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Abstract: Hybrid bio-thermochemical based technologies have the potential to ensure greater feed-
stock flexibility for the production of bioenergy and bioproducts. This study focused on the bio-
conversion of syngas produced from low grade technical lignin to C2-/C4-carboxylic acids by
Butyribacterium methylotrophicum. The effects of pH, medium supplementation and the use of crude
syngas were analyzed. At pH 6.0, B. methylotrophicum consumed CO, CO2 and H2 simultaneously
up to 87 mol% of carbon fixation, and the supplementation of the medium with acetate increased
the production of butyrate by 6.3 times. In long-term bioreactor experiments, B. methylotrophicum
produced 38.3 and 51.1 mM acetic acid and 0.7 and 2.0 mM butyric acid from synthetic and lignin
syngas, respectively. Carbon fixation reached 83 and 88 mol%, respectively. The lignin syngas
conversion rate decreased from 13.3 to 0.9 NmL/h throughout the assay. The appearance of a grayish
pellet and cell aggregates after approximately 220 h was indicative of tar deposition. Nevertheless,
the stressed cells remained metabolically active and maintained acetate and butyrate production
from lignin syngas. The challenge that impurities represent in the bioconversion of crude syngas
has a direct impact on syngas cleaning requirements and operation costs, supporting the pursuit for
more robust and versatile acetogens.

Keywords: carboxydotrophic; acetogenic bacteria; carbon fixation; crude syngas; acetic acid; butyric
acid; bio-thermochemical-based lignocellulosic biorefineries

1. Introduction

Concerns regarding the depletion of finite feedstock resources have shifted industrial
sectors to the use of renewable biomass and the adoption of circular business models. In
2020, the bio-based industry in Europe was represented by 2362 facilities, from which 788
integrated the production of bioproducts and energy, including biofuels and other types of
energy from biomass [1]. Although biomass plants tend to be efficient at its conversion,
there are still waste streams generated from this process. Low-grade technical lignin from
lignocellulosic biomass is one of such examples. Its polymeric composition and high
stability make it impervious to enzymatic hydrolysis and other biological decomposition
processes [2]. Due to its recalcitrant properties and high heating value, lignin has become a
preferred feedstock for thermochemical plants, particularly for gasification [3].

The main product of gasification is synthesis gas or syngas, which is mainly composed
of carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2), and also, in lower amounts,
of methane (CH4), short chain hydrocarbons (CnHn), ammonia (NH3) and hydrogen sulfide
(H2S) [3,4]. Syngas is a versatile feedstock for the production of fuels and chemicals, and
some microorganisms can use the main syngas components as a source of carbon and
energy. Some species of bacteria and archaea, known as carboxydotrophs, can produce
a variety of short chain organic acids and alcohols from syngas [5,6]. Although syngas
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fermentation is not a recent technology, over the years, knowledge in this field has been
focused on the use of synthetic syngas formulations. Synthetic syngas is a custom-made
gaseous mixture of CO, H2, CO2 and N2 in various ratios. Such mixtures are perfect
for fermentation parameter optimization and fundamental research because they allow
for a flexibility that crude syngas cannot offer, as they are independent of feedstock and
gasification conditions [7]. However, the composition of crude syngas is highly complex,
and not exclusive to the main gaseous components. Contaminants such as tar, cyanide
and other molecules are recognized as one of the biggest obstacles for direct syngas
fermentation. These molecules can be present in concentrations shown to hinder microbial
growth, significantly affecting overall yields and productivities [6–14]. For example, the
presence of tar in crude syngas produced by lignin gasification was shown to induce
cell dormancy and influence the redistribution of ethanol and acetic acid production by
Clostridium carboxidivorans P7T and Clostridium ragsdalei P11 [15,16]. Fortunately, some of
these inhibitory effects may be mitigated by gradually adapting microbial cultures to crude
syngas, prior to fermentation [9,10,17].

Butyribacterium methylotrophicum is a mesophilic carboxydotrophic acetogen, which is
able to produce a variety of organic acids and alcohols from syngas. B. methylotrophicum
was isolated from a sewage sludge digestor in 1980 by Zeikus et al. [18] and is described as
being able to grow from a multitude of carbon sources, including carbon gaseous mixtures.
This microorganism uses the Wood–Ljungdahl (WL) acetyl-CoA formation pathway to
convert CO and CO2 + H2 to biomass and metabolites (acetate, butyrate, ethanol and
butanol) [19,20]. Acetate and butyrate can be further used as platform chemicals for
varied applications including food, pharmaceutical and chemical products, replacing
processes based on chemical conversion at high temperatures and pressures. Ethanol
and butanol are also important as precursors for next generation biofuels [21–23]. The
fermentative production of such compounds could contribute to a more environmentally
friendly economy, less dependent on fossil fuels [24].

