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Abstract: This work evaluated the effects of condensable syngas impurities on the cell viability and
product distribution of Butyribacterium methylotrophicum in syngas fermentation. The condensates
were collected during the gasification of two technical lignins derived from wheat straw (WST)
and softwood (SW) at different temperatures and in the presence or absence of catalysts. The
cleanest syngas with 169 and 3020 ppmv of H,S and NH3, respectively, was obtained at 800 °C using
dolomite as catalyst. Pyridines were the prevalent compounds in most condensates and the highest
variety of aromatics with cyanide substituents were originated during WST lignin gasification at
800 °C without catalyst. In contrast with SW lignin-based condensates, the fermentation media
supplemented with WST lignin-derived condensates at 1:100 vol. only supported residual growth of
B. methylotrophicum. By decreasing the condensate concentration in the medium, growth inhibition
ceased and a trend toward butyrate production over acetate was observed. The highest butyrate-to-
acetate ratio of 1.3 was obtained by supplementing the fermentation media at 1:1000 vol. with the
condensate derived from the WST lignin, which was gasified at 800 °C in the presence of olivine.
B. methylotrophicum was able to adapt and resist the impurities of the crude syngas and altered its
metabolism to produce additional butyrate.

Keywords: technical lignin gasification; syngas condensable compounds; acetogen; microbial inhibition;
acetate; butyrate

1. Introduction

Addressing the global (present and future) demands for clean energy is the key
to our common future. In the absence of a silver bullet, all diversified technological
solutions, centralized or decentralized, should be considered important tools on the path
to decarbonization. Bioenergy production from materials that are generated as waste
or low-value byproducts in various industries and/or human activities, e.g., technical
lignocellulosic residues, municipal solid waste, food waste, or agricultural residues, is an
option that should be included in the sustainable energy portfolio [1]. One of the most
promising feedstocks is lignocellulosic biomass, particularly the lignin-rich waste stream
generated in second-generation ethanol production or as the residue of the pulp and paper
industry, which often lacks appropriate valorization [2-4]. Gasification is a thermochemical
process that can be applied for the valorization of this low-grade lignin and that allows
the recovery of the recalcitrant carbon as synthetic gas (syngas) [2,3,5,6]. Syngas is mainly
composed of hydrogen (Hy), carbon monoxide (CO), carbon dioxide (CO;), methane (CHy),
higher gaseous hydrocarbons (CnHp,), and lower amounts of cyanide, ammonia, and some
sulfur organic forms.
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One possibility for syngas utilization involves its fermentation in the production of
chemical building blocks and biofuels [7-9]. The microbial fixation of CO and CO;, is per-
formed by acetogenic bacteria, such as Butyribacterium methylotrophicum, producing several
naturally occurring acids and alcohols via the Wood-Ljungdahl pathway (WLP) [10-12].
Most studies on syngas fermentation use synthetic syngas formulations, tailor-made to
mimic crude syngas. However, the composition of crude syngas is much more complex and,
besides CO, CO,, and Hy, it generally contains particulates (char and ash), volatile tars, and
other gaseous hydrocarbons. Depending on the feedstock and gasification conditions, other
prevalent gaseous species are CHy and Nj, and minor impurities include acetylene (CyHy),
ethylene (C;Hy), ethane (C;Hg), benzene (CgHg), toluene (C;Hg), xylene (CsHjg), and
naphthalene (C;pHg), hydrogen sulfide (H,S), sulfur dioxide (SO;), carbonyl sulfide (COS),
ammonia (NH3), hydrogen cyanide (HCN), nitrogen oxides (NOx), oxygen (O;), water
(H0), hydrogen chloride (HCI), ammonium chloride (NH4Cl), among others [5,13-15].

Depending on their toxicity and/or concentration, the syngas impurities decisively
influence cell viability, enzyme activity, and product formation, thus contributing to possi-
ble differences between the results obtained with the bioconversion of synthetic and crude
syngas [2,16]. In a previous study, the authors reported the accumulation of tar inside the
bioreactor and a decrease in the syngas consumption rate by B. methylotrophicum during a
prolonged conversion process [17]. Volatile compounds carried out by the incoming gas
stream can solubilize in the fermentation medium and cause bacterial stress, inducing loss
of cell viability [5,9,18]. Currently, a broad analysis of the potential effects of crude syngas
impurities on microbial fermentation systems is still lacking. Recent publications tended
to mainly focus on the standalone influence of one or of defined impurities, such as H;S,
NH3, and NOy. For example, the effect of adding sulfide or ammonium to autotrophic
cultures of acetogenic clostridia denoted a species-dependent response. Cell growth and
alcohol production by C. carboxidivorans were promoted by supplementation of 1.0 g/L
H,S or 5.0 g/L NH4Cl1 [18]. Conversely, low concentrations of H,S (0.1 g/L) inhibited
C. autoethanogenum, C. ljungdahlii, and C. ragsdalei [9]. These studies were performed on
comparable fermentation processes and constituted important advances in understanding
the impacts of syngas impurities on syngas fermentation. However, there are additional
factors that may influence the fermentation outcome. One is the fact that complex and
detrimental compounds, such as the components of volatile tars, coexist in crude syn-
gas [9,18,19]. Another is the fact that the composition of these tars is highly dependent
on the type of feedstock and the operational parameters and gas cleaning stages of the
gasification process [17,20]. To encompass this complexity in the composition of the gaseous
substrate, studies have been conducted in which the substrate fed to the bioreactor was
crude syngas [17,20]. In these cases, the syngas-cleaning stages preceding the fermentation
can be complex and they usually involve extensive removal of impurities to obtain the
syngas ready for end use. The approach of the present work differed from current studies
in that it attempted to assess the inhibitory effects of a mixture of syngas impurities that
were collected almost directly at the exit of the gasifier. One of the most easily accessible
and representative mixtures of impurities in syngas is condensed volatile tar that can be
removed during syngas cooling at the exit of the gasifier. At this point, condensates that
still contain significant concentrations of other mentioned impurities can be collected [2,5].

