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ABSTRACT: The coupling of pyrolysis and acidogenic fermentation was here proposed as a new hybrid thermochemical-biological
method to circumvent the hydrolysis bottleneck within lignocellulose valorization schemes. Pyrolysis products of fir sawdust, that is,
the water-soluble (WS) fraction together with CO-rich syngas, were tested as feedstock for volatile fatty acid (VFA) production.
WS/syngas conversion to VFA was particularly challenging due to the combined effect of the substrate (WS/syngas) and product
(VFA) inhibition. To solve such an issue, a new type of bioreactor, based on packed biochar and a new acclimatization/
bioaugmentation procedure consisting of co-feeding WS/syngas and glucose were developed and tested. The gradual switch from
glucose to WS was monitored through various analytical techniques, observing the transition toward a “pyrotrophic” microbial mixed
culture able to convert WS/syngas into VFA. Even without selective inhibition of methanogens, the main fermentation products
were VFA (mainly acetic, butyric, and caproic acid), whose profile was a function of the WS/glucose ratio. Although the achieved
volumetric productivity was lower (<0.6 gCOD L™' d™") than that observed in sugar fermentation, bioaugmented pyrotrophs could
convert headspace CO, most of GC—MS detectable compounds (e.g., anhydrosugars), and a significant portion of non-GC—MS
detectable compounds of WS (eg., oligomers with MW < 1.45 kDa).

1. INTRODUCTION

Lignocellulosic biomass is a renewable and potentially
sustainable raw material for obtaining value-added chemicals
and bio-materials. However, due to its heterogeneous and
refractory physicochemical structure, lignocellulose is not easily
bioavailable for biological conversion processes. The depolyme-
rization of the slowly biodegradable fractions of lignocelluloses
can be achieved by pyrolysis, namely the heating at 350—600 °C
in the absence of or with minimal oxygen, which can convert a
large array of different feedstock into a vapor stream enriched in
pyrolysis products (PyP: water, gas, and condensable organics)
and a carbonaceous residue (char or biochar)." The main
product of intermediate and fast pyrolysis is the liquid phase (i.e.,
bio-oil, pyrolytic liquid, pyrolysis tar, etc.), which can be easily
fractionated into water-soluble (WS) (aqueous phase) and
water-insoluble (organic phase) fractions.

Although pyrolysis is a high-rate and reliable technology, the

high temperature used in the process implies a low selectivity of

the depolymerization reaction, with the production of a mixture
that cannot be used as it is in drop-in applications.” One of the
most interesting approaches for upgrading PyP is the hybrid
thermochemical-biological (HTB) biorefinery, a “biological
funnel” that can decrease the complexity of pyrolysis products
and unlock advanced utilization.

Summing up all bioavailable constituents of PyP, namely, gas
(raw gas or syngas) and WS fraction, pyrolysis can deliver more
than half of the chemical energy of a biomass, providing a
performance that is better than what can be obtained by means
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of hydrolysis-based scheme.” Syngas is biodegradable and can be
converted anaerobically to various target chemicals like
hydrogen, alcohols and VFAs.® The main issue related to syngas
conversion is the low water solubility of CO and H, as well as the
eventual presence of highly toxic contaminants (e.g, hydrogen
cyanide or NO,),” which are typically more relevant for
gasification-derived syngas.” HTB processing of WS, which is
the most relevant bioavailable fraction of PyP, is definitely less
studied. Such a mixture, whose composition is still under study,
is made by volatile fatty acids (VFA), anhydrosugars (AS),
hydroxyacetaldehyde, polar phenols (e.g, di or tri-hydroxyben-
zenes), anhydro-oligosaccharides formed by cellulose ejection,
humin-like matter, and hybrid oligomers formed by lignin and
cellulose.”~"" WS is bioavailable and partially biodegrad-
able,">"? and selected fractions of WS (e.g, AS and VFA) were
successfully converted with HTB schemes by several
authors."*™"® Whole WS can be converted to methane by
anaerobic digestion in 55—76% yield,'””° and healthy microbial
consortia can degrade most of the GC—MS detectable portion
of WS.2'7%*

The addition of biochar and the use of suitable microbial
mixed consortia (hereafter called “pyrotrophs”**) allows us to
exploit syngas and a large portion of WS organics for the
production of biochemical intermediates.'®*’ In particular,
whereas methanogenic activity could be selectively inhibited,
pyrotrophs could be used to convert syngas/WS into VFA,
which in turns can be used as chemical or biochemical building
blocks for the production of several products.”