Although B. methylotrophicum is a promising microorganism for syngas-to-bioproducts
processes, research on the fermentation process has been only carried out with synthetic
syngas mixtures. The current challenges of syngas bioconversion are mostly associated with
the search for new and robust biocatalysts, low biomass yields, mass transfer limitations,
and aspects of process integration and intensification [6,25]. Microbial catalysts must be
stable enough to withstand a prolonged conversion fed by real gases, in processes that
may represent a huge potential for future applications; for example, the carbon fixation of
CO2-rich flue gas streams. More robust acetogenic microorganisms are required, such as
those that are being developed by Arantes et al., 2021 and Diender et al., 2021, to tackle
the conversion of syngas to platform molecules and tolerate a greater variety of syngas
compositions [26,27]. Studies that integrate gasification and crude syngas fermentation,
based on the development of scalable bioreactor configurations, with efficient material flow
integration and that address the problem of microbial resistance to crude syngas impurities
are also still scarce [8,9,28]. A complete scale-up and techno-economic assessment are also
necessary to substantiate the integration of the biochemical and thermochemical platforms,
as they are essential for the full application of this hybrid technology in carbon fixation
processes [29].

This work focused on testing the conditions to maximize C2- and C4-carboxylic acids
production by B. methylotrophicum, first from a synthetic syngas mixture mimicking lignin
syngas, and then from crude syngas obtained by the gasification of low-grade technical
lignin generated as a by-product in a second-generation (2G) ethanol biorefinery. Two
different types of syngas feeding modes were tested—batch and on-demand feeding—
allowing for a comprehensive analysis of the behavior of this microorganism under more
adverse fermentative conditions.
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2. Materials and Methods
2.1. Microorganism, Culture Media and Syngas Composition

The microbial strain used in this study was Butyribacterium methylotrophicum strain
Marburg DSM 3468 (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braun-
schweig, Germany). The culture medium was adapted from Oswald et al., 2016 and
was composed of 2 g/L NaCl, 2.5 g/L NH4Cl, 0.25 g/L KCl, 0.25 g/L KH2PO4, 0.5 g/L
MgSO4·7H2O, 0.1 g/L CaCl2·2H2O, 0.001 g/L resazurin, 0.56 g/L cysteine-HCl·H2O,
2 g/L yeast extract and 10 mL/L trace elements solution (see below) [28]. A concentra-
tion of 140 mM phosphate buffer or 20 g/L 2-(n-morpholino)ethanesulfonic acid (MES)
was used in the culture medium formulation at pH 7.0 and pH 6.0, respectively. The
medium was first made anoxic by replacing the gas phase by nitrogen (N2) through
a gas manifold system. Afterwards, the serum bottles were sparged with synthetic
syngas (Syngas A—Table 1) for 10 min. After autoclaving, 10 mL/L of vitamin so-
lution and, optionally, 60 mM of sodium acetate were aseptically added. The trace
elements solution contained: 2.0 g/L sodium ethilenediaminetetracetic acid (EDTA),
1.0 g/L MnSO4·H2O, 0.567 g/L FeSO4·7H2O, 0.022 g/L Na2WO4·2H2O, 0.2 g/L CoCl2·6H2O,
0.2 g/L ZnSO4·7H2O, 0.02 g/L CuCl2·2H2O, 0.02 g/L NiCl2·6H2O, 0.02 g/L Na2MoO4·2H2O
and 0.02 g/L Na2SeO3·5H2O. The filter sterilized vitamin solution contained: 0.01 g/L
pyridoxine, 0.005 g/L calcium pantothenate, 0.005 g/L nicotinic acid, 0.005 g/L riboflavin,
0.005 g/L thiamine·HCl, 0.005 g/L thioctic acid, 0.005 g/L vitamin B12, 0.002 g/L biotin
and 0.002 g/L folic acid. The culture medium for the maintenance of syngas adapted cells
was inoculated at 2% (v/v) every 4 days and incubated at 37 ◦C, 150 rpm in an orbital
shaker [7,18].

Table 1. Composition of the syngas used for bioconversion by B. methylotrophicum. Syngas A was the
synthetic syngas formulation and Syngas B was obtained from the gasification of technical lignin.

Syngas Compound Syngas A Syngas B † Units

CO 30.0 24.2 vol%
CO2 20.0 16.5 vol%
H2 30.0 23.9 vol%

CH4 - 13.6 vol%
N2 20.0 18.1 vol%
O2 - 0.4 vol%

C2H2 - nd ‡ -
C2H4 - 3.0 vol%
C2H6 - 0.1 vol%
C3H6 - 300 ppmV
C3H8 - 500 ppmV
C4H10 - 300 ppmV
NH3 - 760 ppmV
H2S - 180 ppmV

†, Values are at standard conditions of temperature and pressure—temperature of 25 ◦C (293.15 K) and absolute
pressure of 1.0 × 105 Pa. ‡, not detected

The culture media formulation in the bioreactor assays was the same as described
above except for the buffer solution: 20 g/L MES sodium salt at both pH values tested. A
2 M NaOH solution was used to maintain the pH, and 10 M H2SO4 solution was used to
lower the pH in the bioreactor to 6.0, when needed. The culture medium in the bioreactor
was inoculated with 8% (v/v) B. methylotrophicum pre-cultured at 37 ◦C, 150 rpm for 48 h.

