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Abstract: Recycling residual industrial gases and residual biomass as substrates to biofuel production
by fermentation is an important alternative to reduce organic wastes and greenhouse gases emission.
Clostridium carboxidivorans can metabolize gaseous substrates as CO and CO, to produce ethanol
and higher alcohols through the Wood-Ljungdahl pathway. However, the syngas fermentation is
limited by low mass transfer rates. In this work, a syngas fermentation was carried out in serum glass
bottles adding different concentrations of Tween®80 in ATCC®2713 culture medium to improve
gas-liquid mass transfer. We observed a 200% increase in ethanol production by adding 0.15% (v/v)
of the surfactant in the culture medium and a 15% increase in biomass production by adding 0.3%
(v/v) of the surfactant in the culture medium. The process was reproduced in stirred tank bioreactor
with continuous syngas low flow, and a maximum ethanol productivity of 0.050 g/L.h was achieved.

Keywords: synthesis gas fermentation; volumetric mass transfer coefficient; Tween 80® surfactant

1. Introduction

Global energy consumption has increased over the last decades, with demand fore-
casted to be 248 quadrillions BTU of liquid fuels by 2050, which represents an increase of
50% compared to 2021 [1]. The use of fossil-based energy has been declining since its use
drives climate changes and air pollution [2]. Additionally, the constant fluctuation of oil
prices caused by political and economic instability around the world brings insecurity to
this industrial sector [3].

In this scenario, there is an increasing demand for renewable and carbon-neutral
fuels, especially those produced through microbial fermentation, such as ethanol and
butanol [4,5]. Initially, ethanol was the main focus, which can either be a stand-alone fuel
or a gasoline-ethanol blend [4]. However, its low caloric value and hygroscopicity limit
the use and transportation of ethanol in the current infrastructure. Therefore, the interest
in butanol as a liquid fuel, which is less hygroscopic and provides higher caloric value
in comparison to ethanol, has increased in recent years [6]. Currently, those alcohols are
produced through direct fermentation of sugars extracted from food or energy crops, with
pretreatment steps to hydrolyze carbohydrate polymers, increasing costs and byproduct
formation [7,8].

The indirect fermentation, or hybrid process, consists of the conversion of a wide vari-
ety of carbonaceous compounds to synthesis gas, also named syngas, through gasification,
followed by its fermentation to desired products by specific biocatalysts [9,10]. Syngas,
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mainly composed of CO (carbon monoxide), CO; (carbon dioxide), and H; (hydrogen), can
be obtained from biomass, coal, animal or municipal solid waste, and industrial CO-rich
off-gases [11]. The hybrid process uses whole biomass components, including lignin, is
not dependent on feedstock composition, and eliminates complex pretreatments and high
enzyme costs [12].

Several Clostridium species are known to produce biofuels, but only a few of them
use syngas as sole carbon and energy sources [13]. Clostridium carboxidivorans is an aceto-
genic bacteria capable of producing ethanol, butanol, and hexanol—valuable as fuels or
even as platform chemicals in the pharmaceutical, perfume, and textile industries—from
syngas [5,14-17].

Although syngas fermentation is a promising technology, it faces several challenges:
low product yield, high separation cost, inhibitory compounds in syngas (i.e., tar, sulfur,
and ash), and, mainly, low gas-liquid mass transfer [11,12,18-20]. Metabolic engineering,
culture medium formulation, and different bioreactor designs have been proposed to
overcome those challenges [11,21].

Efforts to increase the gas-liquid mass transfer usually include the study of different
reactor designs such as stirred tank reactor (STR) [14,22], bubble column reactor (BCR) [23],
hollow fiber membrane reactor (HEMR) [24], monolithic biofilm reactor (MBR) [23], trickle
bed reactor (TBR) [25], and horizontal rotating packed bed biofilm reactor (h-RPB) [26].
STR is the most usual bioreactor used for biotechnology due to its good mixing and simple
operation. A widely used approach to enhance mass transfer in STR is to increase the
agitation speed and the gas flow rate. However, these strategies are not economically
feasible to scale up due to the high energy consumption and microbial shear stress [11].