Till date, there is only one work in which the conversion of
pyrolysis condensable compounds into VFA was optimized.*®
Lemos and co-workers fermented a solution of 11 gCOD L™!
(about 1% by weight) of pyrolysis liquid from fast pyrolysis of
chicken beds; with 2 d of hydraulic residence time (HRT) at 30
°C,6.2gCOD L !as VFAs were obtained, corresponding to 54%
yield and volumetric productivity equal to 3.1 gCOD L' d™".
Such concentrations and productivities of VFA were suitable for
direct polyhydroxyalkanoate (PHA) production using microbial
mixed culture (MMC).”” Therefore, the author tested a
combined anaerobic—aerobic system, demonstrating a final
yield of PHA of 19% and an overall volumetric productivity of
0.7gCOD L' d™\

Besides the work of Lemos et al.,” several studies focused on
WS biomethanation often reported a significant VFA accumu-
lation in the system, even when biogas production was
completely absent. Torri and Fabbri'® and Hiibner et al*
tested low-temperature WS from wood pyrolyzed at 400 °C (at
35 gCOD L") and digestate pyrolyzed at 330 °C (at 30 gCOD
L™") in a batch test for a long time, showing that such high
concentrations inhibit the methane production, giving a
significant acidogenic activity. In both cases, total VFA
concentration increased during the process, suggesting a
biological conversion of PyP into VFA. Although these studies
were not optimized for VFA production, the overall VFA yields
(29 and 41%, respectively) were significant, and the final
concentration (about 10 gCOD L") of VFA reached the level of
self-inhibition of acidogenesis due to the toxicity of undis-
sociated VFA. Hiibner et al.* also tested a similar concentration
of WS obtained at 420 and 530 °C, observing the inhibition of
both methanogenic and acidogenic activity.

As a whole, the limited available literature suggests that it
could be possible to convert WS into VFA, even if, at the best of
the author’s knowledge, continuous conversion of WS into VFA
was never demonstrated. This work aimed to fill this research

26
gl

gap by investigating the coupling of pyrolysis and fermentation
to produce VFA. To demonstrate the reliability of such coupling,
all the bioavailable PyP, namely syngas and WS, were provided
to a packed-bed biofilm reactor. Nonetheless, given the possible
applications of clean syngas, the reactor was designed as a bio-
filter and targeted to the conversion of WS, the less valuable part
of pyrolysis products, into a broth rich in VFA.

To establish the system’s performance and confirm the
pyrotrophic activity, the biodegradation of pyrolysis products
and the yield of fermentation intermediates (VFA, methane, and
other GC—MS detectable compounds) were quantified within a
4 month fully continuous test. The effect of acclimatization,
biochar addition, and glucose-aided bioaugmentation was
evaluated, highlighting the potential and pitfalls of converting
WS into VFA.

2. MATERIALS AND METHODS

2.1. Pyrolysis of Lignocellulosic Biomass. WS and syngas
used for the experiments were obtained through intermediate
pyrolysis of fir sawdust with fixed bed pyrolyzer, as detailed in
the Supporting Information.”® At each run (Figure S1), 5 g of
biomass feedstock was pyrolyzed at 550 °C for 30 min residence
time. Biomass feedstock and each PyP were analyzed to
determine its chemical oxygen demand (COD). COD yields
of PyP were calculated from mass yield and COD of each PyP
(Table 1). Syngas with a calculated COD of 440 (+55) mgCOD

Table 1. COD Yields of Pyrolysis Products, Composition of
the Syngas, and the Original WS Concentration

PyP yields %cop syngas: 13.5% (+1), WS: 34.5% (£S), PL:
14.4% (+3), biochar: 35.4% (+2)
syngas v/v CO: 31% (+5), H,: 0.4% (+1), CH, 9%
constituents (£1), CO,: 16% (£6), N,: 61% (+£5)
wSs gCOD L™ 194.8 (+4.8)
concentration

L_lsyngas, obtained from the sequential batch pyrolysis was stored
in laminated foil gas bags (Supel Inert Foil 1L) and repeatedly
analyzed over time, to assess the stability of composition (Table
1). A pre-portioned concentrated WS stock solution (194.8 +
4.8 gCOD L") was stored refrigerated (—20 °C) and used
throughout all the fermentation experiments. Being the WS an
extremely complex mixture of chemicals,”” their full character-
ization was beyond the scope of this work; a preliminary
analytical characterization of WS was carried out according to
Torri et al.’® and shown in detail (Figure 1). WS molecular
constituents, which were considered relevant for fermentation
and/or were monitored during the experiment, were: acetic acid
(5.5%, as gCOD/gCODyys), hydroxyacetaldehyde (4.5%),
levoglucosan (2.9%), mannosan (1.4%), ethanediol (0.8%),
catechol (0.3%), and 4-methyl-catechol (0.3%).