In this study, two syngas compositions were used: a synthetic composition of syngas
(Syngas A) and lignin-derived syngas (Syngas B). Table 1 shows the concentrations of the
main syngas compounds. Syngas B was obtained through the gasification of technical
lignin (lignin A sample) obtained from a 2G biorefinery plant, in a bench-scale bubbling
fluidized bed gasifier (BFB) with a height of 1.5 m and an interior diameter of 0.08 m.
Details about lignin composition and gasification conditions are described elsewhere [3].
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The gasifier was operated at 850 ◦C and atmospheric pressure. The lignin flow rate was
around 5 g daf/min (dry and ash free). The lignin/steam ratio was about 1 and the
equivalent ratio (ER) was around 0.2. The gasifying/fluidizing agent was a mixture of
steam and oxygen, introduced through a gas distributor located at the base of the gasifier.
The produced syngas was passed through a cyclone and was cooled down, in order to
remove particulates and condensates. Finally, the gas was filtered before being collected to
be used in the fermentation assays. The formulation of synthetic Syngas A with a ratio of
CO/H2 = 1.0 was adapted from Oswald et al., 2016 [28].

2.2. Experimental Set-Up

In the small-scale bioconversion assays, B. methylotrophicum was cultured anaerobi-
cally in 120 mL serum flasks with 20 mL of culture medium, at 37 ◦C and 150 rpm. To
increase mass transfer and facilitate gas consumption, flasks were placed horizontally in
the incubator. At each sampling time three flasks were withdrawn for processing.

In the batch bioreactor experiments, B. methylotrophicum was cultured in a 1.65 L
air-tight double jacketed glass vessel with 500 mL working volume. The reactor was
equipped with a pH sensor (405-DPAS–SC–K8S/250, Mettler Toledo, OH, USA) and con-
troller (Black Stone BL 931700 pH controller, Hanna Instruments, Johannesbourg, South
Africa), and all the necessary inlets/outlets for pH control, gas sampling, pressure mea-
surement (LabQuest2 with gas pressure sensor, Vernier, OR, USA), syngas feed, liquid
sampling/inoculum addition and syngas outlet. Temperature and stirring were 37 ◦C and
400 rpm, respectively. Two different pH values were set in this experiment. In the first
phase the pH was maintained at 7.0, for biomass and acetate accumulation. In the second
phase the pH was lowered to 6.0, to promote butyrate production [30].

Two different syngas feeding modes were tested in the bioreactor experiments. The
first consisted of aerating the bioreactor headspace with synthetic syngas until saturation.
Carbon conversion occurred solely at the expense of the syngas present in the bioreactor
headspace. Syngas consumption was monitored by the decrease of pressure inside the
reactor, after which the headspace was batch-refilled with new syngas. The second syngas
feeding mode consisted in connecting a H2 tight gas sampling bag (SKC 263-03 Standard
FlexFoil® series with stainless steel fittings, PA, USA) filled with the respective syngas
mixture. The syngas entrance in the bioreactor occurred when the pressure inside the glass
vessel was sufficiently low to pull the gas from the bag. The syngas influx was measured
through an inline flow meter (µflow, Bioprocess Control, Stockholm, Sweden) connected
to the gas sampling bag. The nutrients were replaced by fresh autoclaved concentrated
culture medium at the end of each batch.

2.3. Analytical Methods

The microbial growth was monitored by optical density at 600 nm (Thermo Fisher
Scientific spectrophotometer, Genesys 20, MA, USA) and the cell dry weight (CDW) was
quantified according to official methods of analysis [31]. Acetic and butyric acids were
quantified by High-Performance Liquid Chromatography (HPLC) with a Biorad Aminex
HPX-87H column (Bio-Rad Laboratories, CA, USA) at 35 ◦C, in a LaChrom L-7490 (Merck,
Darmstadt, Germany) chromatographer equipped with a differential refractive index
detector. The liquid phase used was 0.5 mM H2SO4, at a flow rate of 0.4 mL/min. Solutions
of the carboxylic acids were used as external standards. Gas samples were analyzed
through gas chromatography (GC) in an Agilent/HP 6890 gas chromatograph equipped
with a gas sampling valve, two filling columns (Molecular Sieve 5A and Porapak Q) and
two detectors (Thermal Conductivity Detector and Flame Ionization Detector) mounted
in series. Each injected sample was heated to 40 ◦C for 17 min and then up to 185 ◦C for
43 min, with a heating rate of 15 ◦C/min. The carrier gas used was argon at a constant
flow of 18.5 mL/min. The molar concentration of CO, H2 and CO2 were estimated from
the GC analysis using the Peng–Robinson equation [32].
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2.4. Calculations

In the assays where the culture medium was supplemented with sodium acetate,
the acetate production was determined as the difference between the concentration in
the samples collected from the supplemented culture medium at each time-point and the
concentration determined immediately after the supplementation occurred.

The amount of CO and CO2, in mol, that was used by the cells to form products and to
be incorporated as biomass per mol of CO and CO2 fed was referred to as carbon fixation
(CF), and was estimated as follows:

Carbon fixation (%) =
n (CO + CO2)i − n (CO + CO2)f

n (CO + CO2)i
× 100 (1)

where n(CO + CO2) corresponds to the sum of the number of moles of CO and CO2 in the
headspace of the bioreactor or the serum flask, and i and f correspond to the initial and
final batch period. This equation was adapted from the carbon fixation equations used by
Infantes et al., 2020 [33].