Another feasible approach to enhance gas-liquid mass transfer is to add some chemical
agents, such as surfactants, or some vibration techniques in the culture medium to promote
fine gas bubbles in the liquid phase [27-29]. The addition of surfactants in the culture
medium enables the stabilization of microbubbles, avoiding coalescence. These agents can
reduce interfacial free energy, reducing the liquid surface tension [30]. Coelho et al. [20]
reported a significant increase (120%) in carbon monoxide mass transfer coefficient when
Tween® 80 and/or PFC (perfluorocarbon) were added to water. Carbon monoxide fer-
mentation by Butyribacterium methylotrophicum using Tween and Brij surfactants showed
that only the Tween surfactants did not affect bacterial growth, and Tween® 80 showed a
higher growth rate, comparatively [29]. Tween surfactants seem to be non-toxic and do not
inhibit cell growth [29,31,32]. This approach can maintain the simplicity of STR with the
advantage of high mass transfer coefficients, typical of HFMR that are difficult to operate
and scale up [33].

In this study, we evaluated the effect of different concentrations of Tween® 80 in
ATCC® 2713 culture medium for Clostridium carboxidovorans syngas fermentation in 100 mL
serum bottles, and the best condition was validated in a stirred tank bioreactor (STBR).

2. Materials and Methods
2.1. Materials

Peptone, sodium pyruvate, tryptone, yeast extract, sodium dithionite, glucose, hemin,
L-arginine, and menadione were obtained from Sigma-Aldrich (Sao Paulo, Brazil). Sodium
chloride was obtained from Vetec (Rio de Janeiro, Brazil) and Tween® 80 from Isofar (Rio
de Janeiro, Brazil). Syngas was provided by White Martins Praxair Inc. (Rio de Janeiro,
Brazil) in a pressurized cylinder with a pre-established composition, based on gas obtained
from pyrolysis of urban wastes (MAIM/INNOVA technology, [34]): 25% CO, 43.9% Hy,
10.02% COy, 10.05% Ny, and 11.01% CHy.

2.2. Strain, Culture Medium, and Inoculum Preparation

Clostridium carboxidivorans DSM15243 was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). The cells
were activated, stored, and grown under anaerobic condition in 50 mL serum bottles
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containing 30 mL of TPYarg (Tryptone, Peptone, Yeast extract, and arginine) medium,
containing the following composition (per liter): tryptone, 12 g; peptone, 12 g; yeast extract,
7 g; L-arginine, 1.2 g [5]. Syngas was flushed in the liquid phase for 5 min, and then
all serum glass bottles were sealed with gas impermeable butyl rubber septum stoppers
and aluminum seals. These bottles were autoclaved at 121 °C for 20 min for sterilization,
inoculated (0.05 g dry weight cell/L) after cooling, followed by syngas addition in the
headspace for 1 min. For both activation and growth, bottles were incubated for 48 and
24 h, respectively, in a horizontal position [35] at 37 °C and 150 rpm in Infors HT-Multitron
Pro shaker.

2.3. Syngas Fermentation in Serum Glass Bottles

All fermentations were performed in 100 mL serum glass bottles containing 50 mL of
ATCC® 2713 (tryptone, 10 g/L; gelatin peptone, 10 g/L; yeast extract, 5 g/L; glucose, 1 g/L;
sodium chloride, 5 g/L; L-arginine, 1 g/L; sodium pyruvate, 1 g/L; menadione, 0.5 mg/L
and hemin, 5 mg/L) culture medium with different concentrations of Tween® 80 (0, 0.07%,
0.15% and 0.3% v/v). After mediums preparation, nitrogen was flushed in the liquid phase
for 30 min, and then syngas was flushed in the liquid phase for 5 min. The glass bottles
were sealed with gas impermeable butyl rubber septum stoppers and aluminum seals
and sterilized in an autoclave at 0.5 atm for 20 min. After sterilization, seed culture was
aseptically inoculated in all glass bottles to achieve 0.05 g dry weight of cells/L. Syngas
was aseptically added in the headspace, and the bottles were incubated horizontally at
37 °C and 150 rpm in Infors HT Multitron shaker. Cell growth was measured in real-time
through non-invasive technology using Cell Growth Quantifier (CGQ) sensors from Aquila
Biolabs, collecting biomass concentration data every 30 s. Biomass concentration was
measured through an equipment particular optical unit (backscatter), which is converted
to optical density at 600 nm (ODggg) by a standard curve previously obtained in CGQ.
Fermented culture mediums were sampled for high-performance liquid chromatography
(HPLC) analysis.