In this study, the condensables collected at the outlet of a bubbling fluidized bed (BFB)
gasifier with no previous cleaning stages except for particulate removal in a cyclone, were
supplemented to B. methylotrophicum fermentation media. The gasification was performed
in the presence of three different gasification catalysts and the effects on microbial growth
and product distribution of the respective syngas condensates were compared. Advances
in the subject would provide valuable information to adjust the fermentation process
parameters and adapt and increase the robustness of microbial strains or consortia to crude
syngas, with the potential to reduce the gas cleaning stages and operation costs.
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2. Materials and Methods
2.1. Gasification—Operating Conditions

Two technical lignins (referred to, henceforward, as WST and SW) were used in the
gasification assays. WST and SW were obtained as solid residues after the steam explosion
and enzymatic hydrolysis of wheat straw and softwood biomass, respectively, from a
2nd-generation bioethanol production plant [3]. The technical lignin WST originated from
wheat straw and consisted of large and compressed particles, while the technical lignin
SW originated from softwood and consisted of a mixture of particles of different sizes and
shapes [3]. Both feedstocks were roughly ground, dried at 60 °C, and further milled to
obtain 2-10 mm particles suitable for BFB gasification. The proximate, ultimate and ash
compositions of both lignins are detailed in Table 1.

Table 1. Proximate, ultimate and ash compositions of WST and SW [3].

WST SW
Proximate analysis (wt.%, dry basis)
Volatile matter 64.6 72.1
Ash 550 °C 14.0 0.1
Ultimate analysis (wt.%, dry basis)
C 47.2 57.7
H 5.6 6.2
@) 33.0 33.8
N 1.3 0.8
S 0.18 0.13
Cl 0.020 0.002
ICP-AES ! analysis (mg/kg, dry basis)
Al 380 17
Ca 4750 380
Fe 290 48
K 3250 210
Mg 385 68
Na 906 390
P 930 160
S 1750 1300
Si 54,000 <30

1ICP-AES, inductively coupled plasma-atomic emission spectrometry.

The schematic diagram of the gasification system and the bubbling fluidized bed (BFB)
gasifier are shown in Figure 1.

The BFB reactor was made of refractory steel pipe, with a circular cross-section, an
internal diameter of 0.08 m, and a height of 1.50 m [21]. The reactor was placed inside
an electrically heated furnace. The top, middle, and bottom temperatures in the reactor
were measured on the axis and kept the desired value. Steam and oxygen were used as
gasification agents and were mixed in the wind box located below the gas distributor placed
at the base of the reactor. The feedstock was continuously fed into the gasifier through
a screw feeder. To avoid feedstock clogging and gas backflow, a small nitrogen flux was
used, and the feeding system was water-cooled. The feedstock flow rate was adjusted to
dry and ash-free (daf) basis to account for the effect of moisture and ash content and enable
the comparison between the results obtained with both technical lignins. The reactor was
operated at atmospheric pressure and the lignin flow rate was set at around 5 g(daf) /min.
The gas resulting from gasification (syngas) went through a cyclone (9 in Figure 1) to
remove particulates. Subsequently, the gas was conducted into a water-cooled quenching
system for the retention of tar and condensables (10 and 11 in Figure 1). Tar particles
were separated from the condensate by filtration and were sampled for quantification
(CEN/TS 15439:2006). After filtration, the gas was injected into a CO/CQO; at-line analyzer
(18 in Figure 1) to control the gasifier operation. Syngas was also sampled for H,S and
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NHj quantification (16 in Figure 1). HpS and NHj concentrations were determined by the
Environmental Protection Agency (EPA) method 11 and EPA CTM-027, respectively.

1 - Hopper

2 — Motor

3 —Screw feeder

4 — Drop pipe

5 — Gasifier

6 — Thermocouple

7 — Flow meters

8 — Pressure probe

9 — Cyclone

10 — Condensation system
11 - Liquid collector

12 — By-pass

13 — Glass wool filters
% 14 —Filter

15 —Valve

16 — Gas sampling

17 — Pump

18 — CO/CO, on-line analysers
19 — Gas meter

20 — Refrigeration system
21 — Steam Generator

22 — Data acquisition system
23 — Gasifier controller

24 —|ce bath

25 — Water reservoir

26 — Pressure indicator

Figure 1. Schematic diagram of the bench-scale fluidized bed gasification system.