3. Results and Discussion
3.1. Effect of Varying pH and Medium Supplementation on Syngas Bioconversion by
B. methylotrophicum

As a preliminary evaluation of B. methylotrophicum fermentative behavior, an initial
assay was performed in serum flasks using Syngas A as carbon and energy source. Based
on data from the literature [30], two initial pH values were tested, 7.0 and 6.0. To evaluate
the effect on butyrate production, the supplementation of the culture broth at pH 6.0 with
60 mM sodium acetate was also tested.

Figure 1 and Table 2 show the results obtained.
Cellular growth, organic acids production, and CO, CO2 and H2 fixation were ob-

served under all the tested conditions. According to the CO, CO2 and H2 fixation profiles,
it was observed that CO was the preferred carbon and energy source under all the tested
conditions, since it was consumed at a faster rate than H2 + CO2. The concentration of
CO2 results from a balance between uptake and production by the WL pathway. Because
CO2 can be used as a carbon source, but needs the presence of H2 as energy source, H2
consumption was considered to be an indicator of CO2 uptake by the cells [34].

Table 2. Growth rate, acetate and butyrate production, pH and pressure decrease achieved in the culture of B. methy-
lotrophicum with Syngas A, at pH 7.0 and pH 6.0, with or without medium supplementation of the culture medium with
sodium acetate.

Parameter pH 7.0 pH 6.0 pH 6.0 and NaAc 1

Max. specific growth rate 2 (h−1) 0.07 (R2 = 0.99) 0.05 (R2 = 1.00) 0.05 (R2 = 0.97)
Acetate (mM) 29.0 ± 1.0 32.0 ± 1.2 20.2 ± 0.3
Butyrate (mM) 1.7 ± 0.4 0.9 ± 0.1 5.7 ± 0.1

Butyrate/acetate produced (mol/mol) 0.06 0.05 0.59
Final pH 6.6 ± 0.1 5.8 ± 0.0 6.0 ± 0.0

Pressure after 120 h (kPa) 3 42.6 44.6 45.6
CF (mol %) 61 87 86

1, NaAc, sodium acetate; 2, Based on ln O.D.600nm; 3, Pressure value measured inside the serum flasks; CF, Carbon fixation determined
using Equation (1), from 0–120 h.
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At pH 7.0 the production of acetate started at the beginning of the exponential growth
phase (Figure 1a). The onset of butyrate production occurred only during the stationary
growth phase (72–84 h), when the pH of the medium decreased to 6.6 and the concentration
of acetate in the medium amounted to 23.1–24.8 mM. Carbon monoxide was depleted from
the headspace at a consumption rate of 0.25 mM/h up to 48 h (Figure 1b). The H2 fixation
profile showed no decrease until CO depletion, after which it was totally consumed during
the 48–84 h period, at a rate of 0.36 mM/h. This preference for CO consumption by B.
methylotrophicum was also observed by Heiskanen et al., 2007 at pH 7.3 [35]. The CO acted as
a hydrogenase inhibitor, which caused a delay in H2 consumption. The CO2 concentration
oscillated between production and consumption over the 120 h of fermentation, at pH 7.0.

At pH 6.0, acetate was immediately detected after inoculation, and butyrate produc-
tion started approximately in the mid exponential growth phase after 24 h (Figure 1c). The
supplementation of the culture medium with 60 mM of sodium acetate did not inhibit
syngas conversion by B. methylotrophicum. However, a drastic change in both acetate
and butyrate production was observed. Not only did the maximum acetate production
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decrease from 32.0 to 20.2 mM, but also the butyrate production increased 6.3 times, up
to 5.7 mM. Figure 1e shows that both acetate and butyrate production started with the
exponential growth phase. At pH 6.0, carbon uptake was faster than at pH 7.0, and the
CO and H2 fixation profiles were similar either with or without acetate supplementation.
The concentrations of CO and H2 decreased simultaneously after the inoculation of the
culture medium until depletion at 48 and 72 h, respectively (Figure 1d,f). The consumption
rates of CO and H2 were similar with or without acetate supplementation, respectively
0.25–0.26 mM/h for CO and 0.17–0.18 mM/h for H2. The CO2 balance at pH 6.0, with
or without acetate supplementation, resulted in a net decrease of 4.8 and 5.6 mM, respec-
tively. Carbon fixation was higher at pH 6.0 (Table 2), indicating that carbon was being
used for anabolic and catabolic purposes rather than being released as CO2. Nevertheless,
the concentration of H2 present in the Syngas A formulation was not sufficient to assure
CO2 depletion (Figure 1d,f). Theoretically, an additional 1.6-fold increase in H2 would be
required to fully consume the supplied carbon.