2.2. Fermentation Setup and Analytical Methods.
Acidogenic fermentation tests were performed in a 500 mL
pyrex bottle, with a four-port cap that was used upside down to
have all connections submerged by the liquid. Detailed
description of structure and setup of the arduino based reactor
can be found elsewhere.®’ Briefly, the bottle was partially filled
with glass balls (S mm) to sustain the packed-bed of biochar.
Biochar used as packing material was a pellet-type charcoal
obtained from orchard pruning, provided by “Romagna
Carbone s.n.c.” (Italy).”* Packed-bed bioreactor were previously
inoculated with a digestate from an industrial anaerobic digester
treating mainly grape pomace, distillery stillage, and wastewater
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Figure 1. WS characterization: MW distribution by HPLC-SEC (left) and main GC—MS detectable compounds (right).

treatment sludges (supplied by Caviro Extra S.p.A., Faenza,
Italy). The inoculum was a suspension with the following
characteristics: pH 7.8, total COD 78.7 + 0.7 gCOD L™, and
suspended COD 74.0 + 0.7 gCOD L™". A modified cultivation
medium was prepared based on a study by Temudo et al.*"*?
(see Table S1). Nutrient supplementation was provided by
assuming an average 5% microbial growth yield (gCOngwth/
gCODyyg) and a C/N/P ratio of microbial biomass of 100:5:1.
The equation used for estimating the required medium amount
is provided in the Supporting Information together with all the
other formulations that have been used in this study. Analytical
characterization of the fermentation liquid output was carried
out with COD analysis, size exclusion chromatography coupled
with index of refraction detection (SEC-RID), and GC—MS
using different derivatization and extraction techniques,
according to Torri et al.*’

2.3. 16S rRNA Gene Sequencing, Microbial Analysis,
and SEM. At the end of each set of experiments, packed-bed
bioreactors were rinsed with an excess amount of distilled water
two times, and all the washing liquid was collected.
Subsequently, the washing liquids were centrifuged for 15 min
at 5000 rpm, the supernatant was discharged, and the
precipitated sludge was collected. Additionally, the packing
materials (biochar and glass bead) of the bioreactors were
recovered at the end of the co-fermentation experiment. All
microbial samples (sludge and packing material) were freeze-
dried at —65 °C and 1.0 mbar vacuum conditions before the
biological assays and scanning electron microscopy (SEM)
analysis. Biochar samples were gold-coated before to SEM and
photographed by Philips XL30S-FEG.

Total DNA was extracted from 500 mg of freeze-dried
samples using the DNeasy PowerSoil Kit (QIAGEN, Hilden,
Germany) following the manufacturer’s instructions with a
slight modification, and the homogenization step was performed
in a FastPrep instrument (MP Biomedicals, Irvine, CA, United
States) by three 1 min steps at 5.5 movements per sec. Total
DNA was quantified by using NanoDrop ND-1000 (NanoDrop
Technologies, Wilmington, DE), and 25 ng was used for the
amplification step of the V3—V4 hypervariable region of the 16S
rRNA gene using the 341F and 785R primers carrying Illumina
adapter overhang sequences.' Briefly, the thermal cycle
consisted of initial denaturation at 95 °C for 3 min, 25 cycles
of denaturation at 95 °C for 30 s, annealing at 55 °C for 30's, an
elongation step at 72 °C for 30 s, and a final elongation step at 72
°C for 5 min. PCR products were purified by using Agencout
AMPure XP magnetic beads (Beckman Coulter, Brea, CA), and
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the Nextera Technology was used to prepare indexed libraries by
the limited cycle PCR reaction. After a further clean-up step as
described above, libraries were normalized to 4 nM and pooled.
The samples pool was denatured with 0.2 N NaOH and diluted
to a final concentration of 6 pM with a 20% PhiX control.
Sequencing was performed on the Illumina MiSeq platform
using a 2 X 250 bp paired end protocol, according to the
manufacturer’s instructions (Illumina, San Diego, CA).

Raw microbial sequences were processed using a pipeline
combining PANDASEQ™* and QIIME2.> High-quality reads,
obtained by a filtering step for length (min/max = 350/550 bp)
and quality with default parameters in QIIME2, specifically,
reads with an expected error per base E = 0.03 (i.e, three
expected errors every 100 bases) were discarded, based on the
phred Q score probabilities. The resulted reads were clustered
into amplicon sequence variants using DADA2.*° Taxonomy
was assigned using the VSEARCH algorithm®” against SILVA
database.”® All the sequences assigned to eukaryotes (ie,
chloroplasts and mitochondria) or unassigned were discarded.
Microbial compositional analysis was performed using R
software.

