth systems mainly with pure carbon monoxide.
Gas-lift bioreactors have been considered to represent a suitable
configuration because of their simple design and low energy
requirements (e.g. no agitation) combined with the highest mass
transfer coefficient compared with other bioreactors including
column diffusers, hollow fiber membrane bioreactors (HFMB)
and biotrickling filters.?? Other authors compared innovative
attached-growth bioreactors, namely an HFMB and a monolith
bioreactor, with more conventional systems for gas fermentation
with C. carboxidivorans.'® High k,a values were found for the
HFMB compared with suspended-growth bioreactors, such as the
CSTR and the bubble column bioreactor. Next, the monolith biore-
actor also showed high k; a values, though somewhat lower than
the HFMB. Such mass transfer coefficients increased at higher gas
or liquid flow rates both in the HFMB and the monolith bioreactor.
Biotrickling filters are also characterized by relatively high ka
coefficients for which values exceeding 100 h~" have sometimes
been reported,'%122 while such values are generally lower for
other systems, except the HFMB or the CSTR when applying very
high agitation speeds, which would, however, not be suitable for
full-scale application.

Kinetics

The production of solvents by acetogens through the WL path-
way in the presence of CO and/or CO,, generates less ATP than
through glycolysis. The bacterial species does also play a role, and
it was observed that bacteria following the glycolytic pathway
may exhibit different growth rates depending on the species

and carbohydrate used as substrate. For example, lower specific
growth rates were found in C. tyrobutyricum grown on glucose
than on xylose, which was assumed to be due to the higher
amount energy required for transportation of xylose across the
cell membrane resulting in less ATP available for growth.'?* Gen-
erally the formation of fatty acids (e.g. acetic acid, butyric acid)
in acetogenic bacteria leads to more net ATP production from C1
gases than the formation of alcohols such as ethanol, butanol, or
higher alcohols. Moreover, butanol production with CO as electron
donor has a more positive energy balance than in the presence
of H, +C0,.° However, one major drawback from an environ-
mental point of view is that CO,, which is a greenhouse gas, is
released as end-product together with butanol when using CO as
electron donor, while CO, is not produced and is even consumed
when using H, 4+ CO, as substrates (see stoichiometric equations
above). In presence of syngas or waste gases containing a mixture
of CO +CO, +H,, complete CO, removal might also be possible.
This is also related to the amount H, available, as hydrogen is
required to metabolize carbon dioxide.

Although only limited information has been published on
biomass growth rates and yields of clostridia on C1 gases, as a
general rule biomass grows better on carbohydrates than on
CO-related compounds. Table 4 compares kinetic parameters of
different Clostridium spp. grown either on sugars or C1 gases.
Major parameters such as pH and other culture conditions are
also given in Table 2, whenever reported, as they affect biomass
growth and bioconversion rates. Other factors such as the pres-
ence of micronutrients or trace metals can also have some
influence and details of the exact media compositions can be
found in the original publications. Reported data suggest that
growth rates on carbohydrates are higher than on CO or CO,,
except for xylose which does also exhibit weak growth rates.
Besides, biomass yields and build-up are also low on C1 gases
and the concentration of bacterial cells accumulating in bioreac-
tor studies is therefore a limiting factor in the bioconversion of
CO-rich gases to alcohols. Alternatives such as the use of immo-
bilized biomass or cell recycling will improve the amount active
biocatalyst in the bioreactor and thus increase bioproduction
rates.

Bioreactor configuration

The reactor design is an important factor in syngas fermenta-
tion. Most studies on syngas fermentation and their large-scale
application have been performed in suspended-growth bioreac-
tors but, besides such systems, other bioreactors can be used as
well, several of which have been applied at full-scale for han-
dling gases and waste gases, including other types of stirred
tank suspended-growth bioreactors, biofilters, biotrickling filters
or trickle bed bioreactors, bioscrubbers, gas-lift bioreactors, bub-
ble column bioreactors, moving bed biofilm reactors, and mem-
brane bioreactors.”'?>126 The most widely studied bioreactor for
the conversion of C1 gases to alcohols, at lab-scale, is the stirred
tank fermentor. Some of the keys to design an efficient reactor are
high mass transfer rates, high bioconversion rates, low operation
and maintenance costs, and easy scale-up. So far, only very few
results have been reported in the literature on bioreactors for the
production of butanol and higher alcohols from C1 gases.

Continuous stirred tank reactors (CSTR)

The CSTR is a typical suspended-growth fermentation unit
(Fig. 4(A)). The fermentation broth contains freely growing bac-
teria, with continuous supply of the gaseous substrate using gas
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Table 4. Specific growth rates of wild type Clostridium spp. grown on CO or carbohydrates

Microorganism Carbon source Culture conditions Specific growth rate (u) (h—") Reference
C. carboxidivorans co Batch, pH=5.0,T=33°C 0.086 + 0.004 53
C0/C0,, H,/CO, Batch, pH=N.R. (*), T=N.R. (¥) 0.16,0.12 64
C. acetobutylicum Glucose Batch, pH=6.0, T=NR. (¥) 0.48 ns
Lactose Batch, pH=5.0,T=35°C 0.23-0.28 n4
Clostridium tyrobutyricum Glucose Fed-Batch, pH=6.0,T=37°C 0.214 +0.044 15
Xylose Fed-Batch, pH=6.0,T=37°C 0.116 +0.009 1ns

N.R.: Not reported; (*)Presumably under optimal conditions of pH (6.2) and T (38 °C)

diffusers. The agitation mechanism allows break-up of large bub-
bles into smaller ones, improving the gas-liquid mass transfer. A
similar effect can be reached through the use of a microbubble
sparging system.'?’ Increasing the impeller speed is a way to
increase the mass transfer of sparingly soluble gases, as it will
improve mixing and reduce the bubble size. However, a relatively
high input of energy per unit volume is required to increase the
bubble break-up. Consequently, stirred tank fermentors with high
agitation speeds would not be economically viable for large-scale
production processes due to excessive operational costs.” The
gas-liquid mass transfer rate in stirred tank bioreactors will not
only increase with the agitation speed, but its value will also
depend on the gas retention time, i.e. the gas flow rate.

In the CSTR, the gaseous substrate is continuously fed through
the bottom part of the reactor and flows upwards through the
fermentation broth. Recent studies have proven that good bio-
conversion yields and butanol productivities can be reached from
either CO or gas mixtures (CO, CO,, H,) in semi-continuous stirred
tank bioreactors, in which part of the aqueous medium is occa-
sionally removed after a given period of time and replaced by fresh
medium.> Periodic pH shifts in such process allow switching, in a
cyclic way, from the acidogenic to the solventogenic stages, with
progressive accumulation of increasing concentrations of alcohols
and near complete consumption of accumulated acids.

Bubble column (BC) and gas-lift (GL) bioreactors

BC and GL bioreactors are similar in that gas injection through
the bottom of the reactors allows for liquid mixing without the
need for any mechanical or other power consuming agitation
system. These bioreactors differ from each other by the fact that
the GL bioreactor contains either an internal draft tube or an
external loop for liquid circulation, while the BC reactor does not
(Fig. 4(B)). The most commonly known airlift bioreactor and the
gas-lift bioreactor are the same, except thatairis fed in the first case
while any gas can be introduced in gas-lift bioreactors. BC and GL
reactors are economical alternatives to the CSTR,'?%'2° as they do
not use mechanical agitation but still allow for good mixing, due
to the presence of rising gas bubbles, and low shear rate. This is
interesting as good mixing can be achieved while avoiding high
shear rates that might inhibit or damage microbial cells. Mixing
of the gaseous substrate is achieved through gas sparging. Some
other advantages of these bioreactors are their low maintenance
and operational costs, whereas back mixing and coalescence of
gaseous substrates are the main drawbacks. The BC bioreactor has
been used as a second stage of a two-stage syngas fermentation,
where the first stage was a 1L CSTR with sustained growth of
Clostridium ljungdabhlii, while the second stage was a 4 L BC reactor
used to maximize the production of alcohols.’®

In the GL bioreactor (Fig. 4(C), the gas is injected into the
riser and allows for fluid circulation. The liquid travels upwards
through the riser zone and recirculates down to the bottom
of the reactor, together with residual gas bubbles, through the
downcomer zone. The use of GL bioreactors for the treatment
of waste gases, mainly polluted air, has only been reported in a
limited number of studies,'? although it is seen as an attractive
alternative for the anaerobic bioconversion of syngas and CO-rich
waste gases.

Biotrickling filters (BTF)

Other bioreactor configurations such as the biotrickling filter (BTF)
or trickle bed reactor (TBR) have widely been used in the full-scale
treatment of polluted air from industrial waste gases, or those
generated at wastewater treatment plants, among others, in which
the pollutants are present in the gas phase at concentrations
usually not exceeding a few g m=3. >12> They are also used with
anaerobic gases, among others for biogas upgrading and for
the removal of hydrogen sulphide from that biofuel.’3%'3! Their
efficiency has only scarcely been evaluated for the bioconversion
of carbon monoxide and syngas, mainly at lab-scale, and hardly
any information is available so far on such applications.

The BTF is a packed-bed bioreactor in which the cells are nat-
urally growing on a solid support material (Fig. 4(D)). They accu-
mulate on the solid surface in the form of a biofilm. This allows
increasing the amount of biocatalyst, through its immobilization
on the packing material.'?® The gaseous substrate is supplied con-
tinuously to the bioreactor while a nutritive aqueous phase is trick-
ling over the solid support and recycled through the system with
a pump, without any mechanical agitation, which reduces energy
requirements compared with the CSTR (Fig. 4(A)). The liquid phase
enters through the top of the bioreactor while the gas phase can
be fed either concurrently or counter currently. However, counter-
current flows allow for a more efficient driving force distribution
along the bioreactor. Part of that aqueous medium can be with-
drawn and renewed whenever appropriate. In packed-bed biore-
actors such as the biofilter and the biotrickling filter, the amount
of liquid medium present in the system is small compared with
suspended-growth bioreactors.” This has been observed to reduce
the resistance to mass transfer as there is only a thin liquid layer
between the substrate in gas phase and the biofilm where the
biocatalyst will metabolize the volatile compound.' Conversely,
in suspended-growth bioreactors, the substrate needs to diffuse
from the gas bubbles to the liquid phase and to the biocatalyst
growing in suspension. A semi-continuous trickle bed reactor was
recently used with C. ragsdalei as a biocatalyst in order to esti-
mate the possibility to improve syngas bioconversion.’** A large
amount of biomass could build up in the packed-bed bioreactor
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in the form of a biofilm, allowing the bacteria to take up more H,
and avoiding CO inhibition. Consequently, 5.7gL~" ethanol was
formed and a higher production of acetic acid, reaching 12.3gL"™",
was observed.

Hollow fiber membrane bioreactors (HFMB)

In the HFMB, hollow fiber membranes are introduced inside the
reactor either in a tubular form or in the form of flat sheets.'
Syngas is generally fed through the membrane lumen. It then dif-
fuses through that membrane and is subsequently metabolized
by bacteria forming a biofilm on the outer surface of the mem-
brane, i.e. on the shell side (Fig. 4(E)). Only very few research stud-
ies have been performed and reported on syngas fermentation in
HFMB, none of them dealt with the production of alcohols such
as butanol.8%134135 Shen and co-workers used a continuous HFMB
with C. carboxidivorans, and compared its behaviour with a CSTR
during continuous syngas fermentation for ethanol production.'?
They obtained good results with the HFMB in terms of alcohol pro-
duction, confirming the suitability and advantage of such biore-
actor configuration compared with the CSTR. Recent studies have
also been focused on optimizing mass transfer through the use of
an HFMB, as mass transfer is a major limiting factor in syngas fer-
mentation. In that sense, Yasin and co-workers developed a new
HFMB configuration with a high mass transfer, able to support
an efficient microbial fermentation.'® The authors reached a high
driving force inside the bioreactor with low substrate pressures
while increasing the headspace inside the system.

Moving bed biofilm reactors (MBBR)

The MBBR is considered to be more recent than the other bioreac-
tors described above. This reactor was initially designed for appli-
cation in municipal wastewater treatment.' It contains a tank
with the culture broth and a gas injection system at the bottom
of that tank for gas diffusion (Fig. 4(F)). Gas injection improves gas
diffusion and turbulence. Large amounts of microorganisms grow
as a biofilm. Some of the advantages of the system include its abil-
ity to provide a high surface area per volume for biofilm devel-
opment, its rather simple operation, and the fact that it requires
less space than, for instance, traditional wastewater treatment
systems.!38

Monolith bioreactors

The monolith bioreactor is a reactor with a structured pack-
ing inside. The packing is formed of regular channels that allow
for a more homogeneous flow distribution than when working
with random packing materials such as used in biotrickling filters
(Fig. 4(G)). This may affect the efficiency and results in a better
control of the pressure drop along the reactor height. The mono-
lith bioreactor was first tested somewhat more than a decade ago
for biological waste gas treatment and the removal of air pol-
lutants. Good results were obtained for the removal of different
volatile organic compounds from air, at concentrations of a few
g m~3, typical of many industrial waste gases.’>'% One recent
study described the bioconversion of syngas by C. carboxidivorans
in a monolith bioreactor for alcohol production. Under the applied
operating conditions, that reactor was reported to perform better,
in terms of syngas utilization efficiency and alcohol/acid ratio, than
a BC bioreactor.' The k, a values appeared to be similar or higher
in the monolith bioreactor than in the BC reactor, depending on
the operating conditions.

Advantages and challenges of the HBE fermentation process
ABE fermentation as well as the novel HBE process are the
two major biological alternatives for the production of ethanol,
butanol, and, in this case, higher alcohols such as hexanol. Com-
pared with conventional refineries, bioprocesses and biorefiner-
ies present the advantage of using renewable sources, wastes or
pollutants as feedstock rather than being based on non renew-
able oil derived sources. Lignocellulosic biomass or agro-industrial
waste are generally used for the ABE fermentation as they yield
simple fermentable sugars. Instead, a wider range of carbonaceous
materials, — including biomass - is suitable for the HBE process,
as long as they can be gasified to produce syngas. Lignocellu-
losic biomass is composed of cellulose, hemicellulose, and lignin.
In most cases, lignin represents 10—25% of the biomass but it may
sometimes reach more than 30% of the lignocellulosic material
in that biomass.'* However, simple sugars for the ABE fermenta-
tion can only be obtained from cellulose and hemicellulose. Con-
versely, the whole biomass can be gasified into synthesis gas.'*
Another advantage is that, besides syngas, some industrial waste
gases do also contain CO, CO,, and/or H, and have recently been
confirmed to be fermentable into end metabolites such as ethanol,
among others. This allows simultaneous treatment of industrial
waste gases, removing some greenhouse gases such as CO,, while
obtaining valuable end products in a cost-effective way. Recent
and on-going research has generated encouraging results. Nev-
ertheless, further studies are still needed in order to improve the
production of ethanol or higher alcohols through this HBE process.
Some of the challenges to be addressed are the low water solubil-
ity of compounds such as CO and H,, mainly. In that respect, differ-
ent strategies can be applied such as the use of membrane bioreac-
tors or pressured reactors improving mass transfer rates, although
such systems may affect cost-efficiency. On the other side, and sim-
ilarly to the ABE process, managing to increase the concentration
of end products is desirable, but should at the same time avoid
inhibitory effects at such higher concentrations. Improving down-
stream processing and the use of on-line separation of products in
continuous bioreactors would be suitable options.

CONCLUSIONS

HBE fermentation is a rather novel process, similar to the more
conventional ABE fermentation, involving acetogenic bacteria,
mainly clostridia. It represents a suitable promising alternative for
the production of ethanol, butanol or higher alcohols. Butanol is
a compound which can be used as a fuel as well as an important
industrial chemical. Butanol is the chemical with major probability
to replace gasoline, but ethanol and hexanol are also interesting
alternative fuels. Butanol production from biomass, syngas, and
waste gases is a viable process from a technical viewpoint. In
terms of cost-effectiveness, in order to reduce the costs of butanol
or higher alcohols production, it is necessary to further develop
economical and efficient fermentation strategies and optimize
productivities. To reach these goals, all factors that may affect
the fermentation process and its efficiency need to be taken into
account, such as parameters that influence the bioconversion,
impurities in the syngas (e.g. NO, acetylene, and compounds that
have an antagonistic effect on enzymatic activities), gas-liquid
mass transfer that needs to be optimized (improve the diffusion or
availability of poorly soluble syngas compounds, e.g. CO and H,),
the type of microorganisms (eventually genetically manipulated),
and strategies that alleviate the inhibitory effects of high alcohol
concentrations during the fermentation process.
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Abstract Bioprocesses in conventional second genera-
tion biorefineries are mainly based on the fermentation of
sugars obtained from lignocellulosic biomass or agro-
industrial wastes. An alternative to this process consists in
gasifying those same feedstocks or even other carbon-con-
taining materials to obtain syngas which can also be fer-
mented by some anaerobic bacteria to produce chemicals
or fuels. Carbon monoxide, carbon dioxide and hydrogen,
which are the main components of syngas, are also found
in some industrial waste gases, among others in steel indus-
tries. Clostridium carboxidivorans is able to metabolise
such gases to produce ethanol and higher alcohols, i.e.
butanol and hexanol, following the Wood-Ljungdahl path-
way. This does simultaneously allow the removal of volatile
pollutants involved in climate change. The bioconversion is
a two step process in which organic acids (acetate, butyrate,
hexanoate) are produced first, followed by the accumula-
tion of alcohols; although partial overlap in time of acids
and alcohols production may sometimes take place as well.
Several parameters, among others pH, temperature, or gas-
feed flow rates in bioreactors, affect the bioconversion pro-
cess. Besides, the accumulation of high concentrations of
alcohols in the fermentation broth inhibits the growth and
metabolic activity of C. carboxidivorans.
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Introduction

Most fuels and a wide range of platform chemicals pro-
duced in industrialized countries have traditionally been
obtained from petroleum in oil refineries. For environ-
mental reasons and because of the near shortage of crude
oil reserves, modern societies need to develop new pro-
duction processes and alternative fuels (Gowen and Fong
2011; Abdehagh et al. 2014). Biorefineries have recently
emerged as a potential solution to such problem. Ethanol
and longer chain alcohols such as butanol are suitable sub-
stitutes of fossil fuels such as gasoline. They can also be
used as chemicals and solvents. Mixtures of alcohols such
as butanol and ethanol can potentially be produced from
wastes and renewable sources in bioreactors, which is an
advantage compared to alcohols obtained from non renewa-
ble fossil sources. The most extensively studied bioprocess
is based on the fermentation of carbohydrates, available
from lignocellulosic biomass or similar feedstocks, using
anaerobic bacteria, usually clostridia. This is commonly
known as the ABE fermentation yielding a mixture of ace-
tone, butanol and ethanol. Clostridium acetobutylicum has
most often been used as biocatalyst for such bioconversion,
metabolizing sugars and producing the aforementioned
three solvents as end metabolites. Other substrates such as
glycerol and other clostridial species have more recently
been used as well. Another possible bioconversion pro-
cess for the production of (bio)alcohols has emerged much
more recently. It can use similar feedstocks as for the ABE
fermentation, such as biomass, but also municipal solid
waste, agro-industrial wastes and a broader range of some
other carbon containing materials, which represents a clear
advantage (Mohammadi et al. 2011). The feedstock is then
gasified in order to obtain syngas on one side, which is a
mixture of CO, CO, and H, mainly and, on the other side,
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some inert solid residue (ash) is formed as well. This is dif-
ferent from the ABE process, in which the starting material
does first undergo pretreatments and hydrolytic treatments
to extract simple sugars from the polymeric lignocellu-
losic structure. This gas mixture (i.e., syngas) is not only
obtained through gasification of biomass or waste, it is also
found in some industrial gaseous effluents, among others
in steel producing processes. Similarly to sugars, syngas
and the aforementioned industrial waste gases can be fer-
mented by clostridia and a few other acetogenic bacteria
(Drake et al. 2008). In a few strains, this may yield etha-
nol and, occasionally, higher alcohols. Contrary to the first
generation biorefinery processes which are based on the
use of sugar containing food crops as feedstock and lead to
food-fuel competition (Abubackar et al. 2011; Kennes et al.
2016), the present alternative uses lignocellulosic biomass
or wastes mainly or even waste gases and does not gener-
ate such food-fuel dilemma. Besides, this gas fermentation
technology can reduce the emissions of gaseous pollutants
and greenhouse gases such as carbon dioxide and it gives
some commercial use to industrial pollutants and agricul-
tural wastes. Only very few strains have so far been proven
to be able to convert syngas and CO-rich waste gases into
ethanol and higher alcohols such as butanol and hexanol.
The best known and most studied species is Clostridium
carboxidivorans, which will be the focus of this review

paper.