The selected gasification conditions were the following: equivalence ratio (ER) of
0.13, steam/lignin ratio (S/L) of 0.35 g/g(daf), gasification temperatures of 800-850 °C for
WST, and 750 °C for SW [4]. The main criteria to select the gasification conditions were
set to obtain the highest CO/Hj ratio as operationally possible, which would better suit B.
methylotrophicum preference for CO [22,23]. Silica sand was used as the fluidization medium,
with or without the addition of low-cost catalysts (dolomite, limestone, or olivine). Six
condensates were collected from different gasification conditions according to the respective
lignin sample, gasification temperature, and catalyst (Table 2). The condensates were stored
in glass serum flasks with butyl rubber stoppers and stored at —4 °C until characterization,
to avoid volatilization losses.

Table 2. Gasification condensates collected and the respective technical lignin type, gasification
temperature, and catalyst.

.. Gasification

Condensate Lignin Temperature (°C) Catalyst
Cond1 WST 850 -
Cond2 SW 750 -
Cond3 WST 800 -
Cond4 WST 800 Dolomite
Cond5 WST 800 Limestone
Condé6 WST 800 Olivine

2.2. Syngas Fermentation—Strain and Culture Medium

The microbial strain used in this study was Butyribacterium methylotrophicum strain
Marburg (DSM 3468, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braun-
schweig, Germany). This acetogen was cultured anaerobically in 125 mL serum flasks with
20 mL of culture medium and capped with butyl rubber stoppers and aluminum caps. The
culture medium was adapted from Oswald et al., 2016 and is described in Pacheco et al,,
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2021 [17,24]. For the assays described herein, the selected pH was 6.0. The medium was
first made anoxic by the replacement of the gas phase with nitrogen (N,) through a gas
manifold system. Afterward, the serum bottles were sparged for 10 min with synthetic
syngas with the following composition: 26 vol% CO, 19 vol% CO,, 18 vol% H,, and 37 vol%
Ny. After autoclaving, 0.2 mL of vitamin solution and 60 mM of sodium acetate were
aseptically added [17], and the medium was inoculated with 4% (vol.) of fresh inoculum.
For culture maintenance, the 2-(N-morpholino)ethanesulfonic (MES) buffer was replaced
by 140 mM of phosphate buffer (pH 7.0) and the sodium acetate solution was omitted.
The culture medium for the maintenance of syngas-adapted cells was 1% (vol.) inoculated
every 4 days.

To test the effect of syngas impurities on the growth of B. methylotrophicum and C2-
/C4-acid production, the microorganism was cultured in the presence of the gasification
condensates. In the first assay, Cond1 and Cond2 (Table 2) were aseptically diluted to 1:100
and 1:1000 vol. directly in the culture medium. In the second assay, Cond3 to 6 (Table 2) were
aseptically diluted to 1:1000 vol. directly in the culture medium. Eight serum flasks were
prepared for each condition and two independent flasks were analyzed at each sampling
time (t =0, 12, 24, and 72 h). At the respective sampling time, the flasks were opened for
cellular growth and product formation monitoring. Eight control flasks were also prepared
by replacement of the condensate with ultra-pure sterile water in equal volume. All of the
serum flasks were incubated horizontally at 37 °C and 150 rpm.

2.3. Analytical Methods

For each biological sample, growth was monitored by absorbance at 600 nm (Thermo
Fisher Scientific spectrophotometer, Genesys 20, Waltham, MA, USA). Acetic and butyric
acids were quantified by high-performance liquid chromatography (HPLC) in a Merk-
Hitachi LaChrom modular HPLC, equipped with a refractive index (RI) detector (LaChrom,
Merck, Germany). A Bio-Rad Aminex HPX-87H column (Bio-Rad Laboratories, Hercules,
CA, USA) was maintained at 35 °C during the analysis, with 0.5 mM of H,SOy as the
mobile phase at a flow rate of 0.4 mL/min. Solutions of the analyzed organic acids were
used as external standards. Syngas samples were analyzed through gas chromatography
(GC) in an Agilent/HP 6890 gas chromatograph [17]. Values are at standard conditions of
temperature and pressure: the temperature was 25 °C (293.15 K) with an absolute pressure
of 1.0 x 10° Pa. The gasification condensates were analyzed through gas chromatogra-
phy/mass spectrometry (GC/MS) in Agilent 7697A equipment (Agilent Technologies,
Santa Clara, CA, USA), with an Agilent HP-5MS Ul and an Agilent DB-WAX column, both
with lengths of 30 m, 0.250 mm in diameter, and 0.25 pm of film. Helium was the carrier
gas and the injection volume was 1 pL for both columns. The gradient elution method
used with the HP-5MS UI column was 5.66 min at 45 °C, with an increase of 8.8 °C/min to
100 °C for 1.7 min, an increase of 13.3 °C/min to 220 °C for 3.39 min, and finally an increase
of 22.1 °C/min to 240 °C for 3.43 min, for a total run time of 30.358 min. The gradient
elution method used with the DB-WAX column started at 40 °C for 4 min, then there was
an increase of 5 °C/min to 50 °C for 1 min, an increase of 18 °C/min to 200 °C, and then an
increase of 25 °C/min to 245 °C for 1 min. A proprietor database was used for peak and
mass identification.