3. RESULTS AND DISCUSSION

3.1. Preliminary Tests and Setup of the Char-Bed
Reactor. The efficacy of biochar as packing material for WS
fermentation was verified by the preliminary fermentation tests,
as shown in detail in the Supporting Information. The biochar-
packed reactors resulted to be more effective and were less prone
to intoxication than the glass ball-packed reactors; nonetheless,
MMC could not address continuous WS biodegradation at a
significant level without inhibition (>0.25 gCOD/L d). The
inhibition was reversible with a total recovery of the process,
testified by the disappearance of the main pyrolysis products (e.g.
levoglucosan) after the stop of WS addition. The microbial
inoculum can grow on PyP; therefore, it contained pyrotrophic
microbes,”* which are positively influenced by the biochar
interaction, but the inhibition of biological activity occurred at a
lower organic loading rate (OLR) than that demonstrated for
stable biomethanation with a similar WS substrate."® These
observations suggest a key role in the combined toxicity of WS
and acidogenic fermentation products (VFA) and imply that the
amount of VFA tolerant pyrotrophs should be drastically
increased to obtain an acceptable volumetric productivity.

To increase the VFA tolerating pyrotrophs, a gradual
bioaugmentation approach based on glucose/WS co-feeding
and pH control (to pH = 6 Figure S8) was followed, aiming to
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Table 2. Operational Conditions Adopted in the Co-fermentation Experiment

parameters phase I phase II phase III phase IV phase V phase VI overall
GLU/WS/syngas feed ratio (% ycop.gcon) 75:15:10 60:30:10 45:45:10 30:60:10 15:75:10 0:90:10 48:42:10
CODgypstrATE (gcop L) 15+3+2 12+6+2 9+9+2 6+12+2 3+15+2 0+15+2 19.7
OLR (gcopLtd™) 1.0 1.0 1.0 1.0 1.0 0.8 0.98
HRT (d) 20 20 20 20 20 20 20
time (d) 35¢ 21 21 14 14 9 114
“Including 9 days without COD input (batch period) due to operational issues.
m Acetic Propionic i-Butyric m Butyric mi-Valeric
m Valeric = Caproic = Enanthic = Caprylic @COD
20.0 PHASE | PHASE Il PHASE il PHASEIV| PHASEV  PHASEVI

75:15:10 60:30:10

(g-CODIL)
S
o
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Figure 2. Total VFA concentration and COD profile in the experiment. All the operational phases with different feeding regimes and short-term no

feeding period (batch) are marked on the graph.

first enrich a VFA tolerant MMC consortium and then select/
acclimatize the pyrotrophs without the early intoxication
phenomena observed for WS fermentation. Finally, to create a
selective pressure toward a complete pyrotrophic MMC, syngas
rich in CO (as an additional inhibitor) was added to the reactor
headspace, providing a constant input of about 10% of the input
COD. The operational conditions including the OLR (1.0
gCOD L™ d7") were kept constant throughout the experiment,
except for the input ratio between the co-substrates (Table 2).
Different ratios of input materials were applied in six sequential
operational phases with a gradual increase in the WS/glucose
ratio in each phase. The biochar-packed bioreactor was operated
in a continuous mode with 20 days of HRT, except for a very
short period (hereinafter batch period) between the 11th and
18th days when the feeding was stopped.

3.2. Phase | (GLU 75%:WS 15%). Minimal biological
activity was observed during the first 15 d of the experiment;
meanwhile, a sharp increase in the acetic acid concentration was
observed (Figure 2) together with a large production of CO, and
a detectable CO consumption (Figure S7). The delay at the
beginning of the fermentation was comparable to the typical lag
phase observed in the presence of WS,'® even if the stop in
feeding between day 11 and day 18, which was due to
operational issues, could have triggered the fermentation start,
as previously observed in preliminary fermentation tests (Figure
SS). After the stop in feeding, acidogenesis improved over time,
with VFA concentrations that linearly increased from 3 to 7.5
gCOD L. At the beginning of the experiment, acetic acid was
the main VFA, while after 25 days, butyric acid become the most
relevant VFA. The final amounts of acetic, propionic, butyric,
valeric, and caproic acids at day 32 were 1.9, 0.8, 3.4, 1.2, and 0.2
gCOD L7/, respectively.
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Glucose and levoglucosan had a similar trend in the first phase
of fermentation (Figure 3). Both started to be consumed after 15
days, gradually (glucose) or instantaneously (levoglucosan)
reaching negligible concentrations in output solution. Man-
nosan, the main marker of hemicellulose pyrolysis, was
consumed a few days later than levoglucosan and glucose,
reaching a negligible amount in the output solution on day 25.
This finding suggested a similar biodegradation rate for all the
hexoses.

Ethanediol, a compound that can be formed during
hydroxyacetaldehyde fermentation,” had a quite peculiar
trend, with a gradual increase during the lag phase, followed
by a sharp peak within the beginning of the acidogenic activity
and a drop similar to that observed for sugars. Such a trend was
similarly observed for phosphate, suggesting that both
compounds can be considered as markers for MMC activity,
which was characterized by an incomplete adaptation during the
initial phase of WS degradation. The concentration of WS
derived from lignin (catechol and 4-methylcatechol) slightly
increased along with the WS input, suggesting an incomplete
degradation of phenolics.