Clostridium carboxidivorans: major morphological
and metabolic characteristics

Clostridium  carboxidivorans P7 (= ATCC BAA-
624 = DSM 15243) is a Gram positive, mesophilic and
obligate anaerobic carboxydotroph, originally isolated
from an agricultural settling lagoon in Oklahoma, USA
(Liou et al. 2005). Its cells are mobile, with rod shape
(0.5%x3 pm) and can present sporulated forms, which
appear like a terminal or subterminal protuberance (Liou
et al. 2005) (Fig. 1). Its main morphological, metabolic
and growth characteristics are summarized in Table 1 and
described more in details below.

Substrates, nutrients and products

Clostridium carboxidivorans P7 is able to grow auto-
trophicaly with syngas and chemoorganotrophically with
a great variety of sugars such as glucose, xylose, fruc-
tose, cellobiose and arabinose. It is able to ferment all
those carbon sources to produce acids, mainly acetic acid,
butyric acid, and hexanoic acid, and alcohols (Liou et al.
2005; Liu et al. 2014; Phillips et al. 2015). Lactic acid,
propionic acid and formic acid have also recently been
detected in glucose fermentation (Fernandez-Naveira
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Fig. 1 SEM picture of Clostridium carboxidivorans grown on carbon
monoxide

Table 1 Main characteristics of Clostridium carboxidivorans

C. carboxidirorans P7

Morphology Rod shape

Size (UM) 0.5%3
Temperature range (°C) 24-42
Temperature optimum (°C) 3740

pH range 4.4-7.6

pH optimum 5.0-7.0
Reference Liou et al. (2005)

et al., non published data). Suitable carbon and energy
sources and their main metabolites are listed in Table 2.
Recent interest in that species has mainly been focused
on its ability to produce alcohols from syngas and waste
gases. C. carboxidivorans is one of the few bacteria able
to grow autotrophically on syngas, using the gaseous
CO, CO,, H, compounds as carbon or energy source to
produce short chain alcohols such as ethanol as well as
longer chain alcohols such as butanol and hexanol (Bru-
ant et al. 2010; Diirre 2016; Fernandez-Naveira et al.
2016a; Hemme et al. 2010; Liou et al. 2005; Phillips et al.
2015). That organism uses CO and CO, as carbon source
whereas H, is used as source of electrons by means of
the enzyme “hydrogenase” (Krasna 1979). Under condi-
tions of inhibition of the hydrogenase enzyme, the bacte-
ria will need another source of electrons, which can then
be obtained from CO. As described more in detail below,
this is the case in presence of compounds such as NO,
which can appear as minor compound in syngas, and has
been shown to inhibit the hydrogenase enzyme. However,
this provokes also a limitation in the use of CO for the
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Table 2 Major substrates and products of the HBE fermentation in Clostridium carboxidivo rans

Major substrate Major products

References

Syngas (CO, CO,, N, and H,)

CO Acetic acid, butyric acid, hexanoic acid, ethanol, butanol and hexanol

Sugars such as glucose

Acetic acid, butyric acid, hexanoic acid, ethanol, butanol and hexanol

Acetic acid butyric acid, hexanoic acid, ethanol, butanol, hexanol,
formic acid, propionic acid and lactic acid

Fernandez-Naveira et al., submitted
Phillips et al. (2015)

Ramid-Pujol et al. (2015)

Ukpong et al. (2012)

Fernandez-Naveira et al. (2016a),
Liou et al. (2005)

Liou et al. (2005), Fernandez-
Naveira et al., unpublished data

formation of desired metabolites and does consequently
result in a less efficient fermentation process (Ahmed
et al. 20006).

So far, in terms of solvents, the highest end product con-
centration has always been found for ethanol followed by
butanol and finally hexanol. Those alcohols are produced in
that same chronological order during carbon monoxide or
syngas fermentation, with short chain alcohols appearing
first while longer chain ones appear later on. C. carboxi-
divorans has the typical “biphasic fermentation pattern”
of many acetogens producing alcohols, and usually the gas
fermentation process takes place in two stages; initially
carboxylic acids are produced from the gaseous substrates
followed by the subsequent conversion of those acids and
remaining gases into alcohols. Besides, exponential bio-
mass growth and acidogenesis (with production of acids)
are two related processes and take place simultaneously.
The solventogenic phase in clostridia has been considered
to start when the conditions are not favourable anymore
for growth, i.e. low pH, low ATP levels, accumulation of
high concentrations of organic acids, sporulation, low level
of availability of reducing energy (Diirre et al. 1995; Diirre
and Hollergschwandner 2004; Guedon et al. 1999; Meyer
and Papoutsakis 1989). When alcohols are the desired end
products, it is necessary to identify the optimum medium
composition and conditions for an efficient conversion of
accumulated organic acids with the concomitant produc-
tion of solvents. The suitable range of conditions depends
on the bacterial species, and such conditions are shown in
Table 1 for C. carboxidivorans.

Besides the main carbon and energy sources, several
nutrients and trace compounds may be needed as well. In
case of C. carboxidivorans, a recent study was published
in which the effect of different media compositions were
analyzed for their effect on growth and butanol produc-
tion. Removing copper (Cu) from the culture medium and
increasing the molybdate (Mo) concentration allowed to
improve the production of butanol (Phillips et al. 2015). It
was concluded that Mo can be considered to be analogous
to tungsten (W), which is related with the enzyme AOR
(aldehyde:ferredoxin oxidoreductase), an enzyme involved

in the conversion of acids to alcohols. Similarly, the pres-
ence of W had previously been proven to stimulate the con-
version of carbon monoxide and acetic acid into ethanol in
C. autoethanogenum (Abubackar et al. 2015). Micronutri-
ents, trace metals or vitamins play a key role in the activ-
ity of specific enzymes and in favouring a given metabolic
route. Other parameters, described below, such as tempera-
ture and pH, will also affect growth, the metabolic behavior
and the bioconversion process.

Temperature

The suitable growth temperature of C. carboxidivorans
ranges between 24 and 42 °C, but its optimum temperature
was found to be 37-40°C (Liou et al. 2005). “Acid crash”,
which is the accumulation of undissociated acids and
can inhibit the solventogenic stage, is a phenomenon that
depends on temperature (Maddox et al. 2000). Therefore,
it is useful to identify temperature conditions that prevent
acid crash and allow an efficient solvent production while
maintaning a near optimum temperature for growth. The
incubation of C. carboxidivorans at suboptimal tempera-
ture of 25 °C (which is still within the suitable temperature
range for growth) was shown to allow to avoid acid crash
(Rami6-Pujol et al. 2015). However, a lag phase and a
slower bacterial growth were observed than under optimal
temperature conditions, while the concentrations of alco-
hols were somewhat higher than when incubating the same
strain at 37°C. An overview of the production yields of
alcohols obtained at different temperatures and pH is pre-
sented in Table 3.

pH

The pH range of C. carboxidivorans is between 4.4 and
7.0, but its optimum pH was found to be between 5.0 and
7.0. A few studies have focused on the effect of pH in
syngas fermentation. Ferndndez-Naveira et al. (submit-
ted) studied its effect using the bacterium C. carboxidi-
vorans as biocatalyst and a mixture of CO, CO,, H, and
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Table 3 Different production yields of C. carboxidivorans at different temperatures and different pH using CO or syngas as substrates

Substrates Fermentation systems pH  Tem- Ethanol Butanol produc- Hexanol References
perature  production rate tion rate (g/L h) production rate
O (g/L'h) (g/L'h)
(60) Bioreactor 475 34 0.032 0.013 ND Ferniandez-Naveira
5.75 0.060 0.031 ND etal. (2016a)
CO:CO,:H,:N, Bioreactor 475 34 14.32 11.68 4.54 Fernandez-Naveira
5.75 0.014 0.011 0.01 et al., submitted
CO:CO,:H,:N, Batch bottles Growth phase 6 37 0.01 ND/NR ND/NR Rami6-Pujol et al.
Stationary phase 0.0058 ND/NR ND/NR (2015)
Batch bottles Growth phase 6 25 8.97 4.8 5.15 Ramio-Pujol et al.
Stationary phase 0.15 0.0082 0.0092 (2015)
CO:H,:CO, Batch bottles (—Cu/+10Mo) NR 37 0.0058 0.0031 0.0026 Phillips et al. (2015)
NR/ND not reported or not detected
N, supplied to a continuous gas-fed bioreactor, using two ~ Metabolic pathway

different operating conditions. In a first experiment, a
near optimum pH of 5.75 was used and maintained con-
stant during the study. The second experiment was started
at pH 5.75, but pH was not regulated in that case and nat-
ural acidification took place as a result of the production
of organic acids; and once it reached pH 4.75 its value
was maintained constant in order to avoid any inhibition
at lower pH. The results of that study showed that the
highest concentrations of alcohols were observed at pH
5.75, with 2.7 g/L ethanol, 1.9 g/L butanol and 0.85 g/L
hexanol; whereas the highest production rates of alcohols
were obtained at pH 4.75, reaching 0.048 g ethanol/h g
biomass, 0.036 g butanol/h g biomass, and 0.026 g
hexanol/h g biomass. Those data, and other related infor-
mation of production rates, are summarized in Table 3.
However, a negative effect on bacterial growth and on the
accumulation of acids was observed at lower pH, in the
experiment with natural acidification. As a result of the
lower accumulation of acids in the first step of that fer-
mentation, lower amounts of alcohols were obtained in
the experiment at lower pH compared to the study at a
higher, constant, pH of 5.75. Growth rates of 0.0057 and
0.072 h™! were observed at pH 4.75 and pH 5.75, respec-
tively. It was concluded that the pH is a critical factor
for growth, the accumulation of acids as well as the effi-
cient production of alcohols. Although it has often been
assumed that stress conditions, such as a low pH, are
necessary for solventogenesis based on data of the ABE
fermentation in C. acetobutylicum, strong acidification
does not seem to be a prerequisite for solventogenesis
in the conversion of organic acids into alcohols in hex-
anol-butanol-ethanol (HBE) fermentation with C. car-
boxidivorans, as a slightly acidic environment (pH 5.75)
allowed the efficient conversion of organic acids into
alcohols, compared to lower pH values (e.g., pH 4.75).

@ Springer

Clostridium carboxidivorans uses a variation of the
Wood-Ljungdahl pathway for the bioconversion of gas-
eous substrates to end metabolites, where the eastern
branch of its pathway involves the enzymes in charge of
the conversion of the C1 substrates (CO, CO,) to formate,
and later on methyl-tetrahydrofolate; and the western
branch is composed of the enzymes catalyzing the direct
conversion of C1 compounds into acetyl-CoA (Ragsdale
and Pierce 2008). Acetyl-CoA is a common intermediate
of both branches, and it can either be converted to ace-
tate or to ethanol. Alternatively, acetyl-CoA can also be
converted to butyryl-CoA and subsequently into butyrate
and/or butanol, or into hexanoyl-CoA and then hexanoate
and/or hexanol. Although acetate is a common product of
autotrophic acetogens, butyrate and hexanoate are quite
more unusual among the acetogenic bacteria isolated so
far; the same holds true for butanol and hexanol which
are still less common than long chain (C4, C6) fatty
acids. Examples of acetogens producing long chain fatty
acids (butyric acid, hexanoic acid) and alcohols (butanol,
hexanol) from volatile substrates (CO, CO,, H,) are listed
in Table 4, confirming that the production of alcohols
is less common than organic acids in such bacteria. So
far, ethanol does generally always appear and has been
detected in all acetogenic cultures in which higher alco-
hols (butanol and/or hexanol) are produced. Acetic acid is
present in all cases during the gas fermentation, although
its presence may often be transient, as it can further be
converted to alcohols, mainly ethanol. The Wood-Ljun-
gdahl pathway does hardly yield any energy. One mole
of ATP is generated per mole of acetic acid produced. As
explained above, biomass growth and acetic acid produc-
tion are concomitant. Later on, that organic acid can be
converted into acetaldehyde which yields ethanol in turn,
but with no generation of ATP and no biomass growth
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Table 4 Wild type acetogenic bacteria producing long chain fatty acids and alcohols (C4, C6) from CO, CO,/H,, or mixtures of all three gases.
All those strains are able to produce acetic acid and all the bacteria producing long chain alcohols do also produce ethanol

Bacteria Butyrate Hexanoate Butanol Hexanol References

Acetonema longum + NR/ND NR/ND NR/ND Kane and Breznat (1991)

Butyribacterium methylotrophicum* + NR/ND + NR/ND Shen et al. (1999)

Clostridium carboxidivorans + + + + Liou et al. (2005)
Fernandez-Naveira et al., submitted

Clostridium difficile + NR/ND NR/ND NR/ND Kopke et al. (2013)

Clostridium drakei + NR/ND NR/ND NR/ND GoBner et al. (2008)

Clostridium scatologenes + NR/ND NR/ND NR/ND Kiisel et al. (2000)

Eubacterium limosum + NR/ND + NR/ND Jeong et al. (2015)

NR/ND not reported or not detected

* This OButyribacterium methylotrophicum strain is actually considered to belong to the species Eubacterium limosum (Jansen and Hansen

2001)

detected. The Wood-Ljungdahl pathway generating etha-
nol, butanol and hexanol, besides volatile fatty acids and
typical in C. carboxidivorans, is shown in Fig. 2.

Recent genetic studies have been done on the genomic
characterization of novel solventogenic microorgan-
isms such as C. carboxidivorans by sequencing the
genome and comparing the results with the genome of
various other solventogenic bacteria. Bruant et al. (2010)
sequenced the entire genomic material of C. carboxidi-
vorans and compared that with other major ethanol and
butanol producing strains. They found that C. carboxi-
divorans has a complete gene cluster associated with the
Wood-Ljungdahl pathway, including the genes involved
in CO and CO, fixation and conversion to acetyl-CoA,
but with the exception of the acetone pathway, as no ace-
toacetate decarboxylase genes were found in that species.
Therefore, the authors concluded that C. carboxidivorans
is closely related to C. acetobutylicum and C. beijerinckii,
in terms of ABE fermentation pathways for volatile fatty
acids, ethanol and butanol, but that it lacks the acetone
production pathway. Both C. carboxidivorans and C.
acetobutylicum encode an NADPH-dependent butanol
dehydrogenase that allows the conversion of acetyl-CoA
into butanol. Other clostridia have been shown to grow
on syngas or waste gases (CO, CO,, H,), such as C.
autoethanogenum, C. ljungdahlii, C. drakei but, to the
best of our knowledge, none has yet been found to pos-
sess such butanol dehydrogenase. The same happens for
hexanol, which has so far only been found to be produced
in C. carboxidivorans. That organism is thus unique in
that respect. As shown in Table 5, among the few gas fer-
menting solventogenic anaerobic bacteria isolated so far,
C. carboxidivorans, is basically the only species found to
be able to produce higher alcohols such as butanol and
hexanol.

Solvent inhibition

Alcohols such as ethanol and butanol are known to exert
inhibitory effects on strains such as C. acetobutylicum dur-
ing the ABE fermentation. Besides, it is worth reminding
that the inhibitory effect may be different depending on the
bacterial species and type of alcohol. Therefore, toxicity
levels should be evaluated in each specific case. Recently,
the toxic effect of different concentrations of ethanol,
butanol or their mixtures was estimated in C. carboxidi-
vorans grown on carbon monoxide as single carbon source
in bottle batch assays (Fernandez-Naveira et al. 2016b). No
information is available in the literature on hexanol, but
that alcohol is generally produced at lower concentrations
during HBE fermentation than its C2 and C4 counterparts.
The experiments showed that butanol causes a significantly
higher inhibitory effect than ethanol in terms of the bac-
terial growth rate, the final biomass density and the CO
consumption rate. That inhibitory effect was quantified by
means of the ICs, (i.e., the half maximal inhibitory concen-
tration), which reached 14.5 g/L for butanol and 35 g/L for
ethanol (Fernidndez-Naveira et al. 2016b). Mixtures (1:1) of
both alcohols have intermediate toxic effects compared to
each alcohol individually. The authors concluded that both
alcohols have an inhibitory effect on C. carboxidivorans
at high concentrations. Besides, inhibition is higher in the
case of butanol than for ethanol, as a lower ICs, value was
found for the former than the latter (ethanol). These values
are rather similar to those found during ABE fermentation
of sugars by C. acetobutylicum.