The culture of B. methylotrophicum at pH 6.0 with sodium acetate supplementation
yielded the best results of C2 and C4 acid production, and carbon fixation (Table 2). How-
ever, the profiles of acetate and butyrate varied in the three conditions tested. Butyrate is
described in the literature as a secondary metabolite that starts to be produced by aceto-
gens such as B. methylotrophicum and Eubacterium limosum during the stationary growth
phase [29,35,36]. In this study, this was observed for pH 7.0; however, at pH 6.0 butyrate
was produced during the exponential growth phase. When the culture medium was sup-
plemented with sodium acetate, butyrate production started simultaneously with acetate
production, immediately after inoculation. Without supplementation, the main product of
Syngas A bioconversion was acetate, and the production of butyrate was residual. The low
pH together with excess acetate shifted B. methylotrophicum metabolism to more reduced
products (Table 2). This effect was described by Worden et al., 1989, where a sudden pH
reduction from pH 6.8 to 6.0 after 72 h of B. methylotrophicum growth incremented butyrate
production from CO by approximately 23 times [30]. Diender et al., 2016 also observed
that the external addition of acetate to a co-culture of Clostridium autoethanogenum and
Clostridium kluyveri increased butyrate production approximately 7 times [30,37]. This
metabolic shift may be related to an acidity protection mechanism. A high concentration
of protons in solution disrupts membrane potential, affecting cellular metabolism and
increasing acetate toxicity towards microbial cells [38–41]. Furthermore, as described by
Grethlein et al., 1990, B. methylotrophicum growth was greatly affected by pH lower than
6.0. At pH 5.5, biomass was half that obtained at pH 6.0, whereas pH 5.0 resulted in cell
washout [42]. The preference for reduced products at low pH also has an effect in the ATP
balance of the cell. The acetate pathway is the preferred ATP source, however, under high
acetate concentrations, either acetate kinase or phosphotransacetylase become inhibited,
and the carbon influx is diverted into the butyrate pathway to compensate the energy
loss [43,44].

3.2. Long-Term Synthetic Syngas Bioconversion by B. methylotrophicum

The bioreactor set-up to test the long-term syngas bioconversion by B. methylotrophicum
at different pH values was processed in two sequential stages: in the first stage the pH of
the culture medium was adjusted to 7.0 in order to maximize the acetate concentration; the
second stage started with the pH adjustment to 6.0, to induce butyrate production. The
complete Syngas A fermentation assay comprised a total of 483 h: the first 288 h at pH 7.0
and from 288 to 483 h at pH 6.0 (Figure 2). Table 3 shows the main bioconversion outcomes.
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Table 3. Growth, acetate and butyrate production, and minimum pressure achieved in the bioconver-
sion of Syngas A by B. methylotrophicum at pH 7.0 (0–288 h) and pH 6.0 (288–483 h).

Parameters. pH 7.0 pH 6.0

Max. specific growth rate 1 (h−1) 0.012 0.006
Acetate (mM) 2 38.3 20.2
Butyrate (mM) 2 2.0 1.2

Butyrate/Acetate produced (mol/mol) 0.05 0.16
Min. pressure 3 (kPa) 60.8 60.9

CF (mol%) 83 79
1, Based on ln(O.D.600nm); 2, Production was estimated as the concentration increase during the operation at each
pH value; 3, Minimum pressure value measured inside the bioreactor headspace; CF, Carbon fixation determined,
using Equation (1), from 175 to 287 h (during on-demand syngas feeding) for pH 7.0 and 465 to 483 h (during
batch syngas feeding) for pH 6.0.

Syngas A infeed to the bioreactor was performed in two supply modes: (I) the syngas
was supplied in sequential batches, until the pressure value inside the bioreactor decreased
to approximately 60.8 kPa and where the rate of syngas consumption was measured as the
rate of pressure decrease inside the bioreactor; or (II) the syngas was supplied on-demand,
where the pressure inside the bioreactor was stable at 101 kPa (atmospheric pressure) and
B. methylotrophicum achieved a maximum consumption rate of 20 mL syngas/h by exerting
enough suction to pull Syngas A from the sampling bag.

During the first 175 h of process time, five series of sequential syngas batches were
performed. After the second sequential syngas feed, from 120 h onwards, the pressure
decreased rapidly with each replenishment of the bioreactor gas phase. The rate of syngas
consumption increased more than 3.2 times from the period of 120–150 h to 150–168 h
and 168–175 h, corresponding to a pressure decrease of 0.67, 2.1 and 2.3 kPa/h, respec-
tively. The acceleration of syngas bioconversion rate after the initial adaptation to Syngas
A was accompanied by an increase in cell density, indicating an effective growth of B.
methylotrophicum that was maintained until 288 h under batch or on-demand syngas infeed
(Figure 2).

At pH 7.0 the cells needed a small adaptation period after which they were able to
keep a constant consumption of syngas and produce both biomass and organic acids. The
bioconversion of syngas to acetate and butyrate followed a similar trend to that of cell



Energies 2021, 14, 7124 9 of 16

growth. The acetate and butyrate concentrations reached 38.3 and 2.0 mM, respectively,
corresponding to the conversion of 83 mol% of the total carbon provided by the syngas,
in contrast with 61 mol% obtained in the shake flask assay at pH 7.0. During the op-
eration period at pH 6.0, 79 mol% of the carbon provided on syngas was converted to
biomass, and organic acids and the acetate and butyrate production reached 55.6 mM and
1.3 mM, respectively.