2.4. Syngas Fermentation in Stirred Tank Bioreactor

Syngas fermentation was conducted in a 1-L cylindrical stirred tank reactor (TEC-
BIO-1.5, Tecnal Scientific Equipment Co., Piracibada, SP, Brazil) with an internal diameter
of 9 cm and a maximum working volume of 1.0 L. The production medium (0.75 L)
was the ATCC® 2713 medium (tryptone, 10 g/L; gelatin peptone, 10 g/L; yeast extract,
5 g/L; glucose, 1 g/L; sodium chloride, 5 g/L; L-arginine, 1 g/L; sodium pyruvate, 1 g/L;
menadione, 0.5 mg/L and hemin, 5 mg/L) with Tween® 80, when its effect was validated.
The bioreactor containing the production medium was autoclaved at 121 °C for 20 min, and,
after cooling (room temperature), an inert gas (N,) was flushed in liquid phase for 60 min.
Then, syngas was flushed in the liquid for 30 min, and seed culture was inoculated just
after under aseptic conditions to an initial cell concentration of 0.05 g dry weight of cells/L.
The temperature was set at 37 °C, and medium was recirculated through a peristaltic pump
coupled to the bioreactor at each sampling. Samples were withdrawn from the recycle line
using an infusion set (Wiltex, 0.64 mm X 19 mm) and a 3.0 mL syringe (BD Plastipak).

Agitation speed was set at 300 rpm with a six-bladed Smith impeller (radial flow
impeller 4.0 cm above the vessel bottom) and a six-bladed Rushton impeller (radial flow
impeller 11.5 cm above the vessel bottom). Syngas was continuously supplied at the bottom
of the bioreactor with a gas flow rate of 0.5 L/min controlled by a rotameter (Matheson,
model FM-1000 VIH). The schematic diagram of the stirred tank reactor (STR) is shown in
Figure 1.
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Figure 1. Schematic diagram of STBR used for C. carboxidivorans syngas fermentation. Created in
Biorender.com (accessed on 13 July 2021).

Cell dry weight concentration (g dry weight of cells/L) was estimated by optical
density measurement at 600 nm (ODgpp). The ODggp was measured using a UV-VIS
spectrophotometer (Shimadzu UV-1800). Cell dry weight concentration was determined
using a standard curve previously obtained.

2.5. Analytical Methods
2.5.1. Dry Weight Cell

The direct dry weight cell was obtained through filtration and drying protocol. Five-
milliliter samples of fermented culture medium were filtered using a 0.22 pm membrane
and dried to constant weight at 60 °C using an incubator from Memmert IF55. The dry
weight cell per liter was calculated using the cell weight and the sample volume.

2.5.2. Metabolites Analyses

Acetic acid, ethanol, and butanol were analyzed by HPLC (High-Performance Liquid
Chromatography) from Shimadzu equipped with Aminex® HPX-87 H, 300 x 7.8 mm (Bio-
Rad Laboratories Ltd., Mississauga, ON, Canada) column and RI (refractive index) detector
(Shimadzu®). The mobile phase was H,SO4 5 mM at 0.6 mL/min flow rate. The column
temperature was set at 55 °C. 20 uL of centrifuged and filtered samples were automatically
injected into the equipment. The quantification of each metabolite was performed through
an external standard (ESTD) curve previously obtained at specific retention times (acetic
acid, 14.911 min; ethanol, 22.080 min and butanol, 37.074 min).

3. Results and Discussion
3.1. Serum Bottles Fermentation
3.1.1. Cell Growth

Syngas fermentation by C. carboxidivorans in serum bottles with ATCC®2713 medium
and different Tween®80 concentrations (0, 0.07%, 0.15%, and 0.3% (v/v)) was monitored
during 120 h. Cell dry weight per liter obtained by the CGQ equipment is depicted in
Figure 2. A short lag phase was observed for all medium tested, probably due to the
presence of glucose in the culture medium. This carbohydrate is quickly metabolized by
C. carboxidivorans as a preferential substrate for heterotrophic growth.
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Figure 2. Cell growth of Clostridium carboxidivorans during syngas fermentation in the following me-
dia: ATCC®2713 (blue square), ATCC®2713 with 0.07% (v/v) Tween®80 (red circle), ATCC®2713 with
0.15% (v/v) Tween®80 (green triangle), and ATCC®2713 with 0.3% (v/v) Tween®80 (purple square).