3.3.Phase Il (GLU 60%:WS 30%). During the second phase
of operation (+15% of WS in input, —15% glucose), the VFA
concentration ranged between 6 and 11 gCOD L™ (Figure 2),
and their profile was stable (24% acetic, 7% propionic, 47%
butyric, 14% valeric, and 7% caproic acid), in contrast to what
happened in phase I. A significant increase in the production of
CH, was observed (Figure S7); like the end of phase I, all sugars
and ethanediol were not detected in the solution in output,
whereas an almost constant concentration of catechol and 4-
methylcatechol was observed. Phosphate (provided with the
influent, see eq S1 in Supporting Information) was completely
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Figure 3. Profiles of normalized integrated area of the selected GC—MS detectable compounds in the solution in output. All the operational phases
with different feeding regimes and short-term no feeding period (batch) are marked on the graph.

consumed, probably due to microbial growth (see eq SI in
Supporting Information).

3.4. Phase Il (GLU 45%:WS 45%). Given the pyrotrophic
activity reached during phase II, the substrate composition was
further changed on day 56, providing the same amount of WS
and glucose (45%) under the same operational conditions
applied before. As result of time and feedstock change, the VFA
concentration markedly increased to a final value of 12.8 gCOD
L™ (Figure 2) corresponding to 80% of the soluble COD of the
solution in output. The VFA profile steeply changed as well, with
a resulting relative content of acetic, propionic, butyric, valeric,
and caproic acids of 32, 1, 27, 7, and 29%. The production of
CH, and CO, was slightly higher than that of phase II (Figure
S7), and higher consumption of CO was observed (2.2 mgCOD
d™"). GC—MS analyses of the solution in output showed a total
consumption of all holocellulose derivatives analyzed and a
slight increase in catechol and 4-methylcatechol almost
proportional to the increase in WS share in the feeding. The
phosphate concentration was slightly higher than what
measured in phase II, suggesting a decreased biofilm formation
rate that could be related to some stabilization of MMC.

3.5. Phase IV (GLU 30%:WS 60%). The WS concentration
in the input solution was further increased during phase IV (12.0
gCOD L™"). Even at a such high concentration of WS input,
which was more than twice as compared to the previously tested
concentrations in the mono-substrate fermentation test (see the
Table S2 of Supporting Information), VFA concentrations in the
solution in output were high and stable (11.5 gCOD L"), and
VFA became the main soluble substances (~80% of COD). As
previously observed after each feedstock change, the VFA profile
changed (Figure 2), with a further chain elongation: detectable
amounts of enanthic and caprylic acids (C, and Cg) were
observed, while caproic acid, which was almost absent using
glucose-rich feedstock, became the second most dominant VFA
type after butyric acid on COD basis. CH, and CO, production
decreased (Figure S7), whereas the CO uptake was similar to the
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previous phase. The decreased methanogenesis activity can
suggest that glucose was the preferential source for the residual
methanogenic activity, and/or WS products selectively inhibited
the residual methanogens. The decrease in CO, production
could be expected by the fact that the COD/C ratio was higher
for WS than that for glucose.

Levoglucosan was almost completely biodegraded (with a
minor presence during day 79), while after more than 50 days
without detecting holocellulose PyP, about 20% of the input
concentration of mannosan was detected at the beginning of
phase IV (Figure 3). Concentrations of phenols increased again
similar to the increase in WS provided to the system.

Considering that most of COD during phase IV came from
WS, the observed data trend suggested the end of biochar
colonization and the appearance of phenomena more related to
adaptation to inhibitors which, according to the higher feeding
concentrations of WS, were well in the range for exerting
toxicity. It was possible to identify a sort of “shock” on days 77—
81 after the feedstock change, followed by another equilibrium
(with a higher VFA concentration and lower levoglucosan and
mannosan amounts) observed between day 81 and day 91.

3.6. Phase V (GLU 15%:WS 75%). WS concentration in the
inlet was further increased to 17 gCOD L™ during phase V, a
much higher concentration than the highest concentration of
non-treated/raw WS ever fermented (to the best of the authors’
knowledge). Consequentially to the change in the substrate
composition, VFA yield and concentration gradually decreased
t0 9.5 gCOD L™ (Figure 2), while their profile did not change in
comparison to phase IV. Given that just negligible amounts of
anhydrosugars (levoglucosan on certain days and mannosan
steadily) were detected in the solution in output, the decrease in
the VFA vyield, which can be probably related to WS overload,
mainly affected the rate of conversion of non-GC detectable
organics. Concerning lignin derivatives, 4-methylcatechol
increased along with the increase in the WS input, whereas
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catechol had a constant concentration, suggesting a minimal
degree of biodegradation.