Comparing the growth at pH 7.0 in the serum flasks and in the bioreactor, it was
possible to observe that the lag phase was significantly higher in the bioreactor, most
likely associated with mass transfer limitations in a larger liquid volume. Lower gas
solubility and transport through the liquid medium to the surface of cells impacted not
only on B. methylotrophicum growth, but also on acids production in the first 120 h. After
this adaptation period, the cells were able to grow and produce acetate at a maximum
of 0.2 mM/h from 145 to 288 h, while also producing butyrate from 145 h onward. Just
before the pH setpoint was changed to 6.0, the complete consumption of CO and H2 and a
decrease of CO2 to 8.7% (v/v) were registered in the bioreactor.

The acidification of the culture medium to pH 6.0 resulted in a rapid decay of the
cell density inside the bioreactor (Figure 2). On the contrary, the metabolic activity of B.
methylotrophicum was maintained, as observed by the sharp decrease of the internal pressure
when the syngas feed was changed to batch mode (336–389 h). In the first hours at pH 6.0,
the syngas conversion rates were not correlated with B. methylotrophicum growth, but with
acid production. After 26 h at pH 6.0 the cells maintained a syngas consumption rate of
20 mL/h and acetate production. After this period, acetate production ceased, and the
concentration of butyrate decreased (Figure 2). Duncan et al., 2002 described the ability that
some gut microorganisms from the Roseburia, Coprococcus and Faecalibacterium genera have
to reassimilate both acetic and butyric acids to acetyl-CoA as a way to replenish membrane
and phosphorylation potentials [45]. This may be a response to the acidic conditions in the
culture medium, because after 167 h at pH 6.0 the cells restarted to produce acids, namely,
13.6 mM acetate and 1.6 mM butyrate, until the end of the experiment.

In this work, promising values of carbon fixation were obtained. To maximize the
dissolution of the syngas in the culture medium, the common process employed in the
literature is to force a high inflow of syngas into the bioreactor [8,16,25,46]. However, as
the syngas inflow is higher than the microbial syngas conversion rate, most of the gas
leaving the bioreactor still contains a significant percentage of carbon [8,28,33]. The on-
demand syngas feed enabled B. methylotrophicum to fully access the available carbon before
pulling fresh syngas from the gas bag, resulting in the full consumption of both CO and
H2, whereas the consumption of the remaining CO2 was only limited by the available H2.

3.3. Long-Term Lignin Syngas Bioconversion by B. methylotrophicum

The bioreactor operation started with the culture of B. methylotrophicum in Syngas A
for biomass formation. After the initial period of approximately 60 h, the syngas feed was
changed to Syngas B and the fermentation continued for more 380 h. During the 380 h
of bioreactor operation with Syngas B, half the volume of the liquid fermentate medium
was replaced by new nutrient stock solution when the syngas consumption rate started
to decrease. The first replacement occurred immediately after switching from Syngas
A to Syngas B feed, and the second and third replacements occurred at 112 and 176 h,
respectively (as indicated by the red dashed lines in Figure 3). Between 0 and 232 h the
pH set-point was adjusted to 7.0, whereas from 232 to 380 h the pH was changed to 6.0
simultaneously with the supplementation of the culture medium with 60 mM sodium
acetate (NaAc), as indicated by the red dashed line at 232 h.

The chosen feeding mode for Syngas B was the on-demand supply. The gas was
introduced into the bioreactor from a 20 L gas sampling bag that was filled with syngas
directly from the BFB gasifier and was connected with the bioreactor through a flowmeter.

Figure 3, and Tables 4 and 5, show the results obtained in this assay.
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Table 4. Syngas feed, cell growth, yields and productivities achieved in the bioconversion of Syngas B by B. methylotrophicum
in four sequential batches under on-demand gas feed, at pH 7.0 and pH 6.0.

Parameters pH 7.0 pH 6.0; NaAc Supplementation

Time period (h) 0–232 232–380
Vsyngas (NmL) 1600 157

rSmax (NmL/h)
13.3 †

6.7 ‡

3.2 *
0.9

OD (600nm) max 1.71 0.65

CDW (g/L) 2.77 1

3.58 2 3.01 2

Max. acetate produced (mM) 51.1 38.9
Max. acetate concentration (mM) 51.1 138.3

YP/S acetate (mmol/Lsyngas used)
1.20 × 10−2 †

2.42 × 10−2 ‡

2.16 × 10−3 *
1.24 × 10−1

Max. butyrate produced (mM) 0.7 0.3
Max. butyrate concentration (mM) 0.7 0.7

YP/S butyrate (mmol/Lsyngas used)
3.29 × 10−4 †

1.03 × 10−3 ‡

1.02 × 10−4 *
1.26 × 10−3

rSmax, maximum volumetric rate of syngas consumption; YP/S, product yield (maximum acid produced in terms of total syngas used); 1, no
cell aggregation was observed; 2, cell aggregation occurred; †, determined in the 1st batch; ‡, determined in the 2nd batch; *, determined in
the 3rd batch.
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Table 5. CO, CO2 and H2 consumption and carbon fixation during the bioconversion of Syngas B by
B. methylotrophicum.