C. carboxidivorans growth profiles in ATCC®2713 medium with different concentra-
tions of Tween®80 were similar. The maximum biomass concentration for all media was
detected after about 10 h due to fast glucose consumption, followed by an accented drop
until approximately 50 h. After that, it stabilized at approximately 0.5—0.6 g/L. This
growth profile has been shown for syngas batch fermentations with C. carboxidivorans in
other works [22,36,37]. Since syngas is not continuously fed in serum bottles, cell growth
reaches the stationary phase, when there is a balance between growth and death of cells.
Fernandez-Naveira et al. [36] showed that ethanol causes inhibition of cell growth. So,
without substrate supply and with a toxic compound being produced, it is possible that

cell death overlaps cell growth, and autolysis may occur, reducing turbidity [38].
Higher biomass concentration was obtained in medium with 0.3% Tween® 80 (0.9 g

dry weight of cells/L after 10 h), 15% more compared to pure ATCC® 2713 medium. After
120 h of fermentation, the medium with 0.3% Tween® 80 also showed the highest final
biomass concentration (0.52 g dry weight of cells/L) among all other conditions. This
might be related to the beneficial effect of Tween® 80 in CO and CO, assessment after

glucose exhaustion.
The specific growth rates of the fermentations with different Tween® 80 concentrations
were also very similar (Table 1), with a higher value for the medium with 0.3% Tween® 80.

Table 1. Specific Clostridium carboxidivorans growth rate in ATCC®2713 medium with different

concentrations of Tween®80.

Culture Medium uh-1)
ATCC® 2713 0.310 £ 0.13
ATCC® 2713 + 0.07% Tween® 80 0.359 + 0.12
ATCC® 2713 + 0.15% Tween® 80 0.350 + 0.06
0.414 + 0.04

ATCC® 2713 + 0.3% Tween® 80

Considering that Tween®80 can physically interact with dispersed bubbles in the
liquid, causing emulsion formation, we did not know if CGQ sensors would generate
wrong ODggp measurements due to the different concentrations of surfactant in the medium,
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leading to false biomass concentration data. To confirm the final OD measured by CGQ
sensors, cell dry weight direct determination was performed after 120 h of fermentation.
The results obtained showed that the ODg(9 measured by CGQ sensors were reliable since
the conditions that led to lower or higher cell concentration were the same with both
measurements, as shown in Table 2.

Table 2. Clostridium carboxidivorans cell concentration (g dry weight of cells/L) after 120 h of syngas
fermentation obtained by CGQ measurement and calculated by direct cell dry weight measurement
for different media.

Culture Medium CGQ Measurement Direct Cell Dry Weight
ATCC® 2713 0.477 + 0.023 0.433 £ 0.156
ATCC® 2713 + 0.07% Tween® 80 0.390 + 0.003 0.413 + 0.065
ATCC® 2713 + 0.15% Tween® 80 0.475 + 0.054 0.443 + 0.075
ATCC® 2713 + 0.3% Tween® 80 0.520 =+ 0.019 0.477 + 0.015

3.1.2. Metabolites Production

Gaseous substrates are assimilated by acetogenic bacteria through the Wood-Ljungdahl
pathway producing acetyl-CoA, an important intermediate to acids and alcohols produc-
tion. Most acetogenics show a defined pattern of metabolites production, in which acids
are produced in a first stage called acetogenesis, followed by the conversion of these acids
into the respective alcohols, called solventogenesis. Ethanol production by Clostridium
carboxidivorans has its particularities. It can be produced either directly from acetyl-CoA
in a two-step reaction via acetaldehyde, requiring 4 molecules of NADH, or via acetate
and subsequent reduction to acetaldehyde, producing 1 molecule of ATP and consuming
4 NADH per molecule of ethanol produced. Therefore, acetic acid produced during syngas
fermentation by Clostridium carboxidivorans is an important indicator of potential ethanol
production [39].