3.7. Phase VI (GLU 0%:WS 90%). In the last phase, 17
gCOD L' as WS (90%) and syngas (10%) were the only
feedstock provided to the bioreactor (Table 2). The VFA
concentration (8.5 gCOD L") stabilized on the value that was
obtained at the end of phase V, whereas a decrease in the total
COD from 15 to 13 gCOD L™ of the outlet solution was
observed as a consequence of glucose removal. Methane
production was unchanged and the CO uptake was slightly
improved to 2.3 mgCOD d~'. Residual levoglucosan and
mannosan were steadily detected by GC—MS by still achieving a
highly efficient consumption of more than 95% of both
anhydrosugars. On the other hand, both catechol and 4-
methylcatechol had a decreasing trend soon after the phase
switching. Although minimal, such an effect suggested that, after
long bioaugmentation, pyrotrophic MMC can also biodegrade
the WS phenols. However, biodegradability of WS phenols
should be higlighted in longer-term studies.

3.8. SEC-RID Analysis of Output Solution. To obtain a
general description of GC—MS detectable WS and non-analyzed
constituents in terms of molecular weight (MW) distribution,
the solution in output to the fermentation process was subjected
to SEC-RID. The latter analysis did not reveal VFA and gave
MW distribution (MWD) of sugar-like organics (e.g., hydrox-
yacetaldehyde and anhydrosugars and sugars oligomers) and
other WS compounds (e.g., ethanediol and hydroxy acids) with
an index of refraction higher than water. Therefore, the
comparison of input and output MWD (Figure 4) is particularly
useful to have information about WS fate without the limitation
of GC—MS analysis.

MWD during the lag phase showed 80—90% relative content
of low MW compounds (LMW < 1.45 kDa), mainly due to the
unreacted glucose (Figure 4). Just after the lag phase (day 18)
and glucose consumption, the solution in output consisted
mainly of high MW compounds (HMW > 1450 Da), suggesting

a preferential consumption of glucose and lighter WS organics in
the beginning of the experiment (Figure 3).

Since glucose was never detected after day 25 (Figure 3) and
VFA are not revealed by RID, the MWD can be mostly related to
the unconverted portion of WS or polar constituents (e.g,
ethanediol) arising from the fermentative activity.

A clear and smooth transition toward HMW was observed
during the experiment (Figure 4). In the beginning, roughly half
of RID detectable constituents was made by LMW organics,
30% by compounds with MW between 1.45 and 10 kDa and
only 20% by HMW compounds. Such a distribution was close to
that of input WS, with partial removal of lighter compounds.
Meanwhile, it was possible to see a decrease in the LMW
concentration, an almost constant amount for organics with
MW between 1.45 and 10 kDa, and a relative increase for MW >
10 kDa. At the end of phase VI, a mass distribution enriched in
HMW organics (70% relative content) was observed. Since 70%
of RID detectable organics in output had MW > 1.45 kDa,
assuming that SEC-RID was representative of non-VFA organics
(~5gCOD L™ from Figure 2) and that all organics detected had
a comparable COD, the final expected concentration of such
compounds in output was about 3.5 gCOD L. Such a value is
very close to the expected inlet concentration of HMW, being
15% (Figure 2) of 17 gCOD L™" provided as WS. Even if some
changes in the relative distribution of HMW (enrichment of
organics with MW between 1.45 and 10 kDa MW) occurred, the
HMW seemed to enter the reactor without being consumed.
The time trend of MW distribution observed during the
experiment suggested that most of the compounds with MW <
1.45 kDa was increasingly converted during adaptation, whereas
larger WS organics were not effectively converted by pyrotrophs.
Such phenomena is not surprising considering that larger WS
organics are characterized by chemical structures that are more
challenging for biodegradation or, in some cases, known to be
not biodegradable.4o

3.9. Microbial Community Analysis: Pyrotrophs.
Changes in the composition of the MMC were investigated by
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the next-generation sequencing method. The relative abundance
(r.a.) at the phylum level (Figure S) is showing that Firmicutes
was the predominant type for all cases including the original seed
sludge (inoculum), followed by Actinobacteria. The main
differences obtained at the phylum level between reactors
were for the third most dominant, which was Bacteroidetes for
all the experiments except the co-fermentation experiment. On
the other hand, the microbial abundance profiles were quite
dissociated at the family level as compared to the phylum level,
except for the mono-substrate tests which were quite similar to
each other. The most dominant microbial family for the
inoculum sludge was Clostridiaceae-1 with 42% r.a. However,
Streptococcaceae with a 25% r.a. was dominating the sample from
the co-fermentation experiment. In the case of samples from the
mono-substrate tests having a large portion of other unclassified
families, Clostridiaceae-1 is the most dominant classified family.