Trace compounds in syngas

Although CO, H, and CO, are the main components of
some industrial waste gases and syngas, they may also
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Fig. 2 Wood-Ljungdahl pathway for the production of acetic, butyric and hexanoic acids, as well as ethanol, butanol and hexanol
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contain trace amounts of additional compounds, which
could have some inhibitory effect on the biocatalyst. The
influence of those trace compounds is barely considered in
lab-scale research as prepared gas mixtures are generally
used, mimicking the composition of only the major com-
pounds of syngas. Other compounds that can be formed
during the gasification process include products such as
methane, ethylene, ethane, acetylene, NH;, sulphur com-
pounds and NO, among others (Ahmed et al. 2006; Hary-
anto et al. 2009).

Although no research has been reported on this with
C. carboxidivorans, some other alcohol producing species
have been studied. Some of those trace compounds have
been shown to be potential inhibitors of the fermentation
process and bacterial growth. For example acetylene and
NO may inhibit the activity of the hydrogenase enzyme,
which catalizes the generation of electrons from H, (Xu
and Lewis 2012). When NO inhibits the hydrogenase
enzyme, the cells must generate electrons from CO, using
the CODH enzyme. Sulphur compounds and ammonia
(NH;) are other compounds that may appear in syngas. A
negative effect on the bacterial growth in presence of sul-
phur compounds has been reported in the ethanol produc-
ing species C. ljungdahlii (Klasson et al. 1993). Besides,
Xu and Lewis (2012) found that the presence of ammonia
can lead to the accumulation of ammonium ions (NH,*) in
the medium, which was observed to inhibit the hydroge-
nase activity and bacterial growth of C. ragsdalei.

Present and future industrial perspectives

The production of ethanol and higher alcohols, such as
butanol or hexanol, by acetogenic bacteria from C1 gases
is not a favourable process from an energetic point of view
(Latif et al. 2014). However, although it was originally con-
sidered that reaching concentrations approaching one gram
per liter in wild type bacteria would be impossible or, at
least, challenging, recent data confirm that the production
of several g/L. of butanol and hexanol mixtures, besides
ethanol is feasible through this hexanol-butanol—ethanol
(HBE) fermentation process. Optimization of the bioreac-
tor operating conditions would allow to further improve
such values. The use of metabolically engineered strains
is another possible alternative for the improvement of
yields and of the end concentrations of metabolites. Some
research has been performed in that respect for butanol pro-
duction with recombinant strains grown on carbon monox-
ide (Kopke and Liew 2011). However, improvements are
necessary and higher butanol concentrations would still
need to be reached from C1 gases with such engineered
clostridia. Other bacterial strains are able to produce etha-
nol as single alcohol from syngas/waste gas, sometimes
together with butanediol, but with no accumulation of

@ Springer

either butanol or hexanol (Table 4). This is the case of C.
autoethanogenum, C. ljungdahlii, and C. ragsdalei, among
others (Abubackar et al. 2011). Recent studies undertaken
at pre-commercial stage confirmed that such a process
may be cost-effective (van Groenestijn et al. 2013). Some
demonstration plants have recently allowed to produce
ethanol, either from syngas or from waste gases from steel
producing industries, with such acetogenic bacteria, reach-
ing promising results. In terms of public safety, it is worth
mentioning that, with the exception of only four or five spe-
cies, most clostridia are non pathogenic at all and do not
cause any diseases in humans. Some clostridia can even be
used for therapeutic purposes (Kubiak and Minton 2015).
Concerning the environmental benefit, it is worth to remind
that this HBE fermentation process consumes carbon diox-
ide, a greenhouse gas, but does also allow to remove carbon
monoxide. Although carbon monoxide as such has only a
very weak greenhouse effect, it contributes to tropospheric
ozone generation, the formation of carbon dioxide, and
reacts with hydroxyl radicals in the atmosphere. Those OH
radicals would otherwise be involved in reducing the con-
centration of greenhouse gases such as methane.

The gas fermentation process has attracted interest of
some industries and, as indicated above, some demonstra-
tion plants have been build recently. The technology has
reached pre-commercial stage for the production of ethanol,
but not yet for other routes such as the HBE fermentation,
and an exhaustive overview of the industrial landscape,
among others for the HBE process, would thus be behind
the scope of this review. Information on the industrial lans-
dscape, mainly for ethanol production, can be found in
other recent literature (van Groenestijn et al. 2013; Latif
et al. 2014). One of the major companies developing this
technology is, among others, LanzaTech which produces
ethanol using waste gases from industry or using syngas
obtained through the gasification of biomass or wastes. In
2013, that company started pre-commercial operation of
a plant in China. Similarly, Coskata, in the US, was using
a large variety of biomass sources to obtain syngas and
ferment it into fuels and chemicals. Finally, INEOS Bio
focuses largely on ethanol production through sugar fer-
mentation, but has also evaluated possible commercializa-
tion of the biomass gasification process and its subsequent
fermentation.

Syngas fermentation vs other biological
and non-biological alternatives

Biomass, agro-industrial waste or other related feed-
stocks can be used to obtain either carbohydrates or syn-
gas as potential fermentable substrates, which can both be
metabolized by clostridia to produce ethanol and higher
alcohols such a butanol. Expensive pretreatments are
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needed in order to extract carbohydrates from cellulose
and hemicellulose, two major polymers of lignocellulosic
feedstocks. However, lignin which is the third polymer
found in such feedstocks, does not yield any carbohy-
drates and is thus useless for this fermentation process.
Conversely, all three major polymers of lignocellulosic
materials can be gasified to yield syngas, resulting in a
better use of the complete feedstock in the gas fermenta-
tion process (Liew et al. 2016).

When comparing the biological and the non-biologi-
cal syngas conversion routes, the former does also pre-
sent some technical and economical advantages com-
pared to the latter. The biological conversion, through
the Wood-Ljungdahl pathway, takes place at near room
temperature and atmospheric pressure, or if needed
with slight overpressure. Conversely, the chemical Fis-
cher Tropsch (FT) process for the production of chemi-
cals is more complex and requires higher temperatures
(150-350°C) and elevated pressures (e.g., 30 bar).
Besides, for the FT process, a specific H,:CO ratio close
to 2:1 is needed (de Klerk et al. 2013), while syngas
composition does generally not reach such ratio. A pre-
treatment consisting in a water—gas shift reaction is then
required in order to adjust the gas ratio, with the concom-
itant increased process costs (Liew et al. 2016). On the
other side, C. carboxidivorans and some other clostridia
can metabolize different gas compositions to produce
ethanol or higher alcohols, including pure CO, mixtures
of CO,/H,, or mixtures of all three gases, among others.
Syngas fermentation is thus simpler and less restrictive.
Finally, although the possible inhibitory effect of some
trace compounds on bioconversion processes has been
mentioned above, the FT process is much more sensitive
to some chemicals such as sulphur compounds and has
a lower tolerance to their presence than the Wood-Ljun-
gdahl process (Michael et al. 2011; Mohammadi et al.
2011).

However, some potential drawback needs also to be
discussed. The most important one is the low aqueous
solubility of the volatile compounds of the syngas mix-
ture, when working with bioreactors in which the biocon-
version takes place in liquid phase. This results in a poor
gas—liquid mass transfer and in limiting rates of supply
of the gaseous substrates to the microbial cells, which
limits the alcohols production yields. Mass transfer of the
volatile substrates can be improved when using micro-
bubble spargers. Using pressurized bioreactors would be
another alternative to improve the gas solubility and mass
transfer, although this will also increase operating costs.
Packed-bed bioreactors, such as biofilters or biotrickling
filters, with a reduced amount of water and a small water
layer between the gas phase and the biofilm (Kennes et al.
2009), have also been suggested to improve the microbial

use of substrates such as carbon monoxide in gas-phase
bioreactors (Jin et al. 2009).

Conclusions

Clostridium carboxidivorans is a unique acetogenic bacte-
rium in that it has proven to be basically the only organism
isolated so far able to produce a mixture of alcohols, i.e.
ethanol, butanol and hexanol, at significant concentrations,
from syngas or waste gases which are composed mainly
of carbon monoxide, carbon dioxide and hydrogen. From
a metabolic point of view, the process does hardly yield
any energy; still total concentrations of alcohols of several
g/L have already been obtained in stirred tank bioreactors.
From a chronological point of view, organic acids (C2, C4,
C6, mainly) appear first, followed by the production of the
corresponding alcohols. Optimizing the operating condi-
tions, in terms of parameters such as pH, temperature or
bioreactor configuration and flow rates, among others,
allow to maximize the production of alcohols. The process
still needs to be further improved in order to increase yields
and productivity, taking into account that the accumulation
of high concentrations of alcohols in the fermentation broth
will end up inhibiting biomass growth and bioconversion,
which may require their removal in-situ from the medium
in bioreactors.
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Abstract The fermentation of waste gases rich in carbon
monoxide using acetogens is an efficient way to obtain valu-
able biofuels like ethanol and butanol. Different experiments
were carried out with the bacterial species Clostridium
carboxidivorans as biocatalyst. In batch assays with no pH
regulation, after complete substrate exhaustion, acetic acid,
butyric acid, and ethanol were detected while only negligible
butanol production was observed. On the other side, in biore-
actors, with continuous carbon monoxide supply and pH reg-
ulation, both C2 and C4 fatty acids were initially formed as
well as ethanol and butanol at concentrations never reported
before for this type of anaerobic bioconversion of gaseous C1
compounds, showing that the operating conditions signifi-
cantly affect the metabolic fermentation profile and butanol
accumulation. Maximum ethanol and butanol concentrations
in the bioreactors were obtained at pH 5.75, reaching values of
5.55 and 2.66 g/L, respectively. The alcohols were produced
both from CO fermentation as well as from the bioconversion
of previously accumulated acetic and butyric acids, resulting
in low residual concentrations of such acids at the end of the
bioreactor experiments. CO consumption was often around
50 % and reached up to more than 80 %. Maximum specific
rates of ethanol and butanol production were reached at pH
4.75, with values of 0.16 g/h*g of biomass and 0.07 g/h*g of
biomass, respectively, demonstrating that a low pH was more
favorable to solventogenesis in this process, although it nega-
tively affects biomass growth which does also play a role in
the final alcohol titer.
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Introduction

In recent years, the low availability of fossil fuels and
their environmental impact have forced to look for new
alternative fuels obtainable, in a cost-effective way, from
renewable sources or from pollutants. In addition to the
environmental impact and increasing scarcity of conven-
tional fuels, other aspects, e.g., economic and political,
have also led to an ever increasing interest in techniques
for the production of such alternative fuels (Gowen and
Fong 2011; Abdehagh et al. 2014). Most studies have
focused on the production of new energy sources and
biofuels (biologically sourced fuels) such as (bio)ethanol,
biogas, (bio)hydrogen, and biodiesel (Kennes and Veiga
2013). Additionally, (bio)butanol is also a suitable alter-
native fuel more similar to gasoline than (bio)ethanol and
with interesting characteristics. Butanol exhibits several
advantages, e.g., it is less hygroscopic and has a higher
caloric content than ethanol (Wallner et al. 2009). It is
considered a chemical of great industrial importance and
has a high potential to replace gasoline (Diirre 2007; Lee
et al. 2008), as there is no need for any adjustment of
vehicles and engines using butanol. Besides, blending of
butanol and gasoline is possible at any concentrations,
and blends have also been reported to be possible in case
of diesel (Jin et al. 2011).

Alcohols such as ethanol and butanol can be obtained
through fermentation of sugars from sugarcane, corn, or
starch feedstocks, among others, which is the convention-
al and common commercial process nowadays for etha-
nol, known as a first-generation process. However, this
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technique for obtaining biofuels leads to food-fuel com-
petition (Kennes et al. 2016). This disadvantage can be
avoided by using lignocellulosic feedstocks from agricul-
tural wastes or energy crops, which are inexpensive and
renewable starting materials for biofuels production, and
do not adversely affect food supplies. After some pretreat-
ments and hydrolytic steps, simple sugars can be obtained
from those polymeric feedstocks which can then be
fermented into ethanol and/or butanol, in the so-called
second-generation process (Kennes et al. 2016). However,
there are still numerous scientific and technical challenges
involved in the utilization of lignocellulosic materials for
biofuel production (Gowen and Fong 2011), and there is a
need for further research in order to improve cost-
competitiveness of such alternative compared to the more
conventional first-generation process.

The conventional second-generation process for the
bioconversion of lignocellulosic feedstocks into biofuels
is still a complex process (Balat and Balat 2009). As an
alternative, gasification of biomass in order to obtain car-
bon monoxide-rich syngas represents another viable op-
tion. Syngas as well as most of its individual dominant
components (like CO) can be introduced into a fermentor
inoculated with anaerobic bacteria, under specific process
conditions to produce biofuels (Abubackar et al. 2011;
Bengelsdorf et al. 2013; Mohammadi et al. 2011). Not
only syngas but also industrial waste gases rich in carbon
monoxide have recently been shown to be suitable sub-
strates for their bioconversion into biofuels in bioreactors
(Kennes and Veiga 2013). Both suspended-growth as well
as attached-growth bioreactors can efficiently be used for
gas-phase biodegradation or bioconversion of such vola-
tile substrates (Kennes and Veiga 2001, 2013). Initially,
research on the fermentation of CO-rich gases focused
only on ethanol production, which can be either an inde-
pendent fuel as mentioned above or act as a substitute for
gasoline supplemented with MTBE to reduce emissions of
CO and NO, (Ahmed and Lewis 2007; Henstra et al.
2007; Shaw et al. 2008). However, its hygroscopic nature
and low caloric content limits the use of ethanol with
current infrastructures; therefore, very recent research
has also focused on butanol production through the fer-
mentation of such gaseous substrates as an alternative
alcohol-biofuel.

Fermentation of CO-rich gases, i.e., syngas or waste
gases, has been shown to be an attractive and likely
cost-effective alternative able to compete with the conven-
tional second-generation process based on the fermenta-
tion of carbohydrates (Kennes et al. 2016). This is above
all true whenever using waste gases as substrates. There-
fore, this process has recently attracted interest from some
companies and some demonstration and pre-commercial
projects are now being set up for ethanol production
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(Abubackar et al. 2011; Kennes and Veiga 2013). How-
ever, several challenges remain to be addressed in order to
further improve the efficiency and cost-effectiveness of
this technology. One of those challenges is related to the
low water solubility of carbon monoxide and other vola-
tile compounds (e.g., Hy, CO,), which limits the mass
transfer rate of the substrate to the liquid phase in
suspended-growth bioreactors or to the biofilm in
attached-growth bioreactors, limiting at the same time
the production yields of (bio)fuels or platform chemicals
of interest. Some previous and on-going studies are focus-
ing on minimizing such drawback. Among others, the use
of membrane systems as well as attached-growth bioreac-
tors seems to allow a more efficient mass transfer of poor-
ly soluble compounds (Jin et al. 2009; Shen et al. 2014)
as well as microbubble spargers in suspended-growth bio-
reactors (Bredwell and Worden 1998). Another drawback
to be taken into account and already previously observed
in conventional acetone-butanol-ethanol (ABE) fermenta-
tion from carbohydrates is solvent toxicity. This is an
important factor to take into account in butanol fermenta-
tion as acetogenic bacterial cells rarely tolerate more than
2 % butanol (Liu and Qureshi 2009). However, although
new strategies can still be developed, experience has al-
ready been gained from the conventional ABE fermenta-
tion aimed at reducing such inhibitory problems. These
strategies may include the use of continuous in situ re-
moval of produced solvents from the fermentation broth,
among others (Schugerl 2000). It is also worth mentioning
that setting up bioreactors under anaerobic conditions
with CO-related gases as substrates may be somewhat
more challenging than the conventional fermentation of
carbohydrates. However, such harsher conditions will also
reduce potential microbial contamination of the bioreac-
tor. Finally, optimizing the fermentation and bioreactor
operating conditions is another aspect that will allow im-
proving the yield and selectivity of the biochemical reac-
tions and which is addressed in this paper. Research on
such aspects will further improve the efficiency and cost-
effectiveness of this process appearing as a promising
alternative.

In the present study, the conversion of CO into butanol
and ethanol was carried out by the bacterium Clostridium
carboxidivorans, which was grown first in batch bottles
with no pH regulation and, afterwards, in continuous gas-
fed bioreactors using a defined medium under controlled
conditions and continuously fed CO gas. The objectives
were to develop and optimize culture conditions for a
relatively high production of alcohols through anaerobic
CO fermentation and to compare the growth and fermen-
tation products between the batch bottle assays and the
bioreactors with continuous CO supply. Bioreactor oper-
ating conditions were optimized.
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Material and methods
Microorganism and culture media

C. carboxidivorans P7 DSM 15243 was obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (Braunschweig, Germany) and was maintained anaer-
obically on modified basal medium (Liou et al. 2005; Tanner
2007) at pH 5.75 with CO (100 %) as the sole gaseous sub-
strate. This medium was composed of (per liter distilled water)
the following compounds: yeast extract, 1 g; mineral solution
(a source of sodium, ammonium, potassium, phosphate,
magnesium, sulfate and calcium), 25 mL; trace metal solution,
10 mL; vitamin solution, 10 mL; resazurin, 1 mL; and
cysteine-HCI, 0.60 g.

The mineral stock solution contained (per liter distilled water)
80 g sodium chloride, 100 g ammonium chloride, 10 g potassium
chloride, 10 g potassium monophosphate, 20 g magnesium
sulfate, and 4 g calcium chloride.

The vitamin stock solution contained (per liter distilled
water) 10 mg pyridoxine, 5 mg each of thiamine, riboflavin,
calcium pantothenate, thioctic acid, paraamino benzoic acid,
nicotinic acid, and vitamin B12, and 2 mg each of D-biotin,
folic acid, and 2-mercaptoethanesulfonic acid.

The trace metal stock solution contained (per liter distilled
water) 2 g nitrilotriacetic acid, 1 g manganese sulfate, 0.80 g
ferrous ammonium sulfate, 0.20 g cobalt chloride, 0.20 g zinc
sulfate, and 20 mg each of cupric chloride, nickel chloride,
sodium molybdate, sodium selenate, and sodium tungstate.

