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Preamble 

This thesis aims to explore the feasibility of integrating syngas and pyrolysis 
aqueous condensate (PAC) as substrates for anaerobic mixed cultures to produce 
CH4, H2 or carboxylates, while evaluating potential, limitations, inhibitory PAC con-
centrations, process parameter effects and energy recovery. Additionally, it pro-
poses a two-stage process where the carboxylates products of syngas and PAC co-
fermentation are converted into high-value platform chemicals to enhance process 
selectivity. The work combines four research articles, each contributing to advanc-
ing knowledge in this field. Conceptualization, investigation and drafting of the 
manuscripts were done during the doctoral period. Minor changes in the text, for-
mat and figures were done to adapt the manuscripts into chapters. 

Chapter 1 provides the theoretical background for the thesis, emphasizing the 
potential of combining fast pyrolysis with anaerobic digestion for converting fast 
pyrolysis by-products like syngas and pyrolysis aqueous condensate into biofuels or 
platform chemicals. It sets the context that led to identifying knowledge gaps and 
concludes with defining research questions and proposing the two-stage process. 

Chapter 2 reports the potential of acetate-rich wastewaters as co-substrates 
during the fermentation of syngas via mixed cultures at different temperatures and 
pH. Particular attention was given to electron balance based on electron equivalents 
and microbial community composition. This chapter is based on the publication: 

Enhancing CO uptake rates of anaerobic microbiomes via acetate shock 
loading.  Alberto Robazza, Ada Raya i Garcia, Flávio C. F. Baleeiro, Sabine Klein-
steuber and Anke Neumann 

Manuscript submitted for publication 

Chapter 3 demonstrates the viability of the two-stage process through batch 
bottle experiments. It examines syngas and PAC co-fermentation at various temper-
atures, identifying inhibitory concentrations for carboxydotrophic and methano-
genic reactions, as well as assessing the degradation of selected PAC components 
and energy recovery. The extent of PAC detoxification is evaluated by inoculating 
the carboxylates-rich effluent from stage-one with Aspergillus oryzae in a second-
ary fermentation. This chapter is based on the publication: 

Co-Fermenting pyrolysis aqueous condensate and pyrolysis syngas with 
anaerobic microbial communities enables L-malate production in a sec-
ondary fermentative stage. Alberto Robazza, Claudia Welter, Christin Kubisch, 
Flávio César Freire Baleeiro, Katrin Ochsenreither and Anke Neumann 

Fermentation (2022), 8, 512.  
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https://doi.org/10.3390/fermentation8100512 

Chapter 4 elucidates the potential of other PACs from the pyrolysis of sewage 
sludge and polyethylene plastics as co-substrates during syngas fermentation via 
anaerobic mixed cultures. It identifies inhibitory concentrations for carboxydo-
trophic and methanogenic reactions, examining the degradation of selected PAC 
components and assessing energy recovery. This chapter is based on the publica-
tion: 

Energy recovery from syngas and pyrolysis wastewaters with anaerobic 
mixed cultures. Alberto Robazza and Anke Neumann 

Bioresources and Bioprocessing (2024), 11, 75.  
https://doi.org/10.1186/s40643-024-00791-3 

Chapter 5 further develops the two-stage process by presenting the results of 
mesophilic and thermophilic continuous syngas and lignocellulose-PAC co-fermen-
tations in 2.5 L stirred tank reactors. It evaluates the feasibility of long-term culti-
vation, microbial community composition and energy recovery. Additionally, the 
carboxylates-rich effluent from stage one is subjected to secondary fermentation 
with Aspergillus oryzae to assess the extent of PAC detoxification and further con-
version of carboxylates into L-malate. This chapter is based on the publication: 

Two-stage conversion of syngas and pyrolysis aqueous condensate into     
L-malate. Alberto Robazza, Flávio C. F. Baleeiro, Sabine Kleinsteuber and           
Anke Neumann 

Biotechnology for Biofuels and Bioproducts (2024), 17, 85.  
https://doi.org/10.1186/s13068-024-02532-2 
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Abstract 

Pyrolytic conversion of anthropogenic waste holds promise for fuel and chem-
ical production but technological advancements are necessary for optimal efficiency. 
Although highly toxic, the pyrolysis aqueous condensate (PAC), a pyrolysis by-prod-
uct, can be valorised and detoxified via anaerobic digestion for biogas production. 
Syngas, another product of pyrolysis, can be fermented by anaerobic mixed cultures 
for methane or carboxylates production. Integrating syngas into anaerobic fermen-
tation of PAC shows potential to enhance overall efficiency, yet knowledge gaps exist 
regarding co-fermentation effects and substrate toxicity. 