Parameters pH 7.0 pH 6.0; NaAc Supplementation

Time period (h) 0–64 234–299
CO consumed (mmol) 14.4 0.4

CO2 negative balance (mmol) 7.1 1.9
H2 consumed (mmol) 11.2 -

rCO (mmol/h) 0.23 0.01
rCO2 (mmol/h) 0.11 0.03
rH2 (mmol/h) 0.18 -

CF, total (mol%) 88 48

CF, partial (mol%) CO: 100
CO2: 71

CO: 93
CO2: 43

rCO;CO2 ;H2 , consumption rate of each syngas component; in the case of CO2, it is based on the net negative balance
between CO2 consumption and CO2 production; CF, total, total carbon fixation calculated using Equation (1); CF
partial CO, CO fixation calculated using Equation (1); CF partial CO2, CO2 fixation calculated using Equation (1).

A total of 1757 mL of Syngas B were fed on-demand to the bioreactor, from which
1600 mL were consumed by B. methylotrophicum when the pH set-point was 7.0. A small lag
phase of 35 h was visible at the beginning of the assay, after which syngas consumption by
B. methylotrophicum increased continuously during the process time. However, throughout
the period at pH 7.0, the Syngas B inflow rate decreased during the three consecutive
substitutions of nutrient solution, from 13.3 to 6.7 and 3.2 NmL/h (Figure 3). A maximum
of 51.1 mM acetate and 0.7 mM butyrate were produced at pH 7.0. The concentration of
organic acids in the culture medium decreased after each medium renovation down to
33.0 mM acetate and 0.2 mM butyrate after the 2nd replacement.

At pH 6.0 the slope of Syngas B consumption was clearly less pronounced and only
157 mL were consumed by B. methylotrophicum during the remaining 148 h (Figure 3).
Immediately after changing the pH set-point, the trend for syngas demand decreased,
indicating some stress to the cells. At this pH, 38.9 mM of acetate was further produced,
corresponding to a product yield of 1.24 × 10−1 mmol/Lsyngas used. The concentration
of butyrate increased steadily at pH 6.0 and the maximum concentration amounted to
0.7 mM, with a product yield of 1.26 × 10−3 mmol/Lsyngas used.

During the sequential batches at pH 7.0, the culture medium in the bioreactor started
to acquire a grey color (Figure 4), possibly associated with the presence of some tar com-
pounds and other impurities in Syngas B. Cells also started to form aggregates that hindered
optical density measurements. This behavior is common in stressed cells, as a mechanism of
defense against chemical contaminants in the culture medium [47]. Even so, B. methylotroph-
icum cells were able to produce both acetate (51.1 mM) and butyrate (0.7 mM) although
at lower concentrations than from synthetic syngas. After the acidification of the culture
medium to pH 6.0 and acetate supplementation, the cellular growth rate decreased even
further. High amounts of impurities started to deposit in the bioreactor, and the culture
medium became completely dark (Figure 4c). Organic acid production proceeded, yielding
further 38.8 mM acetate and 0.3 mM butyrate. The abrupt decrease in syngas consump-
tion from pH 7.0 to pH 6.0 further supports the theory that the cells were already highly
stressed and metabolically affected by the conditions in the culture medium. It has been
reported that crude syngas may contain several impurities that are potentially inhibitory to
microorganisms, e.g., cyanide compounds, which can impact microbial growth and syngas
bioconversion performance [9,11,12,17].
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Since headspace sampling would highly influence the batch culture due to forced
entry of fresh syngas, only four gaseous samples were collected from the bioreactor during
the whole experiment, to monitor the gas composition in a time period of 64 h at pH 7.0
and 65 h at pH 6.0. Table 5 shows the results of carbon and H2 conversion by the cells in
these time periods.

During the first 64 h of growth, B. methylotrophicum was able to convert a total of
21.5 mmol of CO + CO2 to products and biomass, corresponding to a total carbon fixation
of 88 mol%. CO was the preferential carbon source, with a conversion of 100 mol% at pH
7.0, whereas CO2 registered a negative balance of only 71 mol%. At pH 6.0 only 2.3 mmol
of carbon was converted (approximately 10 times less), with a total carbon fixation of
48 mol%. Even though CO was still the preferential carbon source (93 mol% fixation), its
conversion rate was significantly lower (0.01 mmol/h). Regarding CO2, only 43 mol% was
converted at a rate of 0.03 mmol/h.

The carbon fixation obtained with Syngas B at pH 7.0 was similar to that obtained
with Syngas A. Comparatively, a carbon fixation value of 55.9 mol% was obtained in the
conversion of lignin syngas with a composition similar to that of Syngas B by Clostridium
ljungdahlii, with a constant inflow into the bioreactor [8]. Comparing the two forms of gas
feed, the constant inflow results in higher carbon conversion rates, whereas the on-demand
feed used in the present work resulted in higher carbon fixation.

As the bioconversion process proceeded, the stress to which the cells were exposed
caused a drastic decrease in syngas consumption, halving the value obtained at the be-
ginning of the assay (from 20 to 13 mL/h). Infantes et al., 2020 [8] observed the same
effect during lignin syngas bioconversion by C. ljungdahlii, where syngas impurities highly
influenced both productivity and carbon fixation. In the present study, the cumulative
inhibitory effects caused by the prolonged exposure to Syngas B, the pH adjustment to
6.0, and the acetate surplus in the culture medium led to an accumulation of cell stress
that influenced negatively, and decisively, the bioconversion performance of B. methy-
lotrophicum. Additional research, namely the selection of more robust and adapted strains
and the implementation of additional syngas cleaning steps, is needed to overcome the
problems described.