Bottle batch experiments

For batch experiments, 10 % seed culture in the early expo-
nential growth phase, grown with CO as sole carbon source,
was aseptically inoculated into 200-mL serum vials contain-
ing 100 mL medium at pH = 5.75. In order to remove oxygen,
all the media in the bottles were boiled and later flushed with
N, while cooling down the medium. When the temperature of
the medium reached 40 °C, 0.06 g cysteine-HCI was added as
a reducing agent, and the pH was adjusted to 5.75 with 2 M
NaOH while continuing flushing with N,. The bottles were
then sealed with Viton stoppers and capped with aluminum
crimps and were then autoclaved for 20 min at 121 °C. The
bottles were maintained under anaerobic conditions. They
were pressurized with 100 % CO to reach a total headspace
pressure of 1.2 bar and were agitated at 150 rpm on an orbital
shaker, inside an incubation chamber at 33 °C. Every 24 h, a
headspace sample of 0.2 mL and 2 mL liquid sample were
taken for CO measurements and to measure the optical density
(ODj = 600 nm), Which is directly related to the biomass con-
centration. Besides, 1 mL of those 2 mL was centrifuged at
7000 rpm for 3 min in order to measure the concentration of
soluble products in the supernatant, using the same methods as

described in “Fermentation products” for the analyses of
fermentation products in the continuous bioreactors. All
experiments were carried out in triplicate.

Continuous gas-fed bioreactor experiments

Two bioreactor experiments were carried out in 2L BIOFLO
110 bioreactors (New Brunswick Scientific, Edison, NJ,
USA) using the same medium as in the batch bottle experi-
ments. Both experiments were done with 1.2 L optimized
medium and CO (100 %) as the sole gaseous substrate, fed
continuously at a rate of 10 mL/min using a mass flow con-
troller (Aalborg GFC 17, Miillheim, Germany) and a
microsparger used for sparging CO. The bioreactor with the
medium was autoclaved, and when the temperature was below
40 °C, cysteine-HCI (0.60 g/L) was added, together with ni-
trogen feeding to ensure anaerobic conditions. The tempera-
ture of the bioreactor was maintained at 33 °C by means of a
water jacket. Four baffles were symmetrically arranged to
avoid vortex formation of the liquid medium and to improve
mixing. A constant agitation speed of 250 rpm was main-
tained throughout the experiments. Ten percent seed culture
in the early exponential growth phase, which was grown for
72 h with CO as sole carbon source, was used as the inoculum
and was aseptically transferred to the bioreactor. The pH of the
medium was automatically maintained at a constant value of
either 5.75 or 4.75, through the addition of either a 2-M NaOH
solution or a 2-M HCI solution, fed by means of a peristaltic
pump. The redox potential was continuously monitored in
each experimental run.

When the bioreactor reached its maximum production of
acids, the pH in one of the reactors (experiment 1) was main-
tained at pH 5.75 while it was changed to pH 4.75 in the other
reactor (experiment 2). Later, when most of the acids were
consumed, part of the medium (around 600 mL) was replaced
with the same amount of fresh medium in both bioreactors and
the pH was maintained at 5.75 again. During the partial me-
dium replacement procedure, the CO gas flow rate was main-
tained through the bioreactor and was even slightly increased
in order to ensure maintenance of anaerobic conditions inside
the bioreactor. Then, when the production of acids reached its
maximum value, the pH of the bioreactor in experiment 1 was
changed to 4.75.

Growth measurement

One milliliter liquid sample was daily withdrawn from the
reactor, in order to measure the optical density
(ODy - 600 nm), using a UV—visible spectrophotometer
(Hitachi, Model U-200, Pacisa & Giralt, Madrid, Spain).
The measured absorbance allowed to estimate the biomass
concentration (mg/L) by comparing it with a previously gen-
erated calibration curve.
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Gas-phase CO and CO, concentrations

Gas samples of 1 mL were taken from the outlet sampling
ports of the bioreactors to monitor the CO and CO,
concentrations.

Gas-phase CO concentrations were measured using an HP
6890 gas chromatograph (GC, Agilent Technologies, Madrid,
Spain) equipped with a thermal conductivity detector (TCD).
The GC was fitted with a 15-m HP-PLOT Molecular Sieve SA
column (ID, 0.53 mm; film thickness, 50 um). The oven tem-
perature was initially kept constant at 50 °C, for 5 min, and
then raised by 20 °C/min for 2 min, to reach a final tempera-
ture of 90 °C. The temperature of the injection port and the
detector was maintained constant at 150 °C. Helium was used
as the carrier gas.

Similarly, CO, was analyzed on an HP 5890 gas chromato-
graph, equipped with a TCD. The injection, oven, and detec-
tion temperatures were maintained at 90, 25, and 100 °C,
respectively.

Fermentation products

The water-soluble products, acetic acid, butyric acid, ethanol,
and butanol, were analyzed for each of the two bioreactors
from liquid subsamples (1 mL) every 24 h using an HPLC
(HP1100, Agilent Co., USA) equipped with a
5 pm X 4 mm % 250 mm Hypersil ODS column and a UV
detector at a wavelength of 284 nm. The mobile phase was a
0.1 % ortho-phosphoric acid solution fed at a flow rate of
0.5 mL/min. The column temperature was set at 30 °C. The
samples were centrifuged (7000g, 3 min) using a centrifuge
(ELMI Skyline I1td CM 70M07) before analyzing the concen-
tration of water-soluble products by HPLC.

Redox potential

The redox potential was constantly monitored in each biore-
actor using an Ag/AgCl reference electrode connected to a
transmitter (M300, Mettler Toledo, Inc., Bedford, MA,
USA) and maintained inside the bioreactor.

Results
Bottle batch experiments

In the batch experiments, C. carboxidivorans started growing
immediately after inoculation, without any lag phase (Fig. 1a).
A maximum biomass concentration of 0.130 g/L was reached
after 30 h (Fig. 1a), while a maximum acetic acid concentra-
tion of 0.89 g/L was found after 45 h and a maximum con-
centration of butyric acid of 0.48 g/L had accumulated at the
end of the experiment (Fig. 1b).
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Fig. 1 Batch experiment: a measured growth expressed in grams
biomass per liter over time, with data represented as mean
values =+ standard deviations, and b production of metabolites, acetic
acid (diamonds), butyric acid (squares), ethanol (triangles), and butanol
(cross marks), expressed in milligrams per liter over time, with data
represented as mean values + standard deviations

On other hand, a maximum ethanol concentration of
0.48 g/ was reached, after 267 h. Its production did not seem
to take place at the expense of any acetic acid consumption as
that acid was basically not consumed during ethanol accumu-
lation, although clostridia are known to be able to convert
acids into alcohols in processes such as the ABE fermentation
from carbohydrates (Jones and Woods 1986; Ndaba et al.
2015) as well as in some other fermentation processes such
as CO bioconversion to acetic acid followed by the production
of ethanol from the accumulated fatty acid (Abubackar et al.
2015). The alcohol was thus formed here directly from the
conversion of CO. Although C. carboxidivorans is known to
be able to produce butanol, that alcohol was generally not
found or produced at low trace levels in these batch bottle
assays.

The initial pH of the medium was 5.75 in this experiment.
However, when the acetogenic phase started, acids were
formed leading to medium acidification, as there was not
any pH regulation. Therefore, the pH dropped gradually dur-
ing the batch assays and reached a minimum value around
4.30 at the end of the experiment. Also, anaerobes are very
sensitive to changes in redox potential. The reading
oxidoreduction potential (ORP) values are directly linked to
the pH of the medium, and a lower pH of the medium will
result in less negative values of the redox potential.
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Continuous gas-fed bioreactor experiments
Experiment 1

In this continuous CO-fed bioreactor experiment, C.
carboxidivorans started growing immediately after inocula-
tion, without any lag phase, similarly as in the batch assays.
The growth and fermentation products followed a pattern
common to acetogenic clostridia (Fig. 2a, b). After 96 h, the
biomass reached its maximum value of 0.52 g/L (Fig. 2a)
whereas the maximum concentrations of acetic acid and
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Fig. 2 Continuous gas-fed bioreactor experiment 1: a measured growth
expressed in grams biomass per liter over time; b production of
metabolites, acetic acid (diamonds), butyric acid (squares), ethanol
(triangles), and butanol (cross marks), expressed in milligrams per liter
over time; and ¢ percentage CO consumption over time

butyric acid, reached after 144 h, were 5.30 and 1.43 g/L,
respectively (Fig. 2b).

The production of alcohols did also start quite soon after
inoculation but initially at a quite slower rate than observed for
the acids. Alcohols continued accumulating after the fatty
acids had reached their highest concentrations. After 240 h,
the production of alcohols leveled off, because ethanol and
butanol had accumulated up to potentially inhibitory levels.
By then, ethanol and butanol had reached quite high maxi-
mum concentrations of 5.55 and 2.66 g/L, respectively
(Fig. 2b). A different behavior was observed than in the batch
experiments, as ethanol production appeared to increase at the
expense of acetic acid consumption, and both the decrease in
acid concentration and increase in alcohol concentration oc-
curred simultaneously. Similarly, butanol production appeared
to take place at the expense of butyric acid conversion. Con-
trary to what was observed in the batch assay, in the present
experiment with pH regulation and continuous CO supply,
butyric acid was almost completely consumed (83 %) and
78 % of acetic acid was also converted. Besides, a rather high
final concentration of butanol was reached (2.66 g/L), never
reported before in the literature for this type of CO fermenta-
tion by clostridia.

After 247 h, part of the bioreactor medium (600 mL)
was replaced by fresh medium in order to alleviate the
potential inhibitory effect of the high concentrations of
alcohols and to check if this partial medium renewal
might promote a new acids and alcohols production cycle.
The biomass was recycled in the bioreactor; thus, its con-
centration remained constant at 0.51 g/L. The concentra-
tions of alcohols decreased as a result of the dilution ef-
fect due to medium replacement, reaching an ethanol con-
centration of 3.50 g/L and a butanol concentration of
1.70 g/L (Fig. 2b).

While the amount of biomass remained constant until
360 h, the concentrations of acids started to increase again.
The maximum concentrations of acetic acid and butyric acid
were reached after 336 h with values of 2.40 and 0.617 g/L,
respectively (Fig. 2b). Despite maintaining the pH at 5.75, the
formation of some alcohols started immediately, although at
much lower rates than for the acids. The pH was later changed
to 4.75 after 408 h in order to check if this could further
improve the production of alcohols, as a lower pH is expected
to be favorable to solventogenesis.

However, at that lower pH, the biomass concentration de-
creased while there was not any production of acids and alco-
hols nor any consumption of acids. Finally, the experiment
was stopped after 504 h. At that moment, the biomass con-
centration had decreased to 0.32 g/L, and acetic acid and bu-
tyric acid concentrations were 1.04 and 0.28 g/L, respectively.
The concentrations of alcohols were 4.41 g/L for ethanol and
2.3 g/L for butanol at the end of the experiment, which is
significantly higher than in any previously reported study
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(Fig. 2b). Total net ethanol production in this experiment was
7.52 g corresponding to 6.66 g (in 1.2 L reactor medium)
before partial medium replacement and 0.86 g after its replace-
ment, and total net butanol production was 3.91 g correspond-
ing to 3.19 g before partial medium replacement and 0.72 g
after its replacement. This type of CO fermentation yields
reproducible profiles.

During the experimental production phase, the specific
rate of ethanol production was 0.12 g/h*g of biomass
between 144 and 192 h, while the specific rate of butanol
production was 0.06 g/h*g of biomass during that same
period of time (Table 1). Other production and consump-
tion rates are summarized in Table 1 as well.

Carbon monoxide consumption was also monitored
during the experiment and is shown in Fig. 2c. A constant
carbon monoxide loading rate was maintained throughout
the experiment. Most of the time, the average CO con-
sumption was close to 50 %, although higher percentages
were observed in the early stages of the experiment,
reaching the highest value of 81 % CO removal on the
fourth day. It is worth mentioning that, as a general rule,
the highest percentage substrate conversions are observed
at high pH (5.75) and do then often exceed 50 % (up to
81 %), while conversion decreased when lowering the pH
(4.75), which is also concomitant with some biomass de-
cay. CO consumption also dropped within the first few
hours after medium replacement.

During the first operation days, and for almost 1 week,
the only carbon source for the production of metabolites
and biomass is carbon monoxide. As explained above, C2
and C4 acids produced during the first stages become,
later on, additional substrates and are then converted to
the corresponding alcohols. During the first stage of the
experiment, although part of the gaseous substrate is also
used for biomass growth, if production of metabolites
from CO is only considered during the first experimental
stage, then the following reactions would take place:

4CO + 2H,0 - CH;COOH + 2CO; (
10CO + 4H,0 = CH3(CH,),COOH + 6CO, (2
6CO + 3H,0 = C,Hs0H + 4CO, (
12CO + 5H,0 = C4HyOH + 8CO; (

This would result in CO, to CO ratios (g/g) of 0.79 for
reaction (1) (acetic acid production), 0.94 for reaction (2)
(butyric acid production), and 1.04 for reactions (3) and
(4) (ethanol and butanol production, respectively). CO, to
CO ratios could be measured experimentally and could be
estimated to reach around 0.77, during the first week of
operation, with around 10 % fluctuation as this is a dy-
namic system. This is in agreement with the above equa-
tions and theoretical ratios and shows a good fit between
the experimental and theoretical substrate to product mass
balance calculations.

The redox potential was constantly monitored during
each experimental run. Except for the reducing agent
added initially to the medium, its value was later on
allowed to fluctuate naturally. In experiment 1, before
replacing part of the medium, the redox potential
(ORP) value was —180 + 20 mV, while after partial me-
dium replacement, it was —100 = 10 mV. After the pH
change to 4.75, ORP was —62.1 £ 20 mV, and finally at
the end of the experiment, it became positive and
reached +42.9 mV, which explains the complete inhibi-
tion of the anaerobic strain. Inhibition after pH modifi-
cation could have been due to the fast decrease in pH
from 5.75 to 4.75 resulting in an acid shock. As will be
explained below, in experiment 2, pH was decreased
gradually and no inhibition was observed, allowing to
maintain active cells and a negative ORP.

Experiment 2

Similarly as in experiment 1, C. carboxidivorans started
to grow immediately after seeding the reactor, without
any lag phase. A pattern common for acetogenic clos-
tridia for growth and fermentation products was here
also observed (Fig. 3a, b). After 48 h, the biomass
reached its maximum value of 0.33 g/L (Fig. 3a) where-
as the maximum acetic acid and butyric acid concentra-
tions were found after 3—4 days and were 4.10 and
1.44 g/L, respectively (Fig. 3b). As already observed
in experiment 1, and as expected, growth and accumu-
lation of acids were concomitant. It is worth observing
that the maximum suspended biomass concentration in
the liquid phase was somewhat lower in this experiment

Table 1 Comparison of the
different production and
consumption rates between

Acetic acid

consumption rate

Ethanol
production rate

Butanol
production rate

Butyric acid
consumption rate

experiments 1 and 2
Experiment 1 (pH  0.13

5.75)
Experiment2 (pH  0.15
4.75)

0.027 0.12 0.06

0.039 0.16 0.07

The rates are expressed in g/h*g of biomass
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Fig. 3 Continuous gas-fed bioreactor experiment 2: a measured growth
expressed in grams biomass per liter over time; b production of
metabolites, acetic acid (diamonds), butyric acid (squares), ethanol
(triangles), and butanol (cross marks), expressed in milligrams per liter
over time; and ¢ percentage CO consumption over time

compared to experiment 1 because part of the bacteria
remained sticked to the glass wall of the bioreactor,
slightly above the upper liquid level.

After 72 h, once acetic acid accumulation leveled off, the
pH of the medium was gradually and slowly decreased to 4.75
over a period of 48 h, in order to avoid any acid shock and
inhibition. The pH value was decreased in order to check if
this would stimulate solventogenesis. The rate of accumula-
tion of alcohols increased, and their maximum production was
reached after 216 h, with ethanol and butanol concentrations
0f2.00 and 1.10 g/L, respectively (Fig. 3b). This increase was
at the expense of acid consumption, and acetic acid and

butyric acid concentrations had dropped down to 1.56 and
0.53 g/L respectively, after 216 h (Fig. 3b).

When the concentrations of alcohols stabilized, part of the
medium of the bioreactor was replaced by fresh medium, sim-
ilarly as in experiment 1, and the pH was increased to 5.75
again. As a result of the dilution effect, the concentrations of
metabolites decreased to 1.03 g/L for acetic acid, 0.32 g/L for
butyric acid, 1.4 g/L for ethanol, and 0.76 g/L for butanol.
After partial medium replacement, the remaining concentra-
tions of acids were consumed and converted into alcohols.
Finally after 360 h, the biomass started decreasing down to
0.15 g/L and the experiment was stopped. By then, the final
concentrations of acids and alcohols were 0.06 g/L acetic acid,
0.01 g/L butyric acid, 2.90 g/L ethanol, and 1.60 g/L butanol,
showing a basically complete consumption of both acids and
their conversion to alcohols (Fig. 3b).

Total net ethanol production in this experiment was 4.21 g
corresponding to 2.40 g (in 1.2 L reactor medium) before
partial medium replacement and 1.81 g after its replacement,
and total net butanol production was 2.29 g corresponding to
1.32 g before partial medium replacement and 0.97 g after its
replacement. These concentrations are somewhat lower than
in experiment 1, most probably because of the somewhat low-
er suspended biomass concentration in this assay.

The specific rate of ethanol production was 0.16 g/h*g of
biomass between 72 and 120 h, while the specific rate of
butanol production was 0.07 g/h*g of biomass during that
same period of time, which was thus slightly higher than in
experiment 1 (Table 1). Other rates are summarized in Table 1.

Similarly as in experiment 1, a constant inlet carbon mon-
oxide concentration was maintained during the study and CO
consumption was monitored throughout experiment 2. Here
again, on an average, close to 50 % of the gaseous carbon
source was metabolized by the bacteria (Fig. 3c) with higher
values during the first part of the study and when using a high
pH, as also observed in experiment 1. The highest CO con-
sumption reached 73 %, at pH 5.75, on the second day of
operation.

In terms of redox potential, in experiment 2, when the pH
was 5.75, the redox potential (ORP) value was —110 £ 10 mV,
while after the pH change to 4.75, it was —80 & 10 mV. Finally
after medium replacement and pH increase again to 5.75, the
ORP was =90 + 10 mV. The gradual pH decrease, from 5.75 to
4.75, in this experiment allowed to avoid inhibition of the
bacterial activity, and a negative redox potential could be
maintained throughout this assay, contrary to what was ob-
served at the end of experiment 1.