Total numbers of identified different genus types for co-
fermentation, active reactor, control reactor, and inoculum that
had a r.a. > 1% in at least one sample were 15, 26, 29, and 13,
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respectively. Moreover, a significantly lower percentage of
“other genus” and “other unclassified” groups in the co-
fermentation experiment (r.a. 33%) versus mono-substrate
tests (r.a. ~65%) was determined. Both these indications,
implying a better microbial enrichment with livelier pyrotrophic
consortia, have been achieved in the co-fermentation approach
where glucose, WS, and syngas have been provided together to
the biochar-packed bioreactor. Streptococcus was the most
dominant genus type (r.a. 25%) in the co-fermentation
experiment followed by Acetobacterium (r.a. 11%), Bifidobacte-
rium (r.a. 10%), and Megasphaera (r.a. 6%). In the case of mono-
substrate tests, most dominant genus types were varying from
the co-fermentation experiment and also from each other. For
instance, Olsenella and Clostridium sensu stricto 1 with 6% of r.a.
ratios were the most dominant types in the active reactor
(biochar-packed), while in the control reactor without biochar,
anaerobic spore-forming Clostridium sensu stricto 1 was the most
dominant and only genus type with a r.a. of over 5%. This issue
was implying that the fatty acid producer Clostridium sensu stricto
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1 can be the most robust pyrotrophic microbe with the capability
of metabolizing a wide range of compounds including
carbohydrates, amino acids, and some aromatics.”' This
particular genus could survive with WS as a single-energy source
regardless of the presence of biochar as a microbial enhancement
tool, while the case of non-spore-forming anaerobic Olsenella (a
dominant genus only in the biochar-packed active reactor of the
mono-substrate test) can be given as an example of the biochar
selectivity on pyrotrophic communities.

Biochar is known as a highly porous conductive material, and
several studies reported that microorganisms, such as methano-
genic archaea and hydrophobic microbiota, could colonize the
biochar microporosities*~** as those shown with 1000 and 250
magnifications (Figure S9). SEM images of biochar samples
demonstrated the presence of coccus and bacillus with 0.5 and
6.5 um lengths on the outer and inner (e.g., carbonized wood
vessels) surfaces of biochar. Geometrical shapes of SEM-
detected microbes were consistent with those of the 10 most
abundant genus identified using the microbial community
analysis (Figure ).

3.10. Overall Performance Evaluation. To prove the
consistency of the experimental results and to highlight the
effectiveness of WS conversion along the bioaugmentation, a
COD balance was performed for all the operational phases. A
glance at the COD input, namely glucose/WS/syngas, and
outputs, namely gas, VFA, other soluble organics, adsorbed
organics, and microbial growth are reported in Figure 6.

Product recovery rates on COD basis were acceptable all
through the phases (Table S3). The lowest COD recovery was
obtained in phase I, when 14% of the COD input was probably
consumed for microbial growth (eq S14 in Supporting
Information). After the microbial enrichment phase (which
mainly occurred during Phase 1), COD recoveries (COD,,,/
COD,,) were always above 90%.

Being the syngas just added to evaluate co-fermentation in a
realistic system, most of the fermentation phenomena involved
WS and glucose. Nonetheless, it was worth noticing that above
46% of fed CO was used: this was a quite promising performance
for this bioreactor setup that was even not fully optimized for gas
fermentation.

During phase I, in which most of the COD provided was from
glucose, the main feature was an incomplete conversion of the
COD in input (yield of unreacted was 25%, mainly unconverted
glucose). The yield of unreacted compounds apparently
increased to 37% during phase II, even if glucose and GC—
MS detectable WS compounds were mostly consumed. Given
the limited information about non-GC—MS detectable WS, it
was not possible to determine whether such an increase was just
due to a minimal biodegradation of the latter portion of WS
(roughly 28% of the input), to the production of non-VFA
fermentation products (e.g, ethanol, accounted as “unreacted”),
or to the combination of both.

The clearest improvement in the conversion of the unreacted
portion was observed during phase III, when still half of the
soluble COD was provided as glucose; 50% VFA yield was
obtained as the minimum amount (25%) of unreacted
compounds in the solution in output was observed, and a
significant (33%) yield of methane was achieved.

The switch from phase III and phase IV (60% WS) steered the
fermentation path from methanogenesis toward acidogenesis.
Methane-rich off-gas yield settled at 10%, and the reactor
provided the best VFA yield (66%) with just 28% yield of
unreacted substances. According to OLR used, the performance

observed during phase IV corresponded to the best volumetric
productivity of VFA obtained, equal to 560 mgCOD L™' d™".