This thesis aims to explore the feasibility of syngas and PAC integration as sub-
strates for CH4, H2 or carboxylates production via anaerobic mixed culture fermen-
tation, assessing potential and limitations, inhibitory PAC concentrations, process 
parameter effects and energy recovery. Additionally, a two-stage process is proposed 
where the carboxylates products of syngas and PAC co-fermentation are converted 
into to high-value platform chemicals to enhance process selectivity. The work com-
bines four research articles, each contributing to advancing knowledge in this field. 
Below, you'll find a concise overview of the results drawn from the abstract of each 
article.  

Acetate-rich wastewater as co-substrate in mixed culture syngas fermentation  

Acetate is a common compound found in the wastewater generated during 
physiochemical or thermochemical conversion of lignocellulose biomass. Here, the 
impact of increasing shock loads of acetate during syngas co-fermentation with an-
aerobic mixed cultures was evaluated across different pH levels (6.7 and 5.5) and 
tempera-tures (37°C and 55°C), assessing microbial kinetics, metabolite production, 
and microbial community composition. The study reports that acetate supplemen-
tation consistently boosted carboxydotrophic rates. Mixed cultures can tolerate up 
to 64 g/L at pH 5.5. High acetate loads inhibited methanogenic pathways, favouring 
hydrogenogenesis and carboxylate production. While species belonging to Meth-
anobacterium, Methanosarcina and Methanothermobacter may have been in-
volved into CO biomethanation, the bacterial species responsible for CO conversion 
in non-methanogenic experiments remain unclear. Oscillibacter is suggested as a 
potential n-valerate producer. 

Proof of concept of the two stage process 

This study investigates the potential of a two-stage process to convert the car-
bon and energy in syngas and lignocellulose PAC into L-malate. PAC and syngas 
were co-fermented by two mixed cultures at 37 and 55°C. The media from selected 
mixed culture fermentations were then inoculated with Aspergillus oryzae for L-
malate production. The results show that mixed cultures can perform simultaneous 
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syngas fermentation and PAC detoxification for the production of volatile fatty acids 
or acetate/H2 production, depending on the incubation temperature. Carboxydo-
trophic activity showed higher resilience to PAC toxicity than methanogenesis. Sub-
stantial detoxification of PAC was observed under PAC concentrations up to 10% 
independently of the rates of syngas metabolism. PAC detoxification enabled the 
further valorisation of the acetate produced via syngas and PAC fermentations into 
L-malate. 

Energy recovery potential from other pyrolysis aqueous condensates 

In this study, the impact of two PACs from sewage sludge and polyethylene 
plastics pyrolysis on energy recovery potential through syngas co-fermentation with 
mixed cultures was examined. Results showed successful co-fermentation of syngas 
and certain PAC components into CH4 and short-chain carboxylates. However, 
origin of the PAC and its composition influenced toxicity and energy recovery. Sew-
age sludge PAC inhibited carboxydotrophic and methanogenic activity primarily 
likely as consequence of the high ammonium concentrations in the sewage sludge 
PAC. Polyethylene plastics PAC severely inhibited microbial activity as result of the 
synergistic toxic effect of the components of the aqueous condensate. Energy recov-
ery from sewage sludge PAC was limited by its recalcitrant nature, while polyeth-
ylene plastics PAC showed great bioconversion potential and allowed for high en-
ergy recovery. 