3. Results and Discussion
3.1. Effect of the Lignin Type
3.1.1. Syngas and Condensable Compounds

The two technical lignins used in this work were provided by two biorefineries, and
their compositions are depicted in Table 1, Section 2.1. The gasification temperatures of SW
and WST varied between 750 and 900 °C and the ER and S/L ratios were selected as the
optimal conditions for WST gasification (ER = 0.13 and S/L ratio = 0.35 g/g(daf)) [4]. The
results obtained in SW and WST gasification under different temperatures are compared in
Figure 2.
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Figure 2. Effects of the temperature on CO, CO,, and H; compositions (a), CHs and C,Hy, compo-
sitions (b), tar and gas yield, (¢) and H,/CO ratio (d) as obtained by the gasification of WST and
SW with oxygen and steam (experimental conditions: ER = 0.13, steam/lignin = 0.35 g/g(daf)). NL,
volume of syngas in L at standard conditions of temperature and pressure: 293.15K, 1.0 x 10° Pa
absolute pressure.

As shown in Figure 2, the gasification temperature significantly affected the yield and
composition of the syngas. The increase in temperature during WST and SW gasification
favored steam-reforming reactions, as seen by the increase in the H, concentration and
the decrease of CO in the generated syngas. The H, /CO ratio is a fundamental factor in
syngas fermentation, regulating how effectively the carbon in the gas will be converted
by the autotrophically grown acetogens [4,17,21]. Figure 2d shows that for WST, H, /CO
ratios > 1 were obtained at gasification temperatures equal to or higher than 850 °C, while
for SW, the H, /CO ratios plateaued below 1 due to the high concentration of CO in the
produced gas. While SW syngas would have more carbon for the bacteria to convert,
the lack of reducing potential provided by the Hj limits CO, conversion. Therefore, a
syngas with an H /CO ratio > 1, such as the WST syngas, is considered preferential for
maximum carbon conversion by B. methylotrophicum [17]. Figure 2c shows that tar release
decreased with the gradual increase in temperature for both lignins, while the gas yields
followed the temperature variation. The cracking of heavy tars was particularly significant
during SW gasification. Nonetheless, the tar concentrations from SW gasification below
900 °C were always much higher than those obtained with WST (approximately 5 times
higher). Higher gasification temperatures appeared to be more favorable for tar-cracking
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reactions; however, temperatures closer to 900 °C also increased bed agglomeration, which
is a well-known problem of the BFB gasification of agricultural and wood residues [25,26].

The outcome of biomass gasification is highly dependent on the composition of the
feedstock used, especially in terms of ash and inorganic compounds. While high ash
contents tend to increase bed agglomeration, alkali-alkaline earth metals (AAEMs) can act
as catalysts during thermochemical processes, modifying product distribution, influencing
char-ash/slag transition, and fomenting tar-cracking reactions [27-29]. Figure 3 shows the
mineral composition of WST and SW.

55.00
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&350
.
253,00
§ 250
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<150
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0.00
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Figure 3. Mineral compounds quantified in WST and SW by the ICP-AES analysis [3].

From Table 1 and Figure 3, it is possible to observe that the mineral composition was
visibly different between the two feedstocks used in this study. WST presented a higher
ash content when compared with SW, which could lead to higher tar formation and bed
agglomeration. However, this was not observed in the gasification of WST (Figure 2c). The
presence of high concentrations of silicon (Si) and calcium (Ca) lowered bed agglomera-
tion [30-32], while potassium (K) and sodium (Na) facilitated water—gas shift reactions,
steam reforming and the cracking of tar and hydrocarbons, even at low temperatures,
producing syngas with higher H, concentrations [33-35], as can be observed in Figure 2a,c.
The absence of the catalytic effects provided by the AAEM during SW gasification can
explain the very high concentration of heavy tar observed in Figure 2c, concurrently with
an overall higher CO concentration in the produced syngas (Figure 2a). Both technical
lignins also contain sulfur and nitrogen in their compositions (Table 1), which may lead
to the formation of S- and N-compounds. These may not be only present in the syngas as
H,S, COS, NHj3, and HCN [3], but also in the condensable volatiles collected at the outlet
of the BFB gasifier, as sulfur and nitrogen substituents.

During the different gasification assays, samples of the formed condensates were
collected for NHs, H;S, and tar quantification. The condensates were collected at the water-
cooled quenching system used for the removal of tar and impurities from the gas; they are
usually rich in organic compounds that can hinder the bacterial conversion of crude syngas
directly from the gasifier. Condensate 1 (Cond1) was collected during the gasification of
WST at 850 °C, ER = 0.13, and S/L ratio = 0.35 g/g(daf), while condensate 2 (Cond2) was
collected during the gasification of SW at 750 °C, ER = 0.13, and S/L ratio = 0.35 g/g(daf).
Cond1 and Cond2 were characterized by GC-MS; Table 3 depicts the groups of chemical
compounds identified and their relative distribution.
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Table 3. Distribution by chemical group of the compounds identified by GC-MS in the condensates
that were obtained by gasification of WST at 850 °C (Cond1) and SW at 750 °C (Cond2) in a BFB gasifier.