In our previous studies, we have identified that ethanol production by this strain
in ATCC® 2713 medium increases gradually until 24 h, then stabilizes. In other culture
mediumes, it starts to increase again after 70 h [5] So, we decided to sample serum bottle fer-
mentations at strategic points (24 h—the first peak, 96 h—the second peak, and then 120 h,
to verify final stabilization) to avoid volume reduction. Higher acetic acid concentration
was obtained in pure ATCC®2713 medium (4.44 g/L) after 120 h of syngas fermenta-
tion, which is 85% more than the amount obtained in ATCC®2713 medium containing
Tween®80 (2.3 g/L) (Figure 3).

Despite this higher acetic acid concentration in the medium without the surfactant,
higher ethanol production was detected after 96 h of syngas fermentation in ATCC®2713
medium with 0.15% (v/v) Tween®80 (1.90 g/L) (Figure 4). This value is 3.2 fold higher
than that obtained using pure ATCC®2713 medium (0.58 g/L) at the same fermentation
time. After 120 h, ethanol concentration using 0.15% and 0.3% Tween®80 were 1.79 g/L
and 1.83 g/L, respectively, representing an increase of approximately 200% compared to
pure ATCC®2713 medium (0.58 g ethanol/L). The addition of Tween®80 in ATCC®2713
medium resulted in less acetic acid accumulation and higher ethanol production, probably
due to the greater availability of inorganic carbon (CO and CO;) and protons (NADH)
generated by important Wood-Ljungdahl enzymes as hydrogenases (HYA) and carbon
monoxide dehydrogenases (CODH). The surfactant could improve carbon monoxide (CO)
and carbon dioxide (CO;) availability, resulting not only in more carbon fixation in the
pathway but also more proton generation to be consumed in the following steps.
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Figure 3. Acetic acid production by Clostridium carboxidivorans during syngas fermentation in
ATCC®2713 (red diamond), ATCC®2713 with 0.07% (v/v) Tween®80 (orange triangle), ATCC®2713
with 0.15% (v/v) Tween®80 (yellow circle), and ATCC®2713 with 0.3% (v/v) Tween®80 (green square).
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Figure 4. Ethanol production by Clostridium carboxidivorans during syngas fermentation in
ATCC®2713 (red diamond), ATCC®2713 with 0.07% (v/v) Tween®80 (orange triangle), ATCC®2713
with 0.15% (v/v) Tween®80 (yellow circle), and ATCC®2713 with 0.3% (v/v) Tween®80 (green square).

The highest ethanol productivity was also obtained using 0.15% Tween®80 (v/v),
which was 0.02 g/L.h after 96 h of syngas fermentation. The critical micelle concentration
(CMC) of Tween®80 as informed by the supplier (Sigma-Aldrich) is 0.012 mM, which is
equivalent to 0.15% (v/v). At CMC, the lowest superficial tension and, therefore, the largest
interfacial area between gas and aqueous phase is attained. Probably, better results of
ethanol production using 0.15% Tween®80 are related to the increase in mass transfer of
the substrates (CO and CO,) from syngas to the aqueous phase for microbial assimilation.
There was no butanol production during 120 h of syngas fermentation by Clostridium
carboxidivorans in serum bottles.
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Since the use of ATCC®2713 medium with 0.15% (v/v) Tween®80 Led to higher ethanol
production and represented lower cost compared to the medium with 0.30% Tween®80
(v/v), we decided to use 0.15% Tween®80 for the validation experiment in stirred tank
bioreactor.

3.2. Stirred Tank Bioreactor Fermentation
3.2.1. Cell Growth

C. carboxidivorans growth in ATCC®2713 medium with 0.15% (v/v) Tween®80 was
monitored during 120 h of syngas fermentation in STBR (Figure 5). As observed in serum
bottles, the maximum biomass concentration was also obtained at the beginning of the
experiment, followed by a reduction in cell concentration. However, the exponential
growth phase was longer in bioreactor fermentation, taking more than 20 h, and the
decrease in cell concentration was less deep.
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Figure 5. Clostridium carboxidivorans growth during syngas fermentation in ATCC®2713 medium
with 0.15% (v/v) Tween®80 in stirred tank bioreactor.