Upscaling the two-stage process and evaluation of reactors’ microbiota 

To assess the continuous co-fermentation of syngas and lignocellulose PAC, 
two reactors were operated at mesophilic (37°C) and thermophilic (55°C) conditions 
with increasing PAC loading rates. Both processes sequestered syngas and detoxi-
fied lignocellulose PAC, recovering over 50% of energy into short-chain carbox-
ylates. In the mesophilic process, methanogenesis was inhibited, with primary me-
tabolites being acetate, ethanol and butyrate and the reactor microbiota was domi-
nated by Clostridium sensu stricto 12. In the thermophilic process, Symbiobacte-
riales, Syntrophaceticus, Thermoanaerobacterium, Methanothermobacter and 
Methanosarcina played crucial roles, with Moorella thermoacetica and Methan-
othermobacter marburgensis as predominant carboxydotrophs. High biomass con-
centrations stabilized operations at high PAC loads. Aspergillus oryzae converted 
first-stage metabolites into L-malate in a second-stage reactor, confirming PAC de-
toxification.  

This study confirms the potential of hybrid thermochemical-biological pro-
cesses in enhancing resource circularity and reducing environmental impacts. It 
identifies crucial operational parameters for syngas and PAC co-fermentation, 
demonstrates long-term cultivation feasibility and highlights the resilience of mixed 
cultures to extreme conditions. Wastewater detoxification enables the valorization 
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of carboxylates into platform chemicals via secondary fermentative processes. These 
insights are vital for developing biotechnologies maximizing carbon and energy re-
covery from waste streams, but further optimization and implementation in real py-
rolysis processes are needed.
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Zusammenfassung 

Die pyrolytische Umwandlung von anthropogenen Abfällen ist vielverspre-
chend für die Herstellung von Kraftstoffen und Chemikalien, doch für eine optimale 
Effizienz sind technologische Fortschritte erforderlich. Das wässrige Pyrolysekon-
densat (PAC), ein Nebenprodukt der Pyrolyse, ist zwar hochgiftig, kann aber durch 
anaerobe Vergärung zur Biogaserzeugung genutzt und dabei entgiftet werden. Syn-
thesegas, ein weiteres Produkt der Pyrolyse, kann durch anaerobe Mischkulturen 
zur Methan- oder Carboxylatproduktion vergoren werden. Die Integration von Syn-
thesegas in die anaerobe Vergärung von PAC hat das Potenzial, die Gesamteffizienz 
zu steigern, doch bestehen Wissenslücken hinsichtlich der Auswirkungen der Co-
fermentation und der Toxizität des Substrats. 

Ziel dieser Arbeit ist es, die Durchführbarkeit der Integration von Synthesegas 
und PAC als Substrate für die Produktion von CH4, H2 oder Carboxylaten durch an-
aerobe Mischkulturfermentation zu untersuchen, wobei das Potenzial und die Gren-
zen, der hemmenden PAC-Konzentrationen, der Auswirkungen der Prozessparame-
ter und der Energierückgewinnung bewertet werden. Darüber hinaus wird ein zwei-
stufiges Verfahren vorgeschlagen, bei dem die Carboxylate aus der Co-fermentation 
von Synthesegas und PAC in hochwertige Plattformchemikalien umgewandelt wer-
den, um die Prozessselektivität zu erhöhen. Die Arbeit fasst vier Forschungsartikel 
zusammen, von denen jeder zum Wissenszuwachs in diesem Bereich beiträgt. Nach-
folgend finden Sie einen kurzen Überblick über die Ergebnisse, die sich aus den Zu-
sammenfassungen der einzelnen Artikel ergeben.  

Acetatreiche Abwässer als Co-Substrat in der Mischkultur-Synthesegasfermenta-
tion  

Acetat ist eine häufig vorkommende Verbindung in Abwässern, die bei der 
physiochemischen oder thermochemischen Umwandlung von Lignozellulose-Bio-
masse entstehen. Hier wurde die Auswirkung steigender Acetat-Stoßbelastungen 
während der Syngas-Co-Fermentation mit anaeroben Mischkulturen bei verschie-
denen pH-Werten (6,7 und 5,5) und Temperaturen (37°C und 55°C) untersucht, wo-
bei die mikrobielle Kinetik, die Metabolitenproduktion und die Zusammensetzung 
der mikrobiellen Gemeinschaft bewertet wurden. Die Studie zeigt, dass die Zugabe 
von Acetat die carboxydotrophen Raten durchweg erhöhte. Mischkulturen können 
bis zu 64 g/L und pH 5,5 tolerieren. Hohe Acetatbelastungen hemmten die metha-
nogenen Stoffwechselwege und begünstigten die Hydrogenogenese und die Car-
boxylatproduktion. Während Arten, die zu Methanobacterium, Methanosarcina 
und Methanothermobacter gehören, an der CO-Biomethanisierung beteiligt gewe-
sen sein könnten, bleibt unklar, welche Bakterienarten für die CO-Umwandlung in 
nicht-methanogenen Experimenten verantwortlich sind. Oscillibacter wird als po-
tenzieller n-Valerat-Produzent vorgeschlagen.  
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Konzeptnachweis für den zweistufigen Prozess 