Group Specification

Condl Cond2
Total Relative Total Relative
No. of No. of
Percentage Percentage Percentage Percentage

Compounds ! Compounds !

(%) (%) (%) (%)
Tons 1 7 1 4
Ca?rboxyhc 1 20 - B 1 0
acids
Secgndary ) 0 1 4
Amines
Nitriles 1 7 1 4
Identified compounds 3 3
Hydrocarbons 1 7 1 4
Benzene 2 13 4 14
Pyrroles - 0 1 4
Pyridines 5 33 6 21
. Pyrimidines 2 13 4 14
Aromatics Pyrazines ] 80 0 5 89 7
Quinolines 1 7 - 0
Indoles - 0 2 7
Phenols 1 7 4 14
Furans - 0 1 4
Identified aromatics 12 25
Total identified compounds 15 28

1 Nlumber of compounds identified by GC-MS.

A qualitative analysis showed that Cond2 presented the highest complexity, i.e., the
highest number of different compounds, with 28 hits, 18 of which were compounds only
identified in this condensate, namely N-methylmethanamine, 2,3-dihydro-1H-indene,
2-aminobenzonitrile, nitrosobenzene, phenylmethanol, 1H-pyrrole, 4-methylpyridine,
pyridin-2-amine, 2-methylpyrimidine, 4-methylpyrimidine, pyrazine, 2-methylpyrazine,
1H-indole, 6-methyl-3-nitroso-1H-indol-2-0l, o-, m- and p-methylphenol, and 2-vinylfuran.
Contrastingly, Cond1 generated only 15 hits, 5 of which were not identified in Cond2, namely
acetic acid, 1H-inden-1-ol, benzonitrile, 6-methylpyridine-2-carboxylic acid, and quinoline.

The compounds identified by GC-MS were mainly aromatics from the group of
pyridines, followed by several forms of benzenes and pyrimidines (Table 3). This high
percentage of aromatic compounds in both condensates is naturally related to the structural
organization of the lignin itself. Due to the cyclic nature of lignin, its thermochemical
treatment promotes the cleavage of the weak o-ether and {3-ether bonds, releasing aromatic
compounds [36]. Comparatively, a higher variety of substituted aromatics were identi-
fied in Cond2. This predominance was consistent with the composition of SW and the
respective tar content (Figure 2c). Another visible difference between both condensates
was the higher content in phenols of Cond2, possibly due to the chemical composition
of SW which was derived from softwood. Overall, the higher gasification temperature
and the presence of high concentrations of AAEM in WST also seemed to have facilitated
molecular fractionation. Condl presented only four high-molecular carbon compounds
(6-methylpyridine-2-carboxylic acid, 1H-pyrazolo [3,4-d]pyrimidin-4-amine, 1H-inden-1-ol
and quinoline), whereas Cond2 presented a higher variety of such compounds (6-methyl-
3-nitroso-1H-indol-2-ol, 1H-pyrazolo [3,4-d]pyrimidin-4-amine, 1H-indole, 2,3-dihydro-
1H-indene, 2-aminobenzonitrile, phenylmethanol, o-, m-, and p-methylphenol), due to
molecular fractionation and re-organization of heavy tars [21,26]. Benzene and pyridines
substituted with cyanide (CN) were common to both condensates, while NH; was the
most common nitrogen functional group. Cond?2 also presented some aromatic rings with
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NO functional groups, revealing the influence of the gasification conditions. Some of the
molecules present in the gasification condensates corresponded to minor impurities of
crude syngas that act as microbial inhibitors, by inducing changes in the metabolic activity,
impairment of the gas uptake, and cell growth cessation [17,20,37].

3.1.2. B. methylotrophicum Growth and Product Distribution

Cond1 and Cond2 were tested for their inhibitory potential over B. methylotrophicum.
The responses were evaluated in terms of bacterial growth and product distribution in
the presence of each condensate at dilution factors of 1:100 and 1:1000 vol. The results
were analyzed throughout the incubation time and compared with cellular growth in an
unsupplemented culture medium (Table 4).

Table 4. Growth, acetate, and butyrate production by B. methylotrophicum during syngas fermentation
with or without supplementation of CondlI or Cond?2.

Without Cond1 Cond2
Condensate 1:100 (vol.) 1:1000 (vol.) 1:100 (vol.) 1:1000 (vol.)
Max. CDW (g/L) 1.19 £ 0.03 1.04 £+ 0.00 1.15 £ 0.06 1.10 £ 0.02 1.13 £ 0.02
OD (600 nm) 0.75 0.11 0.67 0.59 0.76
Acetate (mM) 12.6 =09 nd! 87+13 155+26 10.8 £1.9
Butyrate (mM) 3.0£0.0 0.4+0.0 45402 1.3+03 45+0.1
Butyrate/Acetate (mol/mol) 02+0.0 - 0.5+0.1 0.1+0.0 044+0.1

I n.d—not detected.