The lag phase lasted less than 2 h, in accordance to observed in serum bottles fermen-
tation experiments. The maximum biomass concentration and the specific growth rate were
1.93 g dry weight of cells/L and 0.377 h~1, respectively. The biomass production after 120 h
of fermentation in ATCC®2713 with 0.15% Tween®80 (1.67 g dry weight of cells/L) was
106% higher than the maximum biomass achieved with the same medium in serum bottle
fermentation (0.81 g dry weight of cells/L). This might be related to the greater availability
of gaseous substrates in bioreactor configuration since the syngas was fed continuously at
a low flow rate, and the better system agitation which probably promoted an increase in
mass transfer.

3.2.2. Metabolites Production

Unlike most acetogenic bacteria, for which solvents are only detected after the acido-
genic phase, during the stationary growth phase [40], ethanol production started along
with cell growth for C. carboxidivorans syngas fermentation (Figure 6). According to Shen
et al. [41], despite ethanol being considered a non-growth-associated metabolite in C. car-
boxidivorans syngas fermentation, there is evidence which indicates that it is produced in
both growth- and non-growth-associated phases. This can happen because the bacteria can
use glucose for growth and the Wood-Ljungdahl pathway to metabolize CO as a carbon
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source for ethanol production simultaneously if the diffusion of the gaseous substrates is
efficient [41]. Therefore, it is possible that the contribution of Tween®80 to mass transfer
induces ethanol production in the exponential growth phase, which continues to increase
even after cell growth has stopped.
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Figure 6. Acetic acid (yellow), ethanol (orange), and butanol (green) production during Clostridium
carboxidivorans syngas fermentation in ATCC®2713 with 0.15% (v/v) Tween®80 in bioreactor.

The maximum ethanol concentration obtained in STBR after 120 h in ATCC®2713
medium with 0.15% Tween®80 was 1.76 g/L. Although biomass production in ATCC®2713
with 0.15% Tween®80 in the bioreactor was much higher (140%) than the obtained in serum
bottle fermentation, an increase in ethanol production in the bioreactor experiment was
not observed. However, productivity was higher because, at 24 h of fermentation, 1.2 g/L
of ethanol had already been produced, resulting in 0.050 g/L.h, while only 0.69 g/L had
been produced in a serum bottle, which resulted in a 44% lower productivity (0.028 g/L.h).

The maximum acetic acid concentration was obtained after 96 h in STBR (1.32 g/L),
43% lower than the obtained in serum bottles fermentation (2.3 g/L). However, in STBR,
butanol production was detected (0.43 g/L after 24 h), which was null in serum bottles
experiments

The increase in biomass, ethanol, and butanol productions is probably a result of an
enhancement in the gas-liquid mass transfer coefficient due to the bioreactor configuration
as well as the addition of Tween® 80 in the culture medium as observed in the serum
bottles fermentation. Studies have concluded that low concentrations of surface-active
additives can affect gas-liquid mass transfer parameters such as the volumetric mass
transfer coefficient (kLa) [42,43]. Belo et al. [44] studied the influence of Tween®80 in
hydrodynamic parameters and mass transfer of carbon dioxide (CO;) in aqueous solution.
The presence of Tween® 80 generated an important increase in the gas-liquid interfacial area
caused by a decrease in the bubble diameter. As reported by Coelho et al. [20], the addition
of 0.15% (v/v) of Tween®80 in water resulted in an increase of 120% in the carbon monoxide
(CO) kLa. This result was obtained using the same bioreactor design and operational
conditions as described herein.

Regarding solvent production during cell growth, Shen et al. [12] also reported a
similar mixotrophic scenario with C. carboxidivorans using a monolithic biofilm reactor in
which about 1.5 g/L of biomass was produced after 48 h of fermentation. In the mentioned
study, a mineral medium with 10 g/L of fructose and a synthetic syngas (20% CO, 5% H,
15% CO,, 60% N;) was used, which explains the fast biomass production when compared
to processes that use only inorganic carbon as substrate. In another study using CO and
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CO; as carbon sources in a batch fermentation with continuous syngas feed, 0.42 g/L of
C. carboxidivorans biomass was achieved in 750 h of processing [45].