A tentative carbon balance was undertaken based on the lignin A composition and
additional data from the literature [3,48]. The results are preliminary and limited by the
small number of gas samples collected from the bioreactor headspace, at 0, 64, 234 and 299 h
of process time (Table 5). Figure 5 represents the process schematic with the corresponding
inputs and outputs.
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Using the BFB gasification yield of 900 L of Syngas B produced from 1 kg of dry lignin
determined by Liakakou et al., 2019, 0.25 kg of CO, 0.27 kg of CO2, 0.08 kg of CH4, and
residual concentrations of hydrocarbons and tars were obtained [3]. The bioconversion
of Syngas B by B. methylotrophicum at pH 7.0 resulted in the accumulation of 0.33 kg of
CO2 and 0.24 kg of CH4 in the headspace gas, and in the production of 2.18 kg of acetic
acid and 1.72 kg of cell biomass per kg of lignin. All the available CO was converted to
products and biomass simultaneously with a slight accumulation of CO2 and a significant
accumulation of CH4 in the bioreactor headspace. At pH 6.0, 0.25 kg of CO2 and 0.26 kg
of CH4 were accumulated, whereas 1.96 kg of acetic acid, 0.01 kg of butyrate and 0.15 kg
of biomass were produced. The switch to more acidic conditions placed the cells under
extreme stress, but they were still able to metabolize the CO to acids.

Under the tested conditions, the gasification to Syngas B without subsequent bio-
conversion would release 0.49 kg of carbon in the form of CO, CO2 and CH4 per kg of
dry lignin. Conversely, the bioconversion of Syngas B would result in the direct fixation
of approximately 73% of the carbon of the gasification output. This value can be further
increased through optimization of the overall process, for example, with the supply of
additional H2 to increase CO2 conversion, the removal of easily accessible carbon sources,
such as yeast extract, in the culture medium, and the adoption of a continuous culture
setting. This latter modification would alleviate the inhibitory effect of crude syngas on the
cells by reducing the accumulation of impurities inside the bioreactor. The broad carbon
fixation potential of this bio-thermochemical based technology ranges from the conversion
of syngas produced by the gasification of organic waste materials, such as low-grade
technical lignin, biomass residues and municipal solid waste, to the use of gaseous carbon
substrates, such as industrial waste gases. Raw material flexibility is extremely aligned
with ambitious, yet urgent, climate change adaptation strategies. This will shape the decar-
bonization of the economy, orienting the circular action plans towards more sustainable
products and technologies for the incorporation and capture of CO2 [49,50]. In future
prospects, a techno economic analysis (TEA) and life cycle analysis (LCA) of this process
with generated fermentation metrics will be important in order to prove the viability of
the proposed biomass-to-chemicals integrated biorefinery. Moreover, it will allow the
identification of possible process improvement alternatives at an early development stage.
Although LCA studies exist in the literature for volatile fatty acids, for TEA, to the best of
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the authors’ knowledge, is still scarce, which enforces the need of such combined studies
for this integrated biorefinery.

4. Conclusions

This work highlighted the potential of B. methylotrophicum to be used in crude syngas
fermentation, converting CO- and CO2-rich gas streams into platform carboxylic acids.
The values of carbon fixation from synthetic syngas (Syngas A) by this acetogen reached
88 mol% of the supplied carbon in small scale experiments and 83 mol% in a long-term
operated bioreactor. B. methylotrophicum also demonstrated the ability to consume lignin
syngas (Syngas B) and was able to use 88 mol% of the supplied carbon, with fixation
of 71 mol% of the available CO2 and complete fixation of the CO at pH 7.0. In small-
scale experiments with synthetic syngas, the maximum acetate production was 32.0 mM
at pH 6.0, whereas in the bioreactor the production reached 38.3 mM at pH 7.0. The
supplementation of the culture medium with sodium acetate supported a 6.3-fold increase
in butyrate production under more acidic conditions. This effect was less clear in the
bioreactor assay, with a maximum butyrate production of 1.2 mM at pH 6.0. Nevertheless,
an increase of more than two-fold in the butyrate per acetate produced ratio was observed
in this condition.

There was a clear influence of pH on the production profile of B. methylotrophicum from
Syngas A, with lower pH and excess acetate shifting metabolism towards butyrate produc-
tion. When using lignin-derived Syngas B this effect was not as evident, most likely due to
the accumulation of toxic syngas impurities inside the bioreactor that acted as additional
stress factors to the cells. At pH 6.0, acetate and butyrate production were residual for 148 h,
Syngas B consumption rate by B. methylotrophicum decreased drastically to 0.9 NmL/h, and
cell density dropped significantly to an O.D.600nm of 0.65. These results seem to indicate
that a future syngas-based biorefinery would benefit from a modified bioreactor system,
possibly with continuous cell renewal, to reduce the influence of inhibitors present in the
crude syngas. More work on strain adaption to syngas impurities is required, since B.
methylotrophicum demonstrated some initial resilience to the exposure to crude syngas.
Ultimately this work demonstrated the importance of testing the bioconversion of syngas
not only with synthetic gas formulations, but also with real gaseous waste streams, to
correctly predict cell behavior and limit the effect of syngas impurities.
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