The values of the cell density indicate that Cond1 more significantly affected the growth
of B. methylotrophicum than Cond2, despite having lower compound variability (Table 3).
As shown in Table 4, supplementing with 1:100 vol. of Condl resulted in an absorbance
of 0.11 after 72 h, which was 6.8 times lower than that obtained without the condensate
supplementation. The presence of physiologically high concentrations of strong solvents
in Cond1, such as acetonitrile and benzonitrile, can cause pores in the cell membrane and
disrupt the phospholipidic layer, compromising ATP production and cellular prolifera-
tion [38,39]. The supplementation with 1:100 vol. of Cond2 only slightly decreased cell
density, showing that the condensate complexity might not necessarily correspond to higher
cytotoxicity. As for the effects of the condensates on the production of carboxylic acids by
B. methylotrophicum from syngas, the sum of the acetate and butyrate titers decreased by
97% with the supplementation of Cond1 at 1:100 vol., but only 15% at 1:1000 vol., when
compared to the unsupplemented condition. While high concentrations of solvents can
have adverse effects on cellular physiology and biochemistry, lower concentrations can
explain this tendency for butyrate production. The presence of small amounts of solvents
may facilitate the transport of extracellular acetate to the interior of the cell by increasing
membrane permeability. Previous studies demonstrated that a high amount of cytoplasmic
acetate in combination with low pH promotes butyrate production in E. limosum and B.
methylotrophicum cells [22,40].

3.2. Effect of the Gasification Catalyst
3.2.1. Syngas and Condensable Compounds

In the present work, the accumulation of tar and particulates during the gasification
of SW led to severe clogging and the forced shutdown of the reactor. For this reason SW
was discarded, and WST was used in all subsequent experiments to test the effects of the
gasification catalyst on syngas-condensable compounds and the fermentation outcome.
The presence of a catalyst during gasification is essential for the production of a cleaner
gas, as the type of catalyst affects the gasification process by favoring biomass conversion
into syngas and by promoting gaseous hydrocarbons and tar conversion into CO, CO,, and
Hy, thus leading to changes in the syngas composition [21,41,42]. Three different types of
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catalysts were tested during gasification at 800 °C (ER = 0.13, steam/lignin = 0.35 g/ g(daf)):
dolomite (carbonate: MgCO3.CaCQO3), limestone (predominantly calcite: CaCOs), and
olivine (magnesium iron silicate: (Mg, Fe),SiO4). All catalysts were mixed with silica sand
to reach 33% (w/w). The results were compared with the control (silica sand as the sole
component of the gasification bed) and are presented in Figure 4.
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Figure 4. Effect of the catalyst type on (a) gas composition and H;, /CO ratio, and (b) tar content and
high heating value (HHV), as obtained by gasification of WST at 800 °C with oxygen and steam,
ER = 0.13, steam/lignin = 0.35 g/ g(daf). Silica sand was used as fluidization medium, with or without
the addition of each catalyst. NL, volume of syngas in L at standard conditions of temperature and
pressure: 293.15K, 1.0 x 10° Pa absolute pressure.

All the catalysts used affected the composition of the produced syngas (Figure 4a), by
promoting the main gasification reactions, including the water—gas shift reaction. Thus,
CO contents decreased, while H; and CO, concentrations increased in the presence of all
catalysts tested, compared to the control. The use of limestone led to the least variation
in syngas compared to the use of silica sand only. Limestone’s main component is Ca,
which mainly affects bed agglomeration by reacting with the silica in the bed [21,26]. When
comparing the three tested catalysts with the control condition, the decrease in CH, and
CnHm content averaged 8%, while the increases in H, and CO; concentrations averaged
13 and 30%, respectively. The syngas with the highest H, and CO, concentrations and the
lowest CO content was obtained in the presence of dolomite, which seemed to be the most
suitable catalyst to promote water—gas shift reactions. Consequently, the highest H, /CO
ratio was also obtained when dolomite was added to the gasification bed.

Figure 4b shows that the use of olivine as a catalyst produced the syngas with the
lowest tar content, halving the tar concentration when compared to the control. The
presence of Mg/Ca and Mg/Fe in dolomite and olivine, respectively, tended to promote
tar-cracking reactions and decrease bed agglomeration [21,26,42,43]. Figure 4b also shows
that the high heating values (HHYV) of the syngas obtained with the tested catalysts were
slightly lower than that of the gas produced with only silica sand as the gasification bed.
This effect might be due to the promotion of steam reforming reactions by the catalysts,
which lower the CHy4 concentration in the gas and, therefore, the HHV [21].

Figure 5 depicts the effect of the catalyst type on NH3 and H,S concentrations during
the gasification of WST. Although dolomite was not as effective as olivine in tar cracking
(Figure 4b), its use led to the lowest HyS and NHj3 concentrations on the syngas (Figure 5),
resulting in 72 and 53% decreases, respectively, when compared to the use of only silica
sand. The use of limestone and olivine led to 7 and 29% decreases in the H,S concentration
in the produced syngas, respectively, while the NHj3 concentration was similar to that
obtained with silica sand. Such differences may be explained by the presence of Ca and
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Mg in the composition of the three catalysts, which react with H,S to form calcium and
magnesium sulfates that are retained inside the gasifier bed [21,26].
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Figure 5. Effect of the catalyst type on NHj and H,S concentrations in the syngas produced by WST
gasification at 800 °C, ER = 0.13, steam/lignin = 0.35 g/g(daf); ppmv, parts per million in volume.