In dieser Studie wird das Potenzial eines zweistufigen Prozesses zur Umwand-
lung des Kohlenstoffs und der Energie in Synthesegas und Lignozellulose- PAC in 
L-Malat untersucht. PAC und Synthesegas wurden von zwei Mischkulturen bei 37 
und 55°C Co-fermentiert. Die Medien ausgewählter Mischkulturfermentationen 
wurden dann mit Aspergillus oryzae zur L-Malat-Produktion beimpft. Die Ergeb-
nisse zeigen, dass Mischkulturen in Abhängigkeit von der Inkubationstemperatur 
gleichzeitig eine Syngasfermentation und eine PAC-Entgiftung zur Produktion von 
flüchtigen Fettsäuren oder Acetat/H2-Produktion durchführen können. Die car-
boxydotrophe Aktivität zeigte eine höhere Widerstandsfähigkeit gegenüber der PAC 
-Toxizität als die Methanogenese. Eine erhebliche Entgiftung von PAC wurde bei 
PAC-Konzentrationen von bis zu 10 % unabhängig von den Raten des Syngas-Stoff-
wechsels beobachtet. Die PAC -Entgiftung ermöglichte die weitere Valorisierung des 
durch Syngas- und PAC -Fermentationen erzeugten Acetats zu L-Malat. 

Potenzial der Energierückgewinnung aus anderen wässrigen Pyrolysekondensa-
ten 

In dieser Studie wurde die Auswirkungen von zwei PACs aus der Klärschlamm- 
und Polyethylen-Kunststoff-Pyrolyse auf das Energiegewinnungspotenzial durch 
Syngas-Co-Fermentation mit Mischkulturen untersucht. Die Ergebnisse zeigten 
eine erfolgreiche Co-Fermentation von Synthesegas und bestimmten PAC-Kompo-
nenten zu CH4 und kurzkettigen Carboxylaten. Die Herkunft der PAC und ihre Zu-
sammensetzung beeinflussten jedoch die Toxizität und die Energierückgewinnung. 
Klärschlamm-PAC hemmte die carboxydotrophe und methanogene Aktivität, was 
in erster Linie auf die hohen Ammoniumkonzentrationen in der Klärschlamm- PAC 
zurückzuführen ist. Polyethylen-Kunststoff-Klärschlamm hemmte die mikrobielle 
Aktivität stark, was auf die synergistische toxische Wirkung der Bestandteile des 
wässrigen Kondensats zurückzuführen ist. Die Energierückgewinnung aus Klär-
schlamm-PAC war durch ihre widerspenstige Natur begrenzt, während Polyethylen-
Kunststoff- PAC ein großes Biokonversionspotenzial aufwies und eine hohe Ener-
gierückgewinnung ermöglichte. 

Hochskalierung des zweistufigen Prozesses und Bewertung der Mikrobiota der Re-
aktoren 

Zur Bewertung der kontinuierlichen Co-Fermentation von Synthesegas und 
Lignocellulose-PAC wurden zwei Reaktoren unter mesophilen (37°C) und thermo-
philen (55 °C) Bedingungen mit steigenden PAC-Beladungsraten betrieben. In bei-
den Prozessen wurde das Synthesegas sequestriert und die Lignocellulose-PAC ent-
giftet, wobei über 50 % der Energie in kurzkettigen Carboxylaten zurückgewonnen 
wurden. Im mesophilen Prozess war die Methanogenese gehemmt, wobei die pri-
mären Metaboliten Acetat, Ethanol und Butyrat waren und die Mikrobiota des Re-
aktors von Clostridium sensu stricto 12 dominiert wurde. Im thermophilen Prozess 
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spielten Symbiobacteriales, Syntrophaceticus, Thermoanaerobacterium, Me-
thanothermobacter und Methanosarcina eine entscheidende Rolle, wobei Moorella 
thermoacetica und Methanothermobacter marburgensis die vorherrschenden Car-
boxydotrophen waren. Hohe Biomassekonzentrationen stabilisierten den Betrieb 
bei hoher PAC-Belastung. Aspergillus oryzae wandelte die Metaboliten der ersten 
Stufe in einem zweitstufigen Reaktor in L-Malat um und bestätigte damit die Ent-
giftung von PAC.  