Discussion

In the batch bottle experiments, the maximum biomass con-
centration was reached after 48 h and the biomass
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concentration (g/L) was about half the value reached in exper-
iment 2. That difference can be explained by the fact that in the
batch assays, there was not any continuous feed of CO,
resulting in carbon source limitation for the bacteria. Con-
versely, in experiments 1 and 2 in bioreactors, CO feeding
was continuous, resulting in a higher availability of C source
for the biomass. Also, in the batch bottle experiments, there
was no continuous pH control. Therefore, the production of
acetic acid and butyric acid during growth led to a natural and
significant decrease of the pH of the medium. This ended up
inhibiting bacterial growth and metabolite production. The
initial pH of the medium was 5.75, whereas the final pH value
was in the range of 3.80-4.00 for all the batch assays in bot-
tles. C. carboxidivorans has an optimum pH value of 4.4-7.6
(Abubackar et al. 2011; Liou et al. 2005). As there was not any
pH control in the batch experiments, its value reached a
minimum which was below the optimum range. The lower
pH value and lower concentration of C source explain the
different growth behaviors between the batch experiments
and the bioreactors with continuous CO supply.

In the three experiments, two different growth patterns
were observed. First a fast exponential growth rate was ob-
served, between 48 and 96 h in the bioreactors and between 0
and 36 h in the batch assays, concomitant with the acidogenic
phase. Due to acid production in the Wood-Ljungdahl path-
way, more ATP is produced during acidogenesis than during
the production of alcohols (White 2007), which explains that
growth and acid production from CO take place
simultaneously.

In the case of the production of alcohols, in the batch as-
says, ethanol accumulation was observed but there was basi-
cally no butanol accumulation, whereas in the bioreactors (ex-
periment 1 and 2), there was both significant ethanol and
butanol production and the fermentation products followed a
pattern common to acetogenic clostridia. It can be assumed
that the pH had reached a value lower than the optimum range,
which could have inhibited the bacterial metabolism before
any significant butanol production could take place in the
batch assays.

In both bioreactor experiments, acids were produced first,
i.e., acetic acid and butyric acid, followed by ethanol and
butanol production, with CO consumption around 50 % and
reaching up to somewhat more than 80 % during the early
acidogenic stage. Thus, the regulation of the pH value
throughout the experiments can be considered to represent
an important factor largely affecting both biomass growth
and the production of metabolites.

In case of other clostridial strains able to produce only
ethanol as alcohol (but no butanol), it was also observed that
using different pH values is an effective strategy to promote
alcohol production in multi-stage syngas fermentation, in
which the acidogenesis and solventogenesis phases are sepa-
rated in two reactors (Klasson et al. 1992). Here, in both
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bioreactor experiments, we tried to compare the effect of a
pH change after the acidogenic phase. That way, in experi-
ment 1, pH was maintained constant, whereas in experiment
2, the pH was changed to 4.75 to promote the solventogenic
phase. No clear separate acidogenic and solventogenic phases
were observed in C. carboxidivorans during experiment 2,
whereas in experiment 1 (without pH change), more pro-
nounced separate acidogenic and solventogenic phases were
found. In their study with a different organism and for ethanol
production, Klasson et al. (1992) performed a two-stage syn-
gas fermentation experiment, with two reactors in series, using
Clostridium ljungdahlii, with the first reactor at pH 5.0 and the
second one at pH 4.0~4.5 to promote ethanol production in
that second reactor at the expense of acetate. By using two
different pH, 30 times more ethanol production was obtained
than in a single continuous gas fed bioreactor.

The rates of alcohol production were lower in experiment 1
than in experiment 2 at a lower pH. In case of ethanol, its
production rate was 0.12 g/h*g of biomass in experiment 1,
while it was 0.16 g/h*g of biomass in experiment 2. On the
other hand, the rate of butanol production was 0.06 g/h*g of
biomass in experiment 1 while it was 0.07 g/h*g of biomass in
experiment 2. The same relationship was observed between
the acid consumption rates, which were lower in experiment 1
than in experiment 2. The acetic acid conversion rates were
0.13 g/h*g of biomass and 0.15 g/h*g of biomass in experi-
ments 1 and 2, respectively. On the other hand, butyric acid
conversion rates were 0.03 g/h*g of biomass and 0.04 mg/h*g
of biomass in experiments 1 and 2, respectively. So, these
results show higher acid to alcohol conversion rates at pH
4.75 than at pH 5.75 (Table 1).

So far, only few studies have focused on butanol produc-
tion from CO-rich gases in clostridia. In all few previous re-
ports using C. carboxidivorans, butanol concentrations did
generally range between a few milligrams per liter and hardly
1 g/L, while butanol concentrations up to 2.66 g/L. were
reached in the present study together with ethanol concentra-
tions of 5.55 g/L. Bruant et al. (2010), performing a similar
batch experiment as ours in our bottles assays, accumulated a
minor, near negligible, amount of butanol (below 0.05 mmol)
of a few milligrams. Phillips et al. (2015) checked different
media in batch experiments and their maximum reported
concentrations for ethanol and butanol were 3.25 and 1.09 g/
L, respectively. In another study, Ukpong et al. (2012)
checked the bioconversion of CO-rich gases by C.
carboxidivorans in a gas-fed bioreactor reaching maximum
ethanol and butanol accumulation of 2.8 and 0.52 g/L, respec-
tively. In all those studies, the amounts of butanol and ethanol
obtained with the same bacterial species were significantly
lower than the values obtained in the present work. Overall,
comparing the batch assays and the different bioreactor stud-
ies, it clearly appears that relatively high butanol-ethanol (B-
E) accumulation can be reached when optimizing the
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experimental conditions. It is worth mentioning that, contrary
to the ABE fermentation from carbohydrates in clostridia,
here, no acetone is produced at all in CO or syngas fermenta-
tion in such acetogenic bacteria, which is interesting as buta-
nol is the main desired end-product as a biofuel and attempts
do generally need to be made in order to reduce acetone ac-
cumulation in the conventional ABE fermentation (Han et al.
2011).

In a nutshell, it can be concluded that (a) a high pH
was favorable to CO conversion to fatty acids; (b) reduc-
ing the pH value stimulated the production of alcohols but
had a profound negative effect on biomass production; (c)
acetic acid and butyric acid are produced first and can
then be converted to the alcohols (ethanol, butanol), with
complete conversion at higher rates under acidic condi-
tions; (d) contrary to the ABE fermentation, no acetone
was formed here from the conversion of C1 gases; and (e)
the experimental conditions in this study allowed to pro-
duce significantly more butanol and ethanol (B-E) than in
any other study reported in the literature on the conver-
sion of CO-rich gases.
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Effect of pH control on the anaerobic H-B-E
fermentation of syngas in bioreactors

Anxela Fernandez-Naveira, Maria C Veiga and Christian Kennes"

Abstract

BACKGROUND: Syngas and some waste gases are composed mainly of carbon monoxide, carbon dioxide and hydrogen, which
can be used by some acetogenic bacteria to produce ethanol, butanol or hexanol, and represents an attractive alternative to
the conventional ABE (acetone-butanol-ethanol) fermentation. Experiments were carried out in bioreactors under different
conditions (pH 5.75 and 4.75) with continuous supply of a mixture of CO/CO,/H,/N, converted by Clostridium carboxidivorans
into hexanol, butanol and ethanol (H-B-E fermentation).

RESULTS: Applying different pH control strategies will affect the syngas fermentation pattern, among others in terms of
bioconversion rates as well as final concentrations of acids and alcohols. The highest concentrations of alcohols were obtained at
pH 5.75, i.e. 2.7 gL' ethanol, 1.9 g L~" butanol and 0.85 g L' hexanol, whereas the maximum production rates were observed
at pH 4.75, reaching 0.048 g-ethanol h-' g~'-biomass, 0.037 g-butanol h—' g~'-biomass, and 0.026 g-hexanol h—! g~'-biomass.
However, a low pH negatively affects growth and acids production in the first metabolic step, with lower growth and acids
production at pH 4.75 than 5.75. Growth rates reached 0.0057 h~' and 0.072 h—, respectively, at pH 4.75 and 5.75.

CONCLUSIONS: Maintaining initially a higher pH of 5.75 allows accumulating higher concentrations of acids than when natural
acidification takes place. Such higher concentrations of acids allow the production of higher amounts of alcohols as end
metabolites, showing the importance of pH on bioconversion and biomass growth.

© 2017 Society of Chemical Industry

Keywords: acetogens; butanol; ethanol; hexanol; waste gas; Clostridium carboxidivorans
. __________________________________________________________________________________________________|

INTRODUCTION results in food-fuel competition and represents a poorly sus-
tainable alternative.'® The second generation process avoids
that problem as it uses lignocellulosic materials from agricultural
waste or energy crops as feedstock. It is more sustainable but
less cost-effective, among others because of the complex pre-
treatments required to obtain simple sugars fermentable into
alcohols.” On the other hand, the fermentation of C1 gases has
recently been shown to be a promising alternative as it can also
generate higher alcohols such as butanol and, to a lower extent,
hexanol.? C1 gases, mainly CO and CO,, can be obtained from the
gasification of wastes, coal, biomass and other feedstocks.?%1213
Syngas is a complex mixture of gases, composed mainly of CO,
CO,, and H,," which can be fermented by clostridia and other
acetogens, mostly into acids and/or alcohols. Interestingly, those
same gaseous substrates are found in some waste gases, among
others in gaseous effluents from steel industries. In such case,
their bioconversion would allow the simultaneous removal of air
pollutants as well as a greenhouse gas such as carbon dioxide,
combined with their conversion into valuable products. This is a
promising technology able to compete with second generation

Biorefineries are emerging as environmentally-friendly alterna-
tives to conventional refineries for the commercial production
of fuels and platform chemicals. They are based on the use of
renewable feedstocks, such as biomass, or even waste or pollu-
tants, which can be fermented into added-value end metabolites.
Ethanol and higher alcohols, such as butanol, are examples of
metabolites of commercial interest. (Bio)ethanol is mainly used
as a fuel. Higher alcohols such as butanol and hexanol may also
be suitable fuels,’ but can be used as platform chemicals as well.
Ethanol is an oxygenated, water-free, high octane alcohol that can
replace gasoline or it can be mixed with it at different ratios.?
Butanol is more similar to gasoline than ethanol, besides being
less hygroscopic, less corrosive and having a higher caloric content
than ethyl alcohol.>7> It can be blended with gasoline at higher
concentrations than ethanol without the need for modifying exist-
ing engines.%” Hexanol has also been tested as a fuel, among oth-
ers in the form of diesel-hexanol blends and also in aviation fuel,
although its high viscosity limits its potential use as jet fuel.>®° In
terms of bioprocesses, the best known alternative for their pro-
duction is the ABE fermentation, allowing production of butanol,
together with other solvents such as ethanol and acetone, through e —

the bioconversion of carbohydrates by clostridia or other anaero- * Correspondence to: C Kennes, Chemical Engineering Laboratory, Faculty of
bic bacteria.3 Sciences and Center for Advanced Scientific Research (CICA), University of La
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Bioalcohols have traditionally been produced in biorefiner- g P
ies through the so-called first generation process in which Faculty of Sciences and Center for Advanced Scientific Research (CICA), Univer-
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Syngas fermentation for production of higher alcohols
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carbohydrates fermentation,'® although it still faces some chal-
lenges such as the low solubility of CO and H, mainly? or the
presence of other minor compounds in the case of syngas, that
could be toxic to the producing strains.'>'6

In the present study, the anaerobic bioconversion of syngas or
waste gas into ethanol and higher alcohols (butanol, hexanol)
was carried out by the acetogenic bacterium Clostridium carboxi-
divorans in a continuous gas-fed bioreactor containing a defined
aqueous culture broth and continuously supplied a mixture of
CO, CO,, H,, N,. The objective of this research was to develop
and optimize the operating conditions in order to reach an effi-
cient production of alcohols. The production of metabolites was
compared under two different bioreactor operating conditions,
either with pH regulation or without pH regulation. In an attempt
to increase the production of acids and the subsequent accumu-
lation of alcohols, pH conditions were adjusted throughout the
fermentation runs in order to optimize the production of acids
and alcohols and increase their concentrations and the overall
efficiency of the bioconversion process.

MATERIAL AND METHODS

Microorganism and culture media

Clostridium carboxidivorans P7 DSM 15243 was obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (Braunschweig, Germany) and was maintained anaerobi-
cally on modified basal medium at pH 5.75 and with a mix-
ture of the following gases as volatile substrates: CO:CO,:H,:N,
(20:20:10:50)."7'8 The basal medium had the following composi-
tion (per liter distilled water): 1 g yeast extract; 25 mL mineral solu-
tion; 10 mL trace metal solution; 10 mL of vitamins stock solution;
1 mL resazurin; 0.60 g cysteine-HCI.

The mineral stock solution was composed of (per liter distilled
water): 80g sodium chloride, 100g ammonium chloride, 10g
potassium chloride, 10 g potassium monophosphate, 20 g magne-
sium sulfate, and 4 g calcium chloride.

The trace metal solution was obtained from a stock solution,
whose composition is as follows (per L distilled water): 2 g nitrilotri-
acetic acid, 1 g manganese sulfate, 0.80 g ferrous ammonium sul-
fate, 0.20 g cobalt chloride, 0.20 g zinc sulfate, and 20 mg each of
cupric chloride, nickel chloride, sodium molybdate, sodium sele-
nate, and sodium tungstate.

The vitamin stock solution was composed of (per L distilled
water): 10 mg pyridoxine, 5mg each of thiamine, riboflavin, cal-
cium pantothenate, thioctic acid, paraamino benzoic acid, nico-
tinic acid, and vitamin B12, and 2 mg each of D-biotin, folic acid,
and 2-mercaptoethanesulfonic acid.

Continuous gas-fed bioreactor experiments

Two bioreactor experiments were carried out in 2L BIOFLO 110
bioreactors (New Brunswick Scientific, Edison, NJ, USA). The two
experiments were carried out with 1.2 L of the same medium com-
position and the mixture of gases, described above, as gaseous
substrate. The syngas mixture was continuously fed at a flow rate
of 10mLmin~" using a mass flow controller (Aalborg GFC 17,
Mdllheim, Germany) and the gas was sparged by a microsparger.
The medium inside the bioreactor was autoclaved, and after-
wards it was flushed with N, to ensure anaerobic conditions, while
the bioreactor medium was cooled by means of a water jacket.
When the temperature reached 40 °C the vitamins solution and
cysteine-HCl were added. The temperature of the medium was

maintained at 33 °C throughout the experimental process with a
constant agitation speed of 250 rpm. Inside the bioreactor, four
baffles avoided vortex formation and allowed improved liquid mix-
ing.

When the conditions were completely anaerobic, N, flushing
was stopped and constant syngas feeding was started. Then, 10%
seed culture in the early exponential growth phase (which was
previously grown for 72 h with CO as sole carbon source) was
inoculated in the bioreactor. The redox potential and the pH
value were continuously monitored. The pH was automatically
maintained constant through the addition of either 2mol L™’
NaOH or 2 mol L= HCl solutions, by means of a peristaltic pump.

In the first experiment, there was no pH regulation, except dur-
ing the first day of operation, when the pH was maintained at
5.75, allowing for good biomass growth. Later on, as a result of the
production of acids the pH dropped naturally to a value of 4.75,
which was then maintained constant in order to avoid any possi-
ble inhibitory effect. Afterwards, when the consumption of organic
acids stabilized, the pH was slowly and gradually increased to 5.75
with the aim of starting a new production cycle. The new cycle did
not start, contrary to what was expected, and part of the medium
was then replaced with the same volume of fresh medium. Condi-
tions of natural pH shift were again maintained in the bioreactor
after medium replacement. In the second experiment, the pH was
maintained constant at 5.75 throughout the study.

Growth measurement

A 1 mL liquid sample was withdrawn daily from the bioreactors,
and was used to measure the optical density (OD ,_g0,m) ON a
UV-visible spectrophotometer (Hitachi, Model U-200, Pacis and
Giralt, Madrid, Spain) in order to estimate the biomass concentra-
tion (mg L™") using a previously generated calibration curve.

Gas-phase CO and CO, concentrations

Gas samples of 1 mL were taken from the outlet sampling ports
of the bioreactors to monitor the CO and CO, concentrations.
Gas-phase CO concentrations were measured using an HP 6890
gas chromatograph (GC, Agilent Technologies, Madrid, Spain)
equipped with a thermal conductivity detector (TCD). The GC
was fitted with a 15m HP-PLOT Molecular Sieve 5A column (ID,
0.53 mm; film thickness, 50 pm). The oven temperature was initially
kept constant at 50 °C, for 5 min, and then raised at 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. Similarly, CO, was
analyzed on an HP 5890 gas chromatograph, equipped with a TCD.
The injection, oven, and detection temperatures were maintained
at 90, 25, and 100 °C, respectively.

Fermentation products

Bioconversion products were detected with an HPLC (HP1100,
Agilent Co., USA) equipped with a 5 pm X 4 mm x 250 mm Hypersil
ODS column and a UV detector at a wavelength of 284 nm. The
mobile phase was a 0.1% ortho-phosphoric acid solution fed at
a flow rate of 0.5mLmin~'. The column temperature was set at
30°C. 1T mL liquid samples were centrifuged (7000x g, 3 min) using
a centrifuge (ELMI Skyline Itd CM 70 M07) before analyzing the
concentration of water-soluble products (acetic acid, butyric acid,
hexanoic acid, ethanol, butanol and hexanol) by HPLC, at least
once every 24 h.
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Redox potential

The redox potential was constantly monitored in each bioreactor
using an Ag/AgCl reference electrode connected to a transmitter
(M300, Mettler Toledo, Inc., Bedford, MA, USA) and maintained
inside the bioreactor.