In order to characterize and compare the syngas impurities generated by the use
of the different catalysts, the condensables of each gasification assay were collected and
characterized through GC-MS. Tables 5 and 6 list the groups of chemical compounds
identified in all four condensates, Cond3 to Condé6.

From the results in Tables 5 and 6, it can be concluded that the addition of the gasifica-
tion catalysts exerted a positive influence on the overall composition of the condensates,
producing an overall cleaner syngas, lowering the total identified compounds compared
to the use of only silica sand as gasification bed (Cond3). Cond4 (dolomite) presented the
lowest number of identified compounds, while in Cond5 (limestone) and Cond6 (olivine),
a total of 38 and 37 different compounds were identified, respectively. Cond3, Cond5, and
Cond6 had 29 compounds in common, from which the majority were included in the group
of pyridines and pyrimidines. Cond5 had a high variety of acids and nitriles, with special
emphasis on the presence of acetic and hexadecenoic acid, products of tar cracking into
smaller molecules [26]. The use of dolomite in the gasification bed (Cond4) especially
affected the occurrence of pyridines by facilitating the cracking of these molecules into
simpler C,Hy, compounds (Figure 4). Molecules with biological inhibition potential were
detected in all of the analyzed condensates. Cond3 presented the highest number of aromat-
ics substituted with CN (11 different hits), while in Cond4, only 2 of those compounds were
detected, namely 4-hydroxybenzonitrile and acetonitrile. Both Cond5 and Cond6 presented
10 different compounds with CN functional groups, showing that limestone and olivine
were inadequate to diminish the presence of these inhibitors in syngas. Furthermore, Cond3,
Condb, and Cond6 contained compounds with NO substituents, which were not detected
in Cond4 (dolomite). Compounds with NO substituents are especially worrying since
this molecule can replace CO as a terminal electron acceptor during syngas fermentation,
leading to the production of unwanted products and lower biomass yields [9,18]. These
results were consistent with the NH3 and H,S analysis performed (Figure 5), indicating
that the best option for a cleaner, more suitable syngas for fermentation is the co-usage of
dolomite and silica sand in the BFB gasifier.
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Table 5. Distribution by chemical group of the compounds identified by GC-MS in the condensates
that were obtained by gasification of WST at 800 °C in the presence of different catalysts. Cond5 and
Cond6 gasification conditions are described in Table 2.

Cond5 (Limestone + Silica Sand) Cond6 (Olivine + Silica Sand)
Group Specification No. of Total Relative No. of Total Relative
Compounds ! Percentage Percentage Compounds! Percentage Percentage
(%) (%) (%) (%)
Tons 1 3 1 3
Ca.rboxyhc /Fatty 5 16 5 B 14 0
acids
Nitriles 3 8 4 11
Identified compounds 6 6
Hydrocarbons 2 5 3 8
Benzene 4 10 5 13
Imidazoles 1 3 - 0
Pyrroles 1 3 1 3
Pyridines 14 37 14 38
Aromatics Pyrimidines 3 84 8 3 86 8
Pyrazines 2 5 1 3
Quinolines 1 3 1 3
Indoles 1 3 1 3
Phenols 1 3 1 3
Furans 2 5 2 5
Identified Aromatics 32 32
Total identified compounds 38 37

1 Number of compounds identified by GC-MS.

Table 6. Distribution by chemical group of the compounds identified by GC-MS in the condensates
that were obtained by gasification of WST at 800 °C in the presence of different catalysts. Cond3 and
Cond4 gasification conditions are described in Table 2.

Cond3 (Silica Sand) Cond4 (Dolomite + Silica Sand)
Group Specification No. of Total Relative No. of Total Relative
Compounds ! Percentage Percentage Compounds ! Percentage Percentage
(%) (%) (%) (%)
Tons 1 3 1 13
Cgrboxyllc ) 10 0 1 38 13
acids
Nitriles 3 8 1 13
Identified compounds 4 3
Hydrocarbons 2 5 1 13
Benzene 6 15 3 38
Imidazoles - 0 - 0
Pyrroles 3 8 - 0
Pyridines 15 38 1 13
Aromatics Pyrimidines 3 90 8 - 63 0
Pyrazines 1 3 - 0
Quinolines 2 5 - 0
Indoles 1 3 - 0
Phenols 1 3 - 0
Furans 1 3 - 0
Identified Aromatics 35 5
Total identified compounds 39

! Number of compounds identified by GC-MS.



Energies 2023, 16, 1722

13 of 17

3.2.2. B. methylotrophicum Growth and Product Distribution

The condensates obtained from WST gasification in the presence of the different
catalysts were also used to test the effects on B. methylotrophicum growth and product
distribution. Cond3 to Cond6 were supplemented at a 1:1000 vol. to B. methylotrophicum
culture medium since it was the dilution that yielded the best results in the experiments
with Cond1 and Cond2. Table 7 and Figure 6a,b display the results obtained with or without
the addition of Cond3 to Condé.

Table 7. Growth, acetate, and butyrate production by B. methylotrophicum during syngas fermentation
in the presence or absence of 1:1000 vol. of Cond3 to Condo6.