Diese Studie bestätigt das Potenzial hybrider thermochemisch-biologischer 
Prozesse zur Verbesserung der Kreislauffähigkeit von Ressourcen und zur Verringe-
rung der Umweltauswirkungen. Sie identifiziert entscheidende Betriebsparameter 
für die Co-Fermentation von Synthesegas und PAC, zeigt die langfristige Machbar-
keit der Kultivierung und unterstreicht die Widerstandsfähigkeit von Mischkulturen 
unter extremen Bedingungen. Die Entgiftung von Abwässern ermöglicht die Valori-
sierung von Carboxylaten zu Plattformchemikalien durch sekundäre Fermentati-
onsprozesse. Diese Erkenntnisse sind für die Entwicklung von Biotechnologien zur 
Maximierung der Kohlenstoff- und Energierückgewinnung aus Abfallströmen von 
entscheidender Bedeutung, müssen jedoch weiter optimiert und in realen Pyroly-
seprozessen umgesetzt werden.
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1.1 Waste as source of carbon and energy in a bio-based and circular 
economy 

Growing concerns for the impact of anthropogenic activities on the environ-
ment are shifting the socio-economic interests from a linear fossil-based economy 
towards a more sustainable and circular one [1]. Among anthropogenic activities, 
waste production and its improper management can have detrimental conse-
quences, not only leading to public and environmental health crises but also result-
ing in economic losses due to loss of valuable resources. Hence, it is crucial to im-
plement proper waste management practices to mitigate the associated environ-
mental issues and to ensure sustainable waste disposal, recycling and recovery of 
resources.  

Biomass, sewage sludge and plastic waste collectively represent a significant 
portion of the waste generated by human activity. When not managed properly, ag-
ricultural waste can contribute to environmental issues polluting water, land and 
air. Common disposal methods of municipal sewage sludge and post-consumer plas-
tics, such as landfilling and incineration have disadvantages and may present haz-
ards to human health and the environment. Landfilling of sewage sludge can lead to 
leachate groundwater contamination and greenhouse gas emissions, whereas agri-
cultural applications may elevate soil heavy metal concentrations. Incineration re-
quires costly technologies to control pollutant emissions [2]. While only a small frac-
tion of post-consumer plastic is recycled. This process is not entirely closed-loop and 
most plastic waste ends being landfilled, incinerated or persisting as micro plastics. 
Like other waste, plastic landfilling contributes leachate contamination while incin-
eration produces noxious volatile compounds [3]. In view of the escalating volume 
of waste generated, the development of new technologies is imperative to reduce 
environmental impacts while maximising the energy recovery from wastes and res-
idues of human activities is considered a key step towards carbon-neutrality [4], [5]. 