RESULTS AND DISCUSSION

Continuous gas-fed bioreactor with natural acidification
Biomass growth and production of metabolites
In order to allow for a fast start-up and initial biomass growth,
in this experiment the pH was maintained constant at a value
of 5.75 during the first day. Afterwards, it was allowed to fluc-
tuate freely. Clostridium carboxidivorans started growing imme-
diately after inoculation, without any lag phase. The maximum
biomass concentration was found after 236 h, reaching a value
of 0.42gL~" (Fig 1(a)). However, as can be observed in Fig. 1(a),
there was a clear difference between biomass growth at pH 4.75
compared with its growth during the first few hours at pH 5.75.
At the highest pH, a biomass concentration of 0.177gL~" was
already reached in only 27 h, while growth was much slower at the
lower pH. The growth rates were calculated and compared under
both conditions. At pH 5.75 (first 27 h), the bacterial growth rate
was 0.072 h~", while its value dropped by more than a factor of
ten, to 0.0057 h™', in the next stage at pH 4.75. This agrees with
data reported on the optimal pH range for Clostridium carboxidi-
vorans grown on syngas.>'”"' The growth rate found here at pH
5.75 is also close to the maximum value reported recently for that
same strain grown under optimal conditions in batch assays on
carbon monoxide (u,,,, =0.086 h=").2° A pH value of 4.75 is very
close to growth inhibitory conditions (unpublished data), which
explains the observed low biomass build-up in this case. Growth
is concomitant with acidogenesis in clostridia metabolizing C1
gases. Therefore, production of acids started soon after seeding
the bioreactor. Acetic acid appeared immediately after inoculation,
followed by butyric acid production a few hours later; whereas
hexanoic acid was detected for the first time after 68 h. All three
acids reached their maximum concentrations rather simultane-
ously, after 92 h, with the accumulation of 3.45gL~" acetic acid,
0.72 gL~ butyric acid, and 0.18 g L=" hexanoic acid (Fig. 1(b)). As a
result of the fast production of organic acids, a pH value of 4.75 was
reached only 48 h after reactor start-up, and only a few hours after
allowing the pH to drop freely. Although sustained production of
acids would result in further acidification, the pH was then main-
tained constant, as our own experience suggested that a low pH
(<4.75) might inhibit the bacteria. Some authors concluded that
for some bacteria, a pH of at least 4.7-4.8 is necessary to maximize
alcohol production and avoid inhibition of bacterial growth.?'
Medium acidification is generally considered to stimulate
solventogenesis and the conversion of organic acids into
alcohols.37:1022725 After 100 h, at pH 4.75, both acetic and butyric
acid concentrations started gradually decreasing. However,
ethanol and butanol appeared after 44 h, when the concentra-
tion of acids was still increasing exponentially, suggesting that,
at that time, the alcohols could already be produced from the
gaseous substrates rather than from the acids and/or that both
acid production (from the gaseous substrates) and conversion (to
alcohols) was taking place. There was no clear drop in the con-
centration of hexanoic acid; but significant hexanol production
started after 120 h. According to the Wood-Ljungdahl pathway
summarized in Fig. 2 and based on the results shown in Fig. 1(a),
higher alcohols such as hexanol could potentially be produced

from gas fermentation and the bioconversion of acetyl-CoA to
hexanoyl-CoA and, subsequently, to the corresponding alcohol.
Maximum accumulation of alcohols was observed after 212h,
with 2.25 gL~ ethanol, 1.43 gL~ butanol and 0.72 gL~ hexanol
(Fig. 1(b)). Again, this suggests that some hexanol could presum-
ably directly be produced from the gaseous substrates through
acetyl-CoA, besides the potential conversion of the corresponding
acid to the alcohol. The results can be compared with a previous
study?® in which the pH was initially maintained constant (pH 5.75)
for a longer period than in this assay (with natural acidification
here) and was only decreased later on, artificially, to pH 4.75.
In the present case, with natural acidification, pH drops sooner;
this results in somewhat lower maximum concentrations of acids
(due to the low pH). Conversely, the production of alcohols starts
earlier and higher maximum, final, concentrations of alcohols are
obtained.

After 260 h, once alcohol production had stabilised, the pH
was increased gradually and slowly to 5.75 over a period of
25 h. The goal was to check if increasing the pH would again
stimulate the production of acids and help restart a cycle of
acids production followed by their consumption and conversion
to alcohols, as was recently shown to be feasible in another
strain, C. autoethanogenum, grown on carbon monoxide and
producing ethanol.?”2® However, 4 days later all concentrations
remained basically unchanged (Fig. 1(b)), suggesting some pos-
sible inhibitory effect impeding initiation of a new cycle. The
accumulation of alcohols at relatively high concentrations has
been reported to have toxic effects on clostridia grown on car-
bon monoxide.?® However, at total alcohol concentrations not
exceeding about 4g L™, as in this experiment, inhibition by end
metabolites should be minimal. It is unclear if the presence or
absence of any specific compound could have hindered the start
of a new cycle. In order to clarify this, after 407 h, part of the fer-
mentation broth was replaced. Immediately after removing part
of the old medium and introducing fresh culture broth, the bio-
conversion process started again and organic acids were pro-
duced. The biomass concentration decreased somewhat, down to
avalue of 0.36 g L™', because of the dilution effect due to medium
replacement (Fig. 1(a)). The amount of acids and alcohols present
in the medium decreased too, again as a result of the dilution
effect, and their concentrations after partial medium renewal were
0.37gL™" acetic acid, 0.16 gL~ butyric acid, 0.09gL~" hexanoic
acid, 1.04 gL' ethanol, 0.82 g L~" butanol and 0.34 gL' hexanol
(Fig. 1(b)).

The pH of the medium was not artificially maintained constant
after partial medium replacement, so that acidification and natural
pH shift could take place anew. After 499 h, the biomass concen-
tration increased again and reached a value of 0.40gL~", which
is near to the maximum value of the previous cycle (Fig. 1(a)).
Although acids started accumulating immediately after medium
replacement, their production was not high enough to allow the
pH to drop down to 4.75 again. Therefore, a minimum pH value of
5.00 was reached after 647 h, but none of the acids nor the alcohols
were consumed anymore. At the end of that new cycle, the maxi-
mum concentrations of acids were 2.2 gL~ acetic acid, 0.61g L™’
butyric acid and 0.32 g L~" hexanoic acid. They remained roughly
constant until the end of the experiment (Fig. 1(b)). After 499 h,
when the pH started dropping, alcohols accumulated at a higher
rate, whereas the production of acids leveled off. The following
concentrations of alcohols were then detected at the end of the
experiment: 2.03gL™" ethanol, 1.20gL™" butanol and 0.57gL™’
hexanol.
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Figure 1. Continuous gas-fed bioreactor experiment with natural acidification: (a) measured growth expressed in g L™" over time () and pH values (-1);
(b) production of metabolites: acetic acid (s), butyric acid (m), hexanoic acid (@), ethanol (4), butanol (X), hexanol () expressed in mg L~ over time, and
pH values (4); (c) percentage of CO consumption over time (¢), and pH values (-+); (d) percentage of CO, production over time (#),and pH values ().
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Figure 2. Wood -Ljungdahl pathway in H-B-E fermentation.

The total net amount of alcohols generated during the process
was calculated, reaching 3.88g ethanol (2.7 g in the first cycle
and 1.18g in the second cycle), 2.18 g butanol (1.72 g in the first
cycle and 0.46 g in the second cycle) and 1.14 g hexanol (0.869g
in the first cycle and 0.28g in the second cycle) in the 1.2L
bioreactor. The experimental production rates of alcohols were
calculated as well (pH 4.75). In the case of ethanol, the production

rate was 0.048gh~! g~'-biomass between 27h and 168 h. The
butanol production rate was 0.037 gh~" g~'-biomass between
72 h and 168 h; and the hexanol production rate was 0.026 g h~’
g~ '-biomass between 168 h and 212 h.

The redox potential was monitored throughout the exper-
imental process. In the first part of the experiment, after
inoculation, when the pH was around 5.75, the redox poten-
tial was —100 +£5mV, whereas when the bacteria started to
produce acids, at a pH around 4.75, the redox potential changed
to —68 + 2 mV. After partial medium replacement (pH 5.75 again)
the redox potential was —85 +4 mV. Finally, at the end of the
experiment (pH 5.00) the redox potential reached —40 + 20 mV.

Consumption of gaseous C1-substrates

Consumption of the gaseous C1-substrates is hardly ever reported
in studies on syngas or waste gas bioconversion to alcohols, while
this is an important aspect, among others in the case of waste
gas treatment as emission to the atmosphere of pollutants such
as CO,, a potent greenhouse gas, should be avoided. Similarly CO
has clear indirect effects on climate change. CO consumption was
monitored throughout the experiment (Fig. 1(c)). The maximum
CO bioconversion was reached 44 h after inoculation, with a value
of 69%, and in the second stage (i.e. after partial medium renewal)
the maximum consumption was 56.5% after 455 h. During the rest
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of the experiment CO conversion remained around 30-40%. It is
interesting to observe that, after partial renewal of the fermenta-
tion broth, a jump in the levels of CO consumption was detected
with sudden improvement of CO assimilation. This could be due
to a possible presence of some inhibitory compound or to lim-
itation of a specific essential nutrient in the fermented medium
before introducing fresh medium. However, it is also worth noting
that the period after partial medium replacement corresponds to
an acidogenic stage with production of acids mainly, and that the
experimental data suggest that acidogenesis would be related to
higher consumption of the gaseous carbon substrates.

On the other hand, CO, was monitored too (Fig. 1(d)). Its fate
is somewhat more difficult to elucidate, as carbon dioxide is not
only a substrate but also a metabolite. It can be both consumed
and produced, even simultaneously. However, reasonable expla-
nations of the observed trends can be hypothesized. During the
first few hours after bioreactor start-up, as well as just after partial
medium replacement, higher CO, concentrations were detected
at the outlet than at the inlet of the system, with net carbon diox-
ide production and 18-21% higher concentrations detected at the
outlet port compared with the inlet one (Fig. 1(d)). During the rest
of the experiment net CO, removal was observed. A short peak
of maximum CO, production appeared at t =50 h; it then started
to drop to reach a minimum outlet carbon dioxide concentration
after 160 h of bioreactor operation. The maximum consumption
reached 40% of the amount of CO, present in the feed. During
the remaining experimental period, until partial medium renewal,
the average carbon dioxide bioconversion remained, on average,
close to 15% of CO, consumption refered to the inlet concentra-
tion (negative values on Fig. 1(d)). Maximum CO bioconversion
and maximum CO, removal (minimum CO, concentrations at the
outlet of the fermentor) were detected simultaneously. The peaks
of net carbon dioxide production observed occasionally, just after
start-up (t ~ 50 h) and after medium replacement (t ~ 450 h) corre-
spond to the exponential accumulation of organic acids (mainly
acetic, as well as some butyric, acids). It is thus also simultane-
ous with biomass growth. This sounds logical, as the production of
acids from substrates such as carbon monoxide, present in syngas
or waste gases, leads to the simultaneous accumulation of carbon
dioxide as suggested from the Wood -Ljungdahl pathway and as
shown in Equation (1) for acetic acid and Equation (2) for butyric
acid:?

4CO + 2H,0 — CH;COOH + 2C0, (1)

10CO + 4H,0 — CH, (CH,), COOH + 6CO, )

Once the production of acids stops, no more carbon dioxide
is generated, resulting in net consumption of that gaseous C1
substrate to produce ethanol, butanol or eventually hexanol as
shown in Equations (3) to (5):3

6H, + 2C0, — C,HOH + 3H,0 (3)
12H, + 4C0, — C,H,OH + 7H,0 (4)
18H, + 6C0, — C4H,30H + 11H,0 (5)

Moreover, typical reactions of bioconversion of organic acids
to alcohols do not produce any carbon dioxide either, as can be

seen in Equations (6), (7) and (8), for ethanol, butanol and hexanol,
respectively:

CH,;COOH + 2H, — C,HsOH + H,0 (6)
CH, (CH,), COOH + 2H, — C,H,0H + H,0 @)
CHj (CH,), COOH + 2H, — C4H,30H + H,0 €)

Continuous gas-fed bioreactor at constant pH

Biomass growth and production of metabolites

This experiment was started in a similar way to the previous one,
except that a high pH value was maintained constant throughout
the study in order to check how this would affect the production
of acids and if their concentration might reach higher values, with-
out any inhibition, eventually resulting in increased accumulation
of alcohols. Again, the bacteria started growing immediately after
inoculation, without any lag phase. The maximum biomass con-
centration was observed 91 h after inoculation (Fig. 3(a)). Growth
data appearing in Fig. 3(a) confirm the trend already observed
in the previous experiment in Fig. 1(a), with high growth rates
(0.056 h~") and fast biomass production at high pH (5.75) (Fig. 1(a)
and 3(a)), compared with slower kinetics at pH4.75 (Fig. 1(a)). In
the previous experiment, acidification and omission of pH regu-
lation resulted in slow growth with maximum biomass concentra-
tion reached after 236 h, whereas the constant higher pH of 5.75 in
this new experiment allowed the bacteria to grow faster, reaching
a maximum bacterial concentration after 91 h.

The first acid produced in this experiment, under pH regulated
conditions, was acetic acid followed by butyric acid and finally hex-
anoic acid, similarly to the previous experiment with natural acid-
ification. The highest concentrations of acetic and butyric acids
were found, in both cases, after 116 h, although acetic acid started
being produced earlier than butyric acid. Those maximum val-
ues were 6.20 g L™ for acetic acid and 1.40 g L™ for butyric acid,
whereas the maximum hexanoic acid concentration was 0.40g L™’
and was reached later, after 258 h (Fig. 3(b)). Hexanoic acid pro-
duction started only on the fourth day, after 100 h. Maintaining a
constant high pH value of 5.75 in this experiment allowed higher
total concentrations of acids than in the experiment with the pH
naturally dropping down to a value of 4.75. This was also observed
in another experiment in which CO was used as substrate rather
than syngas.?® The maximum amount of organic acids accumulat-
ing in the case of natural acidification was about half the amount
obtained at a constant pH of 5.75 as it corresponded to 3.45g L™’
acetic acid, 0.72gL™" butyric acid and 0.18gL~" hexanoic acid
(Fig. 1(b)) at low pH (4.75) compared with 6.20gL™" acetic acid,
1.40 g L™ butyric acid and 0.40 g L~! hexanoic acid at this higher
pH (5.75).

In the previous experiment, the production of alcohols took
place as soon as acidification started, almost immediately after
inoculation. This means that, at such low pH, there is coexistence
of acidogenesis and solventogenesis in C. carboxidivorans and it
indicates that, under such experimental conditions, both biocon-
version processes can take place simultaneously. Conversely, in
this new experiment at higher pH, the exponential production
of ethanol appeared later, several hours after inoculation (around
t=96h), while butanol and hexanol production started after 116
and 163 h, respectively. The maximum alcohol concentrations in
this assay at constant pH were 2.7 gL' ethanol, 1.9g L~ butanol
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Figure 3. Continuous gas-fed bioreactor experiment at constant pH. (a) measured growth expressed in g L=! over time (¢); (b) production of metabolites:
acetic acid (#), butyric acid (m), hexanoic acid (@), ethanol (4), butanol (X), hexanol () expressed in mg L~! over time; (c) percentage of CO consumption

over time (¢); (d) percentage of CO, production over time (s).

and 0.85 g L~" hexanol, which were reached after 310 h (Fig. 3(b)).
It is agreed that the gas (i.e. substrate) composition may have
an effect on the bioconversion pattern. In the present study with
syngas (CO, CO,, H,) a somewhat lower conversion of acids to
alcohols was observed compared with results for pure CO as sub-
strate, reported recently.?® In both experiments described in the
present paper, the pH remained constant during the solvento-
genic phase. Indeed, a low pH value of 4.75 was quickly reached
in the first experiment, through natural acidification, and it was
then maintained constant during solvent production in order to
avoid any inhibitory effect. Similarly, in this new experiment the pH
remained constant during solventogenesis but at a higher value
of 5.75. In the latter experiment (pH5.75), as already indicated
above, the maximum concentrations of ethanol, butanol and hex-
anolwere2.7gL™",1.9gL~"and 0.85g L™, respectively (Fig. 3(b)),
which were higher values than in the experiment at pH 4.75, where
the maximum concentrations of ethanol, butanol and hexanol
were 2.25gL7", 1.43gL™", and 0.72gL~", respectively (Fig. 1(b)).
The higher concentrations of solvents at higher pH can thus be
assumed to be related to the higher production of acids at con-
stant high pH. When the production rates of each alcohol are ana-
lyzed, different patterns are observed in the two experiments, as
summarized in Table 1.In all cases, the production rates of alcohols
were higherin the first experiment than in the second one. This can
be attributed to the fact that a lower pH simulates a more effec-
tive solventogenic phase and, consequently, the production rates
of alcohols are higher.”2° A similar pattern was observed in a previ-
ous study in which pure CO was fermented, rather than syngas, by
the same microbial strain and at two different pH values.?® In that

Table 1. Comparison of the different production rates of alcohols
in the experiment at high pH (5.75) and the experiment with nat-
ural medium acidification (4.75). The rates are expressed in g h™!
g~'-biomass

Ethanol Butanol Hexanol
production production production
rate rate rate
Experiment 1 (pH 4.75) 0.048 0.037 0.026
Experiment 2 (pH 5.75) 0.044 0.035 0.014

experiment ethanol and butanol production rates were higher at
pH4.75 than at pH 5.75.

In the present experiment, at constant high pH, the following
total net productions of alcohols were found: ethanol, 3.24g;
butanol, 2.28¢g; and hexanol, 1.02g; in a 1.2L bioreactor. The
production rates, at pH 5.75, were calculated for each alcohol.
The ethanol production rate reached 0.044gh~' g~'-biomass
between 116 h and 284 h; the butanol production rate reached
0.035gh~! g~'-biomass over that same period; and the hexanol
production rate was 0.014gh~" g~'-biomass between 163 h and
330 h. Besides, the total net production of butanol and ethanol can
also be compared between the CO fermentation study reported
previously?® and this syngas fermentation at pH 4.75, correspond-
ing to the first experiment described in the previous section. In
the CO fermentation process, the total net production of ethanol
and butanol was 4.21 g and 2.29 g, respectively,?® whereas 3.88 g
ethanol and 2.18g butanol were obtained at the end of this
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syngas fermentation process. Thus both values are quite similar.
It is worth mentioning that in our previous recent study on CO
fermentation,?® the presence of hexanol was not reported, as
it had not been measured at that time, although subsequent
analysis revealed that hexanol was actually also produced, in
similar amounts to that in syngas fermentation. The redox poten-
tial was also measured throughout the study. When the pH
was maintained at 5.75 the redox potential remained stable at
—-85+3mV.

Consumption of gaseous C1-substrates

Concerning CO consumption in this second experiment, at con-
stant pH, the results can be seen in Fig. 3(c). When the pH was
maintained at 5.75, such higher pH seemed to favour higher lev-
els of CO assimilation. The highest percentage CO consumption
was observed during the first stages of the experiment reaching
a value of 76% after 91 h, which is higher than the maximum value
found in the previous experiment with acidification of the cul-
ture medium. During the rest of the process, mainly during the
solventogenic stage, CO consumption gradually decayed, reach-
ing a minimum value of 38% at the end of the experiment. On
average, CO consumption levels were also somewhat higher in
this experiment at constant high pH (5.75) compared with the
previous experiment with culture medium acidification down to
pH 4.75.