Without Cond3 Cond4 Cond5 Cond6
Condensate
APressure (atm) ! 0.36 + 0.06 0.11 + 0.01 0.42 + 0.00 0.30 + 0.07 0.41 + 0.00
Max. cellular density (600 nm) 0.28 0.26 0.32 0.27 0.31
Acetate (mM) 70+05 88+04 394+09 53+02 36+04
Butyrate (mM) 32400 1.9+03 39+03 34+05 45+0.1
Butyrate/Acetate (mol/mol) 0.5+0.0 02+0.0 1.0+0.2 0.6 £0.1 1.3+0.2

1 Pressure variation inside the serum flasks (AP = P; — P;,;,) measured at standard conditions of temperature and
pressure (temperature of 25 °C (293.15 K) and absolute pressure of 1.0 x 10° Pa). P; represents the initial pressure
that was measured att =0 h.

From the analysis of Table 7 and Figure 6, no significant variation in cellular density
was observed. The maximum specific growth rate was approximately 0.04 h—! in all
conditions tested, indicating that, at the tested concentrations, the supplementation of the
fermentation media with the condensates did not significantly affect B. methylotrophicum
growth. However, syngas pressure inside the serum flasks varied differently for the
tested condensates. A pressure decrease inside the serum flask is a synonym of syngas
consumption and is normally associated with cell growth and metabolite production [17].
While with Cond4, Cond5, and Cond6, the pressure variation was similar to that of the
control without condensate, the cells cultured in the presence of Cond3 consumed less
syngas. The supplementation of the culture medium with Cond3 to Cond6 at a 1:1000 vol.
resulted in clear differences in the acetate and butyrate production by B. methylotrophicum.
The highest acetate concentration of 8.8 mM was obtained with Cond3 supplementation,
corresponding to 1.3 times more than that of the control. As for butyrate production, the
highest concentration of 4.5 mM was obtained with Cond6 supplementation, which was
1.4 times higher than that of the control without condensate, while only 1.9 mM of butyrate
was produced when the medium was supplemented with Cond3. Overall, the carboxylic
acid production was either directed toward C2-acid, which was the case of Cond3 and, to a
lower degree, Condb, or toward C4-acid as observed with Cond6. The total acid production
was 10.2 and 10.7 mM in the control without condensate supplementation and with Cond3,
respectively, while the supplementation with Cond4 induced the production of only 7.8 mM
total acids. This was unexpected, since the condensate obtained during WST gasification
with dolomite as catalyst contained the lowest number of impurities, especially compounds
substituted with CN and NO functional groups, and should, therefore, exert less inhibition
over B. methylotrophicum.

Most of the species that were exclusively identified in Cond3, Cond4, or Cond5 were
not present in Cond6, the composition of the latter being the most similar to that of Cond1
(Section 3.1.1). The cells grown in the presence of Cond6 yielded the highest butyrate titer
for all the conditions tested in this assay, and the concentration resembled that obtained in
syngas fermentation with Cond1. The stimulus for butyrate production induced by Cond6
and, to a lesser extent, by Cond4, can also indicate that cells could be responding to the
presence of solvents, namely to the benzene species present in these condensates. These
compounds would need to be removed by active transport from the cell and could also
cause alterations of the phospholipidic membrane, increasing acetate availability inside
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the cells and triggering a metabolic shift [38,39,44]. Even though numerous works describe
aromatic compounds as highly toxic [45—48], the results obtained in this work indicate
that B. methylotrophicum not only can resist their presence in small amounts but also alter
its metabolism accordingly [18]. In a biorefinery setting, where gasification and syngas
fermentation are sequentially connected, such bio-resilience is of utmost importance. It
can also benefit overall process costs by preventing the need for exhaustive gas cleaning,
bringing us one step closer to the integration of these two technologies.
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Figure 6. Optical density and pressure variation (AP) (a), and acetate and butyrate production
(b) by B. methylotrophicum at 72 h while growing from syngas in the absence or presence of syngas
condensates Cond3 to Cond6, obtained during the gasification of WST using different catalysts.

4. Conclusions

This work showed that complex mixtures of syngas impurities derived from WST
and SW, which were collected as condensables at a BFB gasifier outlet, can hinder B.
methylotrophicum growth and alter its carboxylic acid production profile. Regardless of
the feedstock and gasification conditions, the gasification condensates mainly contained
aromatic compounds with the potential to affect microbial activity. The increase in the
process temperature and the addition of low-cost catalysts to the silica sand bed changed
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the gasification outcome by not only promoting tar-cracking reactions but also reducing
the number and type of impurities present in the gasification condensates. Accordingly,
the condensates that originated from the gasification of WST at 800 °C in the presence of
dolomite or olivine proved to be the least inhibitory to the growth of B. methylotrophicum.
However, the presence of syngas impurities at low concentrations promoted a shift from
acetate to butyrate production by B. methylotrophicum. The supplementation of the fermen-
tation medium with Cond6, which was produced by gasification of WST at 800 °C in the
presence of olivine, or with Cond1, induced the highest butyrate production by B. methy-
lotrophicum. This may be advantageous in a syngas fermentation setting where butyrate is
intended to be the main product. The results show that B. methylotrophicum can potentially
withstand toxic syngas impurities, suggesting that a reduction of syngas-cleaning steps
could be applied in an integrated gasification and fermentation process.
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