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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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