4. Discussion

The results obtained in the present investigation were compared with similar recent
studies reported in the literature (Table 3). Ethanol productivity using 0.15% Tween®80
was 0.050 g/L.h, a superior value than was obtained by Doll et al. [14] using two CSTR in
series after 200 h of fermentation, under similar conditions. Fernandez-Naveira et al. [36]
reported an autotrophic fermentation process with pure carbon monoxide (CO) as substrate
in a CSTR with 1.2 L of working volume. After 245 h of fermentation, ethanol concentration
was 5.6 g/L, representing lower ethanol productivity than obtained in the present study.
Shen et al. [26] reported the highest ethanol productivity using a horizontal rotating packed
bed bioreactor (0.279 g/L.h) with pressurized headspace at 29.7 psi, which requires high
energy consumption and special equipment to support high pressures.

Table 3. Ethanol production from syngas fermentation in different systems.

Ethanol .
Biocatalysts Reactor 2 CO:H,:CO,:N,:CHy Ethanol (g/L) Productivity Felfm.entatlon References
eriod (h)
(g/L.h)
Clostridium CSTR 40:30:30:0:0 13.2 0.044 300 [11]
ragsdalei TBR 38:28:28:5:0 5.7 0.003 1662 [46]
TBR 38:28:28:5:0 13.2 0.158 84 [25]
CSTR 20:10:20:50:0 2.7 0.008 340 [45]
CSTR 100:0:0:0:0 5.6 0.023 245 [36]
CSTR 20:10:20:50:0 2.34 0.011 210 [45]
Clostridium CSTR 30:20:10:40:0 59 0.032 185 [47]
carboxidivorans CSTR 20:5:15:60:0 2.1 0.082 25 [26]
h-RPB 20:5:15:60:0 7 0.279 25 [26]
CSTR 80:0:20:0:0 6 0.03 200 [14]
STBR 25:44:10:10:11 1.2 0.050 24 This study
Clostridium CSTR 65:30:5:0:0 3.8 0.005 730 [48]
ljungdahli HFM 25:15:25:40:0 1.09 0.005 216 [49]

2 CSTR: continuous stirred tank reactor; TBR: trickle bed reactor; BCR: bubble column reactor; h-RPB: horizontal rotating packed bed
biofilm reactor; HFM: hollow fiber membrane; STBR: stirred tank bioreactor.

The highest ethanol productivities from syngas fermentations found in the literature
are generally related to sophisticated bioreactor designs (TBR [25], h-RPB [26]), which are
difficult to scale up and operate, especially because of the preliminary step of film formation
needed for these bioreactors. Considering that in this study, we proposed a continuous
syngas feed at a very low flow rate and a simple reactor configuration, with no pressure or
pH control. The ethanol productivity obtained was promising compared to studies reported
in the literature using similar substrates, operational conditions, and microorganisms.
Tween®80 is a relatively cheap input (US $30/L at MilliporeSigma website—https://
www.sigmaaldrich.com/US/en, accessed on 30 July 2021), and a small amount is needed
to increase ethanol production (0.0015 L per liter of culture medium). Moreover, it is
suitable for microbial culture, without toxicity to bacterial cells [29]. Although Bredweel
et al. [29] have tested Tween®80 in carbon monoxide fermentation, this is the first report
in the literature concerning the effect of different concentrations of Tween®80 in syngas
fermentations and its validation in bioreactor scale. Tween®80 can cause foam depending
on concentration, medium composition, mechanical agitation, and gas flow rate, and
serum bottles do not evaluate this problem. We have validated the use of Tween®80 in
syngas fermentation in a bioreactor since we detected product formation and no foam was
observed. Besides, the gas composition used herein is much more realistic when compared
to syngas obtained from waste material pyrolysis [50]. Further research is needed to
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evaluate syngas composition after fermentation to verify the variability of CO, CO,, and Hp
consumption with and without Tween®80 to provide in-depth understanding of its effect.

5. Conclusions

The effect caused by the addition of Tween®80 to ATCC®2713 medium was evidenced
by an increase in biomass and ethanol production during Clostridium carboxidivorans syngas
fermentation in serum bottles and validated in a stirred tank bioreactor. The presence
of this surfactant probably led to the reduction of bubble size, increasing the gas-liquid
interfacial area, which resulted in the increase of CO and CO, mass transfer coefficients.
The biomass and ethanol productions increased by 15% and 200% using Tween®80 in the
culture medium, respectively, compared to pure ATCC®2713 medium. In a bioreactor,
106% more biomass was produced compared to serum bottle fermentation, but the same
ethanol concentration was achieved.
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