A similar behaviour is observed in this experiment to that in
the previous one, leading to similar explanations and confirming
the conclusions hypothesized in the first fermentation run. High
carbon monoxide consumption levels are observed initially, after
start-up. This leads to fast biomass growth as well as exponential
production of organic acids, mainly acetic acid. As explained ear-
lier and as shown in Equations (1) and (2), the accumulation of
acids leads to the simultaneous net production of carbon dioxide,
reaching its highest peak during the early stages of the fermenta-
tion process (Fig. 3(d)). This is also related to the Wood -Ljungdahl
(WL) pathway in which CO can be converted into CO,. Both C1
gases can later on also be metabolized through the WL pathway
to generate acetyl-CoA which is an intermediate metabolite in the
subsequent bioconversion to organic acids and/or alcohols (Fig. 2).
After 100 h, the concentration of carbon dioxide decays and, at the
same time, organic acids are metabolized and converted to alco-
hols (Equations (6) to (8)), with carbon dioxide consumption. Once
the fermentation of organic acids stops, net CO, consumption is
observed (Fig. 3(d)).

CONCLUSIONS

It can be concluded that: (a) a high pH (5.75) value was more favor-
able to syngas/waste gas bioconversion to organic acids than a
low pH (4.75), thus reaching a higher transient accumulation of
such acids; (b) faster production rates of alcohols were observed
at lower pH (favourable to solventogenesis), while a higher total
amount of alcohols accumulated at higher pH as a result of the
presence of higher transient concentrations of organic acids; (c)
organic acids and alcohols are produced in the following order
in all cases: C2 > C4 > C6; (d) although it stimulates solventogen-
esis, a lower pH has a negative effect on bacterial growth, reach-
ing near inhibition below pH4.75; and (e) H-B-E fermentation
allows net removal of volatile pollutants having a greenhouse
effect, such as CO, or CO, while producing ethanol and higher
alcohols.

ACKNOWLEDGEMENTS

Our research on bioconversion of syngas and waste gases to
fuels and bioproducts is financially supported by the Spanish
Ministry of Economy and Competitiveness (MINECO) through
project CTM2013-45581-R, as well as European FEDER funds. AFN
acknowledges a pre-doctoral fellowship from the Xunta de Galicia
(Spain).

REFERENCES

1 Diender M, Stams AJM and Sousa DZ, Production of medium-chain
fatty acids and higher alcohols by a synthetic co-culture grown on
carbon monoxide or syngas. Biotechnol Biofuels 9:82 (2016).

2 Abubackar HN, Veiga MC and Kennes C, Biological conversion of car-
bon monoxide-rich syngas or waste gases to bioethanol. Biofuels
Bioprod Biorefin 5:93-114 (2011).

3 Fernandez-Naveira A, Veiga MC and Kennes C, H-B-E (hexanol-butanol-
ethanol) fermentation for the production of higher alcohols from
syngas/waste gas. J Chem Technol Biotechnol doi 10.1002/jctb.5194.
(in press, 2017).

4 Groenestijn vanJW, Abubackar HN, Veiga MC and Kennes C, Bioethanol
in Air Pollution Prevention and Control: Bioreactors and Bioenergy,
(Chapter 18), ed by Kennes C and Veiga MC. J Wiley & Sons, Chich-
ester, UK, 431-463 (2013).

5 Wallner T, Miers SA and McConnell S, A comparison of ethanol
and butanol as oxygenates using a direct-injection, spark-ignition
engine.J Eng Gas Turbines Power 131:032802 (2009).

6 Durre P, Biobutanol: an attractive biofuel. Biotechnol J 2:1525-1534
(2007).

7 Lee SY, Park JH, Jang SH, Nielsen LK, Kim J and Jung KS, Fermentative
butanol production by clostridia. Biotechnol Bioeng 101:209-228
(2008).

8 Chuck CJ and Donnelly J, The compatibility of potential bioderived
fuels with Jet A-1 aviation kerosene. Appl Energy 118:83-91 (2014).

9 Vigneswaran M and Thirumalini S, Experimental investigation of using
n-hexanol as additive to n-butanol/diesel blends in diesel engine to
study the emission and performance characteristics. Int J Appl Engin
Res 10:38984-38988 (2015).

10 Kennes D, Abubackar HN, Diaz M, Veiga MC and Kennes C, Bioethanol
production from biomass: carbohydrate vs syngas fermentation. J
Chem Technol Biotechnol 91:304-317 (2016).

11 Balat M and Balat H, Recent trends in global production and utilization
of bio-ethanol fuel. Appl Energy 86:2273-2282 (2009).

12 Heidenreich S and Foscolo PU, New concepts in biomass gasification.
Prog Energy Combust Sci 46:72-95 (2015).

13 Vassilev SV, Vassileva CG and Vassilev VS, Advantages and disadvan-
tages of composition and properties of biomass in comparison with
coal: an overview. Fuel 158:330-350 (2015).

14 Herndndez AB, Ferrasse JH and Roche N, Limiting the pollutant con-
tent in the sewage sludge producer gas through staged gasifica-
tion. Chem Eng Technol 36:1985-1996 (2013).

15 Ahmed A, Cateni BG, Huhnken RL and Lewis RS, Effects of
biomass-generated producer gas constituents on cell growth,
product distribution and hydrogenase activity of Clostridium
carboxidivorans P7(T). Biomass Bioenergy 30:665-667 (2006).

16 Haryanto A, Fernando SD, Pordesimo LO and Adhikari S, Upgrading
of syngas derived from biomass gasification: a thermodynamic
analysis. Biomass Bioenergy 33:882-889 (2009).

17 Liou JSC, Balkwill DL, Drake GR and Tanner RS, Clostridium carbox-
idivorans sp. nov., a solvent-producing clostridium isolated from
an agricultural settling lagoon, and reclassification of the aceto-
gen Clostridium scatologenes strain SL1 as Clostridium drakei sp. nov.
Int J Syst Evol Microbiol 55:2085-2091 (2005).

18 Tanner RS, Cultivation of bacteria and fungi, in Manual of Environmental
Microbiology, ed by Hurst CJ, Crawford RL, Garland JL, Lipson DA,
Mills AL and Stetzenbach LD. ASM Press, Washington DC, 69-78
(2007).

19 Abubackar HN, Veiga MC and Kennes C, Biological conversion of
carbon monoxide to ethanol: effect of pH, gas pressure, reducing
agent and yeast extract. Bioresource Technol 114:518-522 (2012).

20 Fernandez-Naveira A, Abubackar HN, Veiga MC and Kennes C, Carbon
monoxide bioconversion to butanol-ethanol by Clostridium carbox-
idivorans: kinetics and toxicity of alcohols. Appl Microbiol Biotechnol
100:4231-4240 (2016).

wileyonlinelibrary.com/jctb

© 2017 Society of Chemical Industry

J Chem Technol Biotechnol 2017;92:1178-1185



Syngas fermentation for production of higher alcohols

@)
SClI

WWW.S0Ci.org

21 Ganigué R, Sanchez-Paredes P, Bafieras L and Colprim J, Low firmenta-
tion pH is a trigger to alcohol production, but a killer to chain elon-
gation. Front Microbiol 7:702 (2016).

22 Jones DT and Woods DR, Acetone-butanol fermentation revisited.
Microbiol Rev 50:484-524 (1986).

23 Grethlein AJ, Worden RM, Jain MK and Datta R, Evidence for produc-
tion of n-butanol from carbon monoxide by Buryribacterium methy-
lotrophicum. J Ferment Bioeng 72:58-60 (1991).

24 Phillips JR, Atiyeh HK, Tanner RS, Torres JR, Saxena J, Wilkins MR
et al., Butanol and hexanol production in Clostridium carboxidivorans
syngas fermentation: medium development and culture techniques.
Bioresourcce Technol 190:114-121 (2015).

25 Millat T, Janssen H, Bah H, Fischer RJ and Wolkenhauer O,
The pH-induced metabolic shift from acidogenesis to

solventogenesis in Clostridium acetobutylicum — from experi-
ments to models. Experimental Standard Conditions of Enzyme
Characterization 33-53 (2011).

26 Fernandez-Naveira A, Abubackar HN, Veiga MC and Kennes C, Effi-
cient butanol-ethanol (B-E) production from carbon monoxide fer-
mentation in Clostridium carboxidivorans. Appl Microbiol Biotechnol
100:3361-3370 (2016).

27 Abubackar HN, Ferndndez-Naveira A, Veiga MC and Kennes C, Impact
of cyclic pH shifts on carbon monoxide fermentation to ethanol by
Clostridium autoethanogenum. Fuel 178:56-62 (2016).

28 Abubackar HN,Bengelsdorf FR, Dirre P,Veiga MC andKennes C,
Improved operating strategy for continuous fermentation of carbon
monoxide to fuel-ethanol by clostridia. Appl Energy 169:210-217
(2016).

J Chem Technol Biotechnol 2017;92:1178-1185

© 2017 Society of Chemical Industry

wileyonlinelibrary.com/jctb




Bioresource Technology 244 (2017) 552-559

journal homepage: www.elsevier.com/locate/biortech

Contents lists available at ScienceDirect

Bioresource Technology

BIORESOURCE
TECHNOLOGY

Glucose bioconversion profile in the syngas-metabolizing species Clostridium

carboxidivorans

@ CrossMark

Anxela Ferndndez-Naveira, Maria C. Veiga, Christian Kennes"

Chemical Engineering Laboratory, Faculty of Sciences and Center for Advanced Scientific Research (CICA), University of La Corufia, Riia da Fraga 10, E-15008 La Corufia,

Spain

ARTICLE INFO ABSTRACT
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Some clostridia produce alcohols (ethanol, butanol, hexanol) from gases (CO, CO,, H,) and others from car-
bohydrates (e.g., glucose). C. carboxidivorans can metabolize both gases as well as glucose. However, its bio-
conversion profile on glucose had not been reported. It was observed that C. carboxidivorans does not follow a
typical solventogenic stage when grown on glucose. Indeed, at pH 6.2, it produced first a broad range of acids
(acetic, butyric, hexanoic, formic, and lactic acids), several of which are generally not found, under similar

conditions, during gas fermentation. Medium acidification did not allow the conversion of fatty acids into sol-
vents. Production of some alcohols from glucose was observed in C. carboxidivorans but at high pH rather than
under acidic conditions, and the total concentration of those solvents was low. At high pH, formic acid was
produced first and later converted to acetic acid, but organic acids were not metabolized at low pH.

1. Introduction

Many fuels and platform chemicals are, nowadays, still largely being
obtained from crude oil as starting material in conventional refineries.
Because of the instability of oil prices, the environmental impact and
the increasing scarcity of crude oil, scientists and industries are being
forced to look for new alternative feedstocks to produce metabolites of
interest in a more sustainable way in biorefineries (Gowen and Fong,
2011; Abdehagh et al., 2014; Liu et al., 2016). Some examples of such
metabolites are acetone, methanol, ethanol, butanol and hexanol, to
cite just few. The latter compounds can be produced from renewable
materials such as lignocellulosic biomass, but also from municipal or
agricultural wastes. They can be used to obtain either simple fermen-
table sugars or, otherwise, syngas, which can be fermented by clostridia
into biofuels and other bioproducts.

Lignocellulosic materials are composed of cellulose (35-50%),
hemicellulose (20-35%), and lignin (15-20%) (Anwar et al., 2014).
Cellulose is mainly a glucose polymer, while hemicellulose is largely
composed of hexoses and pentoses, e.g. glucose, xylose, arabinose,
mannose, galactose (Karimi et al., 2006; Saha, 2003). Lignin does un-
fortunately not yield any sugars. Pretreatments are necessary in order to
extract carbohydrates from the cellulose and hemicellulose polymers;
those carbohydrates can then be fermented by different microorganisms
(Hendriks and Zeeman, 2009). The most studied organism is Clostridium
acetobutylicum. There are two major different types of pretreatments of
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lignocellulosic materials, enzymatic hydrolysis and chemical hydro-
lysis. The first one is largely used due to the low production of by-
products which could inhibit the fermentation process compared to
chemical hydrolysis (Qureshi and Manderson, 1995; Rabinovich et al.,
2002; Jonsson et al., 2013). Several studies have focussed on ABE fer-
mentation, which is the bioconversion of carbohydrates by clostridia in
order to obtain a mixture of acetone, butanol and ethanol (Jones and
Woods, 1986). All three metabolites are not necessarily found, de-
pending on the strain.

On the other side, the above mentioned feedstocks can be gasified.
This will yield a volatile product called synthetic gas or syngas (Kennes
et al., 2016). In case of lignocellulosic materials, all the polymeric
structure, i.e. cellulose, hemicellulose, but also lignin, can be gasified
and converted to syngas, resulting in a better, full, use of the starting
material. This gas mixture can then also be fermented by clostridia. In
case of species such as C. autoethanogenum or C. ljungdahlii, the main
products which are formed are acetic acid first and then ethanol
(Abubackar et al., 2011; van Groenestijn et al., 2013). In other species,
such as Clostridium carboxidivorans, a mixture of organic acids appears
initially (acetic, butyric, hexanoic acids), followed by the accumulation
of the corresponding C2, C4, and C6 alcohols (ethanol, butanol, hex-
anol), in the novel HBE fermentation process (Fernandez-Naveira et al.,
2017a,b). It is a two-steps process characterized by exponential bac-
terial growth first and the production of different organic acids as major
products. When the conditions become favourable, then the second step
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takes place, in which the acids are converted into ethanol and higher
alcohols by the same bacteria (Ferndndez-Naveira et al., 2017b; Phillips
et al., 2015). Alternatively, the accumulation of fatty acids rather than
solvents could be stimulated, with further bioconversion of such acids
into other products by different microorganisms in a two-stage process
(Lagoa-Costa et al., 2017).

Since C. carboxidivorans is able to ferment gases and produce acids
and then alcohols (HBE fermentation); in the present study, the main
goal was to check if that species would also be able to use sugars, such
as glucose, as carbon source while following a similar bioconversion
profile as in the ABE fermentation, or otherwise what would be its
metabolic profile with sugars compared to the HBE and the ABE fer-
mentation processes in clostridia.

The experiments were carried out in three bioreactors in order to
elucidate the metabolic profile of glucose fermentation by C. carbox-
idivorans. Besides, another major objective of this research was to study
the effect of different pH and operating conditions in order to try to
improve the production of alcohols or solvents. Three bioreactors were
run with different operational conditions, the first one with constant
pH, the second one without pH regulation and the last one with a
change of pH at the end of the acidogenic stage; the idea being to find
how the operational conditions affect sugar fermentation in C. carbox-
idivorans and to check to what extent the production of solvents from
carbohydrates is possible and if it can be optimized.

2. Material and methods
2.1. Microorganism and culture media

C. carboxidivorans DSM 15243 was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany) and was maintained anaerobically on mod-
ified basal medium (Liou et al., 2005; Tanner, 2007) at pH 5.75 with
glucose as the sole carbon source. The basal medium was composed of
(per liter distilled water): 30 g glucose; 1 g yeast extract; 25 mL mineral
solution; 10 mL trace metal solution; 10 mL of vitamins stock solution;
1 mL resazurin; 0.60 g cysteine-HCI.

The composition of the mineral stock solution was (per liter) 80 g
sodium chloride, 100 g ammonium chloride, 10 g potassium chloride,
10 g potassium monophosphate, 20 g magnesium sulphate, and 4 g
calcium chloride.

The composition of vitamin stock solution was (per liter) 10 mg
pyridoxine, 5 mg each of thiamine, riboflavin, calcium pantothenate,
thioctic acid, paraamino benzoic acid, nicotinic acid, and vitamin B12,
and 2 mg each of d-biotin, folic acid, and 2-mercaptoethanesulphonic
acid.

The composition of trace metal stock solution was (per liter) 2 g
nitrilotriacetic acid, 1 g manganese sulphate, 0.80 g ferrous ammonium
sulphate, 0.20 g cobalt chloride, 0.20 g zinc sulphate, and 20 mg each
of cupric chloride, nickel chloride, sodium molybdate, sodium selenate,
and sodium tungstate.

2.2. Continuous bioreactor experiments

Three bioreactor experiments were carried out in 2 L. BIOFLO 110
bioreactors (New Brunswick Scientific, Edison, NJ, USA). The final
working volume in the three experiments was 1.2 L; using in all cases
the same medium composition and glucose concentrations.

The medium with all the compounds, except glucose, vitamins and
cysteine-HCl, was introduced in the bioreactor and autoclaved at 120 °C
for 20 min. Once autoclaving finalized, the bioreactor was kept under
an extraction hood where it was flushed with N, in order to ensure
anaerobic conditions. The vitamins solution, glucose stock solution and
cysteine-HCI were added when the bioreactor reached a temperature
below 40 °C. Once the bioreactor medium was completely anaerobic, N
flushing was stopped. Then, 10% seed culture, in the early exponential
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growth phase (through previously growing the strain for 72 h with
glucose) was inoculated in the bioreactor. The experimental conditions
of the three bioreactors were the same, with the temperature of the
medium maintained at 33 °C and a constant agitation speed of 250 rpm.
Inside the bioreactor, four baffles avoided vortex formation and al-
lowed thus to improve liquid mixing. The pH was automatically
maintained constant through the addition of either 2M NaOH or 2M
HCI solutions, by means of a peristaltic pump.

In the first experiment, the pH was maintained constant at 6.20
throughout the study. In the second experiment, the pH was maintained
constant at 6.20 during the first 52 h, but afterwards automatic pH
regulation was stopped. That way natural acidification took place, as a
result of the production of acids, reaching a pH value of 5.20, which
was then maintained constant. In the third experiment, the pH was
maintained constant at 6.20 during the first hours, and when the
maximum concentration of acids was reached, the pH regulation was
changed to 5.20 adding HCI 2M in a gradual way.

2.3. Growth measurement

The optical density (OD,—goonm) Was measured daily on a
UV-visible spectrophotometer (Hitachi, Model U-200, Pacisa & Giralt,
Madrid, Spain) removing 1 mL liquid samples from the bioreactors. The
biomass concentration (g/L) was estimated using a previously gener-
ated calibration curve.

2.4. Fermentation products

At least every 24 h, 1 mL liquid sample was taken from each bior-
eactor and then centrifuged (7000g, 3 min) using a bench-centrifuge
(ELMI Skyline 1td CM 70MO07). The samples were then filtered through
a filter with a pore size of 0.22 uym. They were then analyzed on an
HPLC (HP1100, Agilent Co., USA) in order to determinate the con-
centrations of acids and alcohols present in liquid phase in the bior-
eactors. The HPLC was equipped with a 5um X 4 mm X 250 mm
Hypersil ODS column and a UV detector at a wavelength of 284 nm.
The mobile phase was a 0.1% ortho-phosphoric acid solution fed at a
flow rate of 0.5 mL/min.