Phase V showed a decrease in the VFA yield (to 28%) and an
increase in unreacted material (52%) that can be interpreted as a
sort of shock due to the increase in WS provided. Nonetheless,
even if the subsequent phase VI involved pure WS feedstock,
such shock ended, with VFA yield that increased to 43% and
unreacted compounds yield that decreased to 43%.

Considering that residual glucose was negligible after day 25,
it can be assumed that the unreacted components of phase I and
phase VI mainly came from WS. Using that assumption and
comparing the unreacted amount with the WS input, it was
possible to highlight that during phase II, the unreacted COD
was close to that of WS provided. This meant that, even if the
GC—MS detectable compounds of WS were completely
degraded, the overall pyrotrophic activity (utilization of WS/
syngas) was not relevant for the COD balance.

The transition toward pyrotrophy occurred during phase III
when the unreacted COD become just a half of the WS
provided. The ratio between unreacted compounds and WS
remained stable during phase IV, and increased during phase V,
probably due to the aforementioned shock, and finally settled
around 49% during the last phase in which WS and syngas were
the only feedstock provided. Considering that the unreacted
portion included also some non-VFA byproducts, such a value
was not so far from what was expected considering the entire
biodegradable fraction of WS.">** This suggests that the long-
term enrichment procedure here used, where a gradually
increasing ratio of the PyP input was applied together with an
easily biodegradable co-substrate (glucose), allowed a reprodu-
cible selection of a biologically efficient pyrotrophic community,
which was able to produce VFA with significant concentrations.
From GC—MS and SEC-RID analysis, such pyrotrophs mainly
addressed the lighter constituents of WS (MW < 1.45 kDa) with
negligible activity toward HMW (>1.45 kDa) constituents of
WS. It is worth noticing that the phase V condition was
qualitatively identical to that tested in preliminary fermentation
experiments; therefore, it can be stated that the long
bioaugmentation procedure allowed us to culture pyrotrophs
that can tolerate high concentrations of both WS (as inhibitory
substrates) and VFA (as inhibitory products).

4. CONCLUSIONS

Previous studies already demonstrated the existence of
pyrotrophs, namely an MMC able to use pyrolysis products as
the carbon source, which can funnel the complex mixture
released by pyrolysis to obtain utilizable chemicals.

The aim of this work was to establish whether it is possible to
obtain and exploit pyrotrophic acidogenic consortia, able to
produce VFA starting from whole, non-pretreated, mixture of
pyrolysis products.

Preliminary results confirmed that biochar boost MMC
growth, especially when dealing with PyP, but mono-substrate
fermentation for production of VFA was not successful with
direct WS fermentation and natural inoculum. Even at OLR as
low as 0.25 gCOD L' d™!, WS fermentation failed to provide a
stable VFA production, showing a reversible intoxication
phenomena, which was attributed to the combined effect of
product (VFA) and substrate (WS) inhibition. Searching for
new VFA tolerant pyrotrophic consortium, the MMC was
bioaugmented through co-fermentation with glucose. A new of
reactor type, based on packed biochar, and a new acclimatization
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procedure, consisting in co-feeding WS and glucose and
constant amount of syngas were developed and tested.

Although the achieved volumetric productivity was low (<0.6
gCOD L' d7'), bioaugmented pyrotrophs demonstrated to be
able to convert most of the GC—MS detectable constituents
(e.g, anhydrosugars) of WS, a significant portion of non GC—
MS detectable constituents (e.g., oligomers with MW < 1.45 Da)
together with headspace CO. Even without selective inhibition
of methanogen, the main fermentation products were VFA,
whose profile was a function of the WS/glucose ratio.

Looking to whole results, this work provided a novel way for
the simultaneous utilization of gas (syngas), liquid (WS), and
solid (biochar) products of intermediate pyrolysis through the
original biochar-packed anaerobic bioreactor. Such an approach
may already be applied for the valorization of various toxic
aqueous effluents of thermochemical processes (e.g., pyrolysis,
gasification, and hydrothermal liquefaction) and, in a broad
perspective, it could be a useful tool to circumvent the
lignocellulose hydrolysis step. Nonetheless, it should be pointed
out that the absolute yield of VFA and productivity are lower
than those observed with compounds obtainable from
hydrolysis (eg., glucose). The performances of the biochar-
packed bioreactor could be improved considering the following
issues:

e MMC improved their performances over the time, mainly
due to an improved colonization of the biochar bed with
increasingly adapted microorganisms. Therefore, longer
adaptation and acclimatization/bioaugmentation proce-
dures with increasing OLR could further improve the
volumetric productivity.

e Being 9% of input converted into CH,, the selective
inhibition of methanogenic archaea with chemicals or
suitable experimental conditions could increase VFA
yields.*®

e Most of the yield loss was caused by a scarce conversion of
HMW organics; therefore, pyrolysis can be optimized to
decrease the yield of such compounds and increase the
yield of lighter bioavailable molecules.
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