2.5. Redox potential

The redox potential was constantly monitored in each bioreactor
using an Ag/AgCl reference electrode connected to a transmitter
(M300, Mettler Toledo, Inc., Bedford, MA, USA) and maintained inside
the bioreactor.

2.6. 16S rDNA analysis of bioreactor cells

Samples from the different bioreactors were taken during the ex-
periments as well as at the end of each assay and were analyzed using
16S rDNA gene sequencing in order to confirm the stability and purity
of the inoculated strain in each experiment. The DNA extraction pro-
cedure was performed as per the manufacturer’s protocol using E.Z.N.A.
Tissue DNA Kit (Omega Bio-Tek). After the DNA extraction, the quality
of the DNA samples was analyzed using a NanoDrop ND-1000 spec-
trophotometer (Wilmington, DE). A sequence of 1500 bp was amplified
to obtain the 16S rDNA using a PCR. To obtain the complete sequence, a
genetic analyzer 313XL Apply Biosystem was used using the Sanger
method, in order to obtain different fragments of the complete se-
quence. Later, these sequence fragments were used in the program
CLUSTAL W, in order to determinate the query sequence of the 16S
rDNA of each sample. The query sequence allows to identify the mi-
crobial strain with help of the BLAST (Basic Local Alignment Search
Tool) program, using the database 16S ribosomal RNA sequences
(Bacteria and Archaea).
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3. Results and discussion
3.1. Glucose bioreactor at constant pH

A common characteristic of some Clostridium spp. is their ability to
produce both organic acids and alcohols or other solvents (e.g acetone),
either through the ABE fermentation with carbohydrates as carbon
sources or through the HBE fermentation with gaseous substrates.
Those are two-step bioconversion processes in which organic acids are
produced first (acidogenesis), at near-neutral or slightly acidic pH, to-
gether with biomass growth; followed by a second step consisting in the
production of solvents (mainly alcohols, acetone) (solventogenesis)
after acidification of the medium as a result of the production and
subsequent bioconversion of acids into those solvents. Organisms such
as Clostridium acetobutylicum convert sugars into volatile fatty acids and
produce later acetone, butanol and ethanol (ABE fermentation). In a
similar way, C. carboxidivorans is a bacterial species able to perform the
HBE fermentation using substrates such as CO (Ferndndez-Naveira
et al., 2016) or syngas (CO, CO,, Hy) (Fernandez-Naveira et al., 2017c;
Phillips et al., 2015) following the above described two-step bio-
conversion process. Previous recent studies (Fernandez-Naveira et al.,
2017c) have shown that both acidogenesis and solventogenesis can take
place at slightly acidic pH (around pH 6), before any stronger acid-
ification. Experiments were performed here under different pH condi-
tions, in order to check the bioconversion characteristics of C. carbox-
idivorans and its potential to produce acids and alcohols from glucose,
in a similar way as in the ABE fermentation in other clostridia. A first
experiment was performed at a constant, slightly acidic, pH of 6.20 and
the results were compared to the ABE and HBE fermentation profiles.

In this first experiment at constant pH, after bioreactor inoculation,
C. carboxidivorans started growing and entered the exponential growth
phase quite soon (Fig. 1A). A maximum biomass concentration of
0.502 g/L was reached 71 h after inoculation, with its bacterial growth
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rate reaching 0.080 h™? in the log phase. This value is very similar to
the ones found previously when growing that strain either on CO
(Fernandez-Naveira et al., 2016) or on syngas (Fernandez-Naveira
et al., 2017c) at a similar pH (pH 5.75).

3.1.1. Glucose bioconversion profile

The exponential consumption of glucose started about 24 h after
inoculation and ended approximately 80 h after starting the experi-
ment, concomitant with the log-growth; followed by a lower residual
substrate consumption up to about 100 h. At the end of the assay the
total net glucose consumption was 26.73 g/L, which corresponds to an
overall substrate assimilation of 81%. However, most of it was con-
sumed during the exponential growth phase, corresponding to 78% of
that overall consumption (Fig. 1B).

Contrary to the HBE fermentation profile of C. carboxidivorans in
which a limited number of organic acids (acetic, butyric and hexanoic
acids, mainly) and alcohols (ethanol, butanol, hexanol) are produced as
sole metabolites, in the present case with glucose as carbon source, a
wider range of acids was found in the culture medium, at non-negligible
concentrations. Similarly, in the ABE fermentation, with species such as
C. acetobutylicum, acetic acid and butyric acid are the only major acids
produced (Millat and Winzer, 2017). In glucose bioconversion by C.
carboxidivorans, the production of acids started simultaneously to sugar
consumption. Acetic acid and formic acid were the first metabolites
appearing in the fermentation broth, which is different from the bio-
conversion of CO or syngas by that organism, in which acetic acid is
also the first metabolite to be detected but no formic acid is found.
Butyric acid and lactic acid appeared a few hours later and their con-
centrations increased quite fast. Almost at the same time, isobutyric
acid and propionic acid were found as well but in minor concentrations.
Hexanoic acid started being produced still later, 71 h after bioreactor
start-up (Fig. 1C). This is another difference with the HBE gas-fermen-
tation in C. carboxidivorans, in which hexanoic acid is the third most
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Fig. 1. Glucose bioreactor at constant pH. (A): measured growth expressed in g/L over time. (B): glucose consumption over time with concentrations expressed in g/L. (C): product
formation over time (acetic acid, butyric acid, isobutyric acid, propionic acid, lactic acid, formic acid, hexanoic acid, ethanol, butanol and hexanol).
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abundant acid after acetic and butyric acids with basically no other
acids detected. The presence of formic acid in the culture medium has
never been reported in the gas fermentation process, but it is the second
most abundant acid in this glucose fermentation. Lactic acid and formic
acid reached their maximum concentrations of 0.97 g/L and 2.92 g/L,
respectively, after 99 h already. After 180 h, the maximum concentra-
tions of isobutyric acid and propionic acid were found, with values of
0.38 g/L and 0.17 g/L, respectively. Interestingly, the accumulation of
some acids, mainly acetic acid went on for a quite long period of time
still after glucose consumption had stopped (after approximately
80-100 h, as explained earlier). The maximum concentration of acetic
acid was reached after 363 h, with a value of 7.2 g/L, which is almost
twice the concentration reached at the end of glucose consumption,
suggesting that acetic acid could be produced from another compound
than glucose. The concentration of formic acid started decreasing once
glucose consumption leveled off, while the acetic acid concentration
kept increasing. Overall, 2.60 g/L of the produced formic acid was
consumed, leaving only 0.34 g/L in the medium by the end of the ex-
periment. Therefore, a relationship between formic acid elimination
and further acetic acid accumulation can reasonably be hypothesized,
as will be discussed in next experiments. Maximum butyric acid and
hexanoic acid concentrations of 1.85 g/L and 0.54 g/L, respectively,
were reached after 483 h (Fig. 1C). That way the main acids present in
the fermentation broth at the end of the experiment were: acetic
acid > butyric acid > lactic acid > hexanoic acid > isobutyric
acid > formic acid > propionic acid.

In terms of solvents, despite working at a relatively high pH (6.20),
ethanol started being produced soon, 24-32 h after start-up. Butanol
was detected somewhat later but after 47 h already, when the con-
centration of acids was still increasing. A similar behavior was reported
in the HBE fermentation with C. carboxidivorans and CO or syngas as
substrates, at pH 5.75 (Fernandez-Naveira et al., 2016, 2017c). With all
three substrates (CO, syngas, glucose), ethanol appears soon during the

acidification stage, and butanol is always detected around the 44-50 h
after inoculation with the three different carbon sources. The produc-
tion of hexanol started later, after 150 h. The maximum concentrations
of alcohols were 1.78 g/L ethanol, 0.33 g/L butanol and 0.06 g/L hex-
anol (Fig. 1C), but contrary to the ABE fermentation with glucose or the
HBE fermentation with gases, here most of the alcohols appeared
during the consumption of the original substrate (glucose) (first
3-4 days) and no clear correlation could be found between alcohol
production and any possible consumption of organic fatty acids. Al-
though simultaneous production and consumption of acetic acid could
have taken place, its net concentration did never decrease, suggesting
that alcohols such as ethanol and butanol could have been produced
directly from glucose rather than from the organic acids. No acetone
was found with C. carboxidivorans, although this is a common meta-
bolite in ABE fermentation with other clostridia. It was recently shown
that organism lacks genes for acetone production (Bruant et al., 2010;
Ferndndez-Naveira et al., 2017b).

The maximum ethanol production rate was much higher than for
other alcohols, reaching 0.072 g/h*g biomass, between 32 h and 71 h.
The butanol production rate was 0.008 g/h*g biomass, between 47 h
and 147 h; and the hexanol production rate was only 0.001 g/h*g
biomass, between 219 and 315 h.

The RedOx potential was monitored. On starting-up the bioreactor
and during the first hours, organic acids were largely produced and
automatic addition of sodium hydroxide was required in order to
maintain a constant pH of 6.20. The RedOx potential was then
—145.0 = 5mV. Interestingly, when the bioreactor started to con-
sume HCI, the RedOx decreased to values of —320.0 + 5mV.

3.2. Glucose bioreactor with natural acidification

High amounts of acids were produced in the previous experiment at
a high, constant, pH of 6.20. In C. carboxidivorans, alcohols have been

555



A. Ferndndez-Naveira et al.

found to be produced (solventogenesis) both at high (e.g., 6 or above) as
well as lower pH (e.g, 5 or below), during HBE fermentation
(Fernandez-Naveira et al., 2017c). However, in ABE fermentation with
glucose as substrate, solventogenesis has frequently been reported to be
stimulated during medium acidification, after the production of acids
(Schiel-Bengelsdorf et al., 2013; Fernandez-Naveira et al., 2017b).
Therefore, because of the absence of significant amounts of solvents in
the first experiment at a constant pH of 6.20, compared to the HBE
fermentation, a new assay was set-up with natural acidification, in
order to check if this would change the metabolic profile of C. car-
boxidivorans and if it could stimulate solventogenesis.

The pH value was initially maintained constant at 6.20 for the first
two days to ensure good bacterial growth. After 52 h, natural acid-
ification was allowed to take place in order to check its possible sti-
mulating effect on solventogenesis. Similarly as in the previous ex-
periment and since the bioreactor start-up conditions were the same, C.
carboxidivorans started growing without any lag phase, reaching a
maximum biomass concentration of 0.546 g/L 46 h after inoculation
(Fig. 2A). The bacterial growth rate was 0.087 h ™! measured during the
exponential growth phase, up to 30 h. This value is similar as in the
previous assay; with a slight difference which can be explained by the
limited number of data points available for calculations. pH was al-
lowed to drop naturally just after the maximum amount biomass was
reached; that way the final maximum biomass concentration and the
biomass growth rate were not affected by the possible inhibitory effect
of the pH decrease.

3.2.1. Glucose bioconversion profile

Exponential consumption of glucose started soon after inoculation,
but its consumption rate decreased dramatically once natural acid-
ification took place, after 52 h. No more substrate was used at all 67 h
after inoculation, at low pH. The total net glucose consumption reached
20.46 g/L by the end of the experiment which corresponds to a total
sugar consumption of 82%, but with the major part of it (72% of the
total consumption) being assimilated during the first 67 h (Fig. 2B). The
near instantaneous inhibition of glucose assimilation once pH dropped
to 5.20, suggests that it cannot be metabolized at such a low pH. The
first acids detected in this experiment were acetic and formic acids,
followed by butyric acid, lactic acid, isobutyric acid and propionic acid
and finally hexanoic acid (Fig. 2C), similarly as in the previous ex-
periment. This is because the acids appeared during the first 43 h, be-
fore natural acidification, when the conditions are the same as in the
previous experiment. 52 h after inoculation the pH was allowed to drop
down to 5.20 in a natural way as a result of the bacterial production of
acids. Only 15 h were necessary to see the pH decrease to 5.20.

In this case, the maximum concentrations of acetic and formic acids
were found after 52 h, reaching respectively 2.86 g/L and 1.68 g/L.
After 67 h, the production of butyric acid, isobutyric acid and propionic
acid stopped, with maximum concentrations of 1.00 g/L, 1.05 g/L and
0.63 g/L, respectively. Finally, hexanoic acid and lactic acid reached
their maximum concentrations after 72 h and 163 h, respectively, with
values of 0.52 g/L and 0.61 g/L (Fig. 2C). Suitable pH values for C.
carboxidivorans have been reported to range from 4.4 to 7.6, with op-
timal conditions between 5.0 and 7.0 (Liou et al., 2005); however, in
this experiment, the production of any metabolites did significantly
slowdown after natural acidification down to pH 5.20. Although acid-
ification could have been expected to stimulate solventogenesis, the
opposite occurred. There was no consumption of acids at all, at pH 5.20,
and no production of solvents. Even formic acid consumption was in-
hibited at such low pH, while it had almost completely been used up at
high pH, in the previous assay. That way the main acids present in the
fermentation broth at the end of this experiment were: acetic acid >
formic acid > butyric acid = isobutyric acid > propionic acid >
lactic acid > hexanoic acid. The proportions of acids are then also
different from the previous assay. Since formic acid was not metabo-
lized, its final concentration was higher than that of butyric acid at the
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end of the experiment. In the previous assay, the maximum con-
centration of formic acid, after 99 h, was also higher than for butyric
acid, but it was then used up at constant high pH. Therefore, at the end
of the experiment there was only a low, residual, concentration of
formic acid when maintaining a high pH of 6.20, while it remained
present at its maximum concentration when acidification takes place.

Concerning the concentrations of solvents, ethanol was the first
alcohol appearing in the fermentation broth. The presence of some
ethanol was already detected soon after bioreactor inoculation and its
concentration continued immediately increasing, meaning that this
solvent appeared during the high pH period while it was not produced
anymore after natural acidification. The maximum ethanol concentra-
tion was reached after 52 h with a value of 0.88 g/L. There was some
delay before butanol was produced and it first appeared 43 h after in-
oculation. It was mainly produced at high pH (close to 90% of its final
concentration), although its maximum concentration was reached after
72 h, slightly after the pH decreased, with a value of 0.24 g/L. No
hexanol was found in this experiment. Thus, the solvents, ethanol and
butanol, appeared before any pH drop, when acids were still produced
by the bacteria, following a similar pattern as in the previous experi-
ment. This is different from the HBE fermentation with C. carbox-
idivorans (Fernandez-Naveira et al., 2016, 2017a,b), as the strain grown
on CO or syngas is still active at pH 5.20 and even below pH 5, and it
produces solvents at somewhat increased rates at such low pH values.
Solventogenesis is stimulated under acidic conditions in HBE fermen-
tation with gaseous substrates while it is not, in the present study, when
the strain is grown on glucose.

The alcohols production rates were calculated at pH 6.20. The
ethanol and butanol production rates were 0.039 g-ethanol/h*g bio-
mass (between 5h and 52h) and 0.007 g-butanol/h*g biomass (be-
tween 28 h and 52 h). The rates were not calculated at low pH as no
significant production of alcohols was observed. In this case, the pro-
duction rate of ethanol was lower than in the previous experiment. The
reason was the inhibition caused by the pH drop on the production of
alcohols. However, the production rate for butanol was similar in both
experiments.

In assays using gases as substrates, CO or syngas, the highest pro-
duction rates of alcohols were observed at low pH, during the solven-
togenic stage, whereas, in the present experiment, with glucose as a
carbon source, the production of alcohols at low pH was not significant;
that way the highest production rate was obtained at higher pH.

The RedOx potential was also monitored. When the pH was main-
tained at 6.20 (first 52 h), the RedOx potential was -150 = 10 mV, as
in the first experiment. However, when the pH dropped to 5.20, the
RedOx potential was higher, with a value of -90 + 10 mV. The RedOx
potential is known to be affected by the pH value and to become less
negative at lower pH.

3.3. Glucose bioreactor with artificial pH change

It is known and accepted, from ABE and HBE fermentations, that
maintaining a high pH, optimal for acidogenesis, for a longer period of
time, will increase the production of acids during that first stage; which
will, afterwards, stimulate solventogenesis and increase the amount of
solvents produced during the second stage, as a result of the higher
concentrations and availability of fermentable organic acids. In order to
check such possible behavior in the case of glucose bioconversion by C.
carboxidivorans, in this experiment, a high pH was maintained constant
for several days in order to produce higher amounts of organic acids,
before artificially decreasing the pH and check if this would more ef-
ficiently stimulate solventogenesis and result in the accumulation of
higher amounts of alcohols. Therefore, the pH was maintained constant
until the maximum concentrations of acids were reached (211 h).
Thereafter, the pH was decreased to 5.20, through the addition of HCL
2M. C. carboxidivorans started growing immediately after inoculation,
without any lag phase (Fig. 3A), and a maximum biomass concentration
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Fig. 3. Glucose bioreactor with artificial pH change. (A): measured growth expressed in g/L over time. (B): glucose consumption over time with concentrations expressed in g/L. (C):
product formation over time (acetic acid, butyric acid, isobutyric acid, propionic acid, lactic acid, formic acid, hexanoic acid, ethanol, butanol and hexanol).

of 0.432 g/L was reached within 40h, with a bacterial growth rate of
0.081 h™! during those first 40 h of exponential phase. The pH was
modified artificially after the maximum biomass concentration had
been reached; that way possible growth inhibition at low pH was
avoided.

3.3.1. Glucose bioconversion profile

C. carboxidivorans started to consume glucose soon after inoculation
and its consumption stabilized 120 h after bioreactor start-up. The total
net glucose consumption was 26 g/L at the end of the experiment,
which represents 95% of the initial concentration. No more glucose was
metabolized after the artificial pH change (211 h) (Fig. 3B).

As in all cases, acetic acid and formic acid were produced first, as
soon as the bioreactor was inoculated. A few hours later, butyric acid,
lactic acid, isobutyric acid and propionic acid appeared. Hexanoic acid
was the last acid to be detected (Fig. 3C) similarly as in the previous
two experiments. All those acids reached their maximum concentra-
tions before the pH was decreased. The first acids reaching their max-
imum concentrations were lactic acid, formic acid and isobutyric acid,
with values of 1.40 g/L, 1.62 g/L and 0.77 g/L, respectively, 118 h after
inoculation. The