Lignocellulose biomass, for instance, is one of the  primary renewable source 
of carbon and energy available, offering a sustainable alternative to fossil-derived 
materials [6]. Considering that the Earth´s net biomass production amounts ap-
proximately to 2000 EJ/y, the energy potential of biomass is enormous [7]. How-
ever, the source of all the biomass required to meet the need of an increased bio 
industry is still an open debate [8]. On one hand, diverting part of the energetic res-
ervoir built up by plants towards uses defined by anthropocentric needs could cause 
undesirable impacts on the environment and on its natural distribution of resources 
[7]. On the other hand, the production of biofuel crops competes with food and the 
increasing demands for biofuel could exceed agricultural capacity [8]. Utilizing lig-
nocellulose biomass, a by-product of agricultural and municipal activities, could al-
leviate this competition and improve economic circularity. Nevertheless, the intri-
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cate polymeric structure and recalcitrant nature of lignocellulose biomass pose sig-
nificant challenges to its biological valorisation, particularly through biological pro-
cesses like anaerobic digestion [9]. Enhancing biomass pre-treatment and conver-
sion processes is therefore essential. Various pre-treatment methods have been de-
veloped to enhance the accessibility of biomass components for further conversion 
and thermochemical approaches are being explored to enhance the sustainability of 
biorefineries [10]. Compared to other pre-treatment technologies, thermochemical 
processes offer rapid conversion times ranging from seconds to hours, representing 
a viable alternative pre-treatment to maximize biodegradability of waste and energy 
recovery [11]. Another key advantage of thermochemical processes is their adapta-
bility to handle various types of waste materials, including plastics, rubber and sew-
age sludge, among others. Thermochemical processes combine efficient manage-
ment of diverse waste streams and facilitates the production of a wide array of val-
uable products. The thermochemical conversion of sewage sludge and post-con-
sumer plastics, for instance, presents numerous advantages over alternative dis-
posal methods. By addressing waste management challenges, it reduces reliance on 
landfilling, minimizes solid residue volumes and mitigates greenhouse gas emis-
sions and other harmful pollutants [12], [13]. Among other thermochemical tech-
nologies, pyrolysis, for instance, can convert waste into energy carriers such as bio-
char, syngas and bio-oil, which can be further processed into biofuels or other value-
added chemicals contributing to the development of a circular and sustainable bio-
economy [11].  

1.2 Fast pyrolysis of waste  

During pyrolysis, the waste is thermochemically deconstructed at high temper-
atures in the absence of oxygen. Depending on heating rate and residence time, py-
rolysis can be divided into three main types including slow pyrolysis, fast pyrolysis 
and flash pyrolysis. The long residence times of slow pyrolysis maximises solids 
yields while flash pyrolysis results in primarily biooil (up to 80 wt %). Fast pyrolysis, 
positioned between slow and flash pyrolysis with intermediate heating rates and res-
idence times [14]. Fast pyrolysis generally occurs at 450 to 550°C with heating rates 
of 100–200°C/s. A diagram of the fast pyrolysis reactor is depicted in Figure 1. The 
pyrolysis reactions occur within the pyrolysis reactor. Primary reactions pathways 
occurring during fast pyrolysis are char formation, depolymerisation and fragmen-
tation while other secondary reactions are cracking  or recombination [10]. Products 
of fast pyrolysis are an organic liquid, commonly known as bio-oil (20-30 wt %), an 
aqueous condensate (PAC) (20-30 wt %), bio-char (10–30 wt %) and syngas (15–20 
wt %), a mixture of primarily CO2, CO, CH4, H2 [15]–[18]. Biochar is collected via 
cyclone and separated by the pyrolysis vapours. Then the pyrolysis vapours undergo 
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fractional condensation through a series of condensation units with progressively 
decreasing temperatures to separate the bio-oil and the PAC from syngas [19]. 

 

Figure 1. Schematic diagram of a pyrolysis process. Adapted from https://www.itc.kit.edu/ 

Process parameters heavily influence the composition and ratio of the products 
of fast pyrolysis and can be manipulated to redirect the carbon and energy flow of 
the process [20]. Critical factors include reactor design, residence time, heating rate, 
and catalyst, with temperature standing out as a major determinant [21]. For in-
stance, when considering lignocellulose biomass, bio-oil yields peak between 400 
and 550 °C. At temperatures beyond this range, bio-oils and char undergo secondary 
cracking reactions, leading to an increase in syngas formation [14]. The distribution 
of products in fast pyrolysis is also influenced by the composition of lignocellulosic 
biomass and the decomposition temperatures of its constituents (Figure 2). The first 
component to decompose is hemicellulose, starting at about 220°C up to around 
400°C. Cellulose decomposes into non-condensable gases and condensable organic 
vapours within the temperature range of 320 to 420°C. Conversely, lignin decom-
position is a slow and steady process starting already at 160°C and progresses up to 
900°C [11]. Biochar and bio-oil stand as the primary targets of fast pyrolysis due to 
their comparable heating values to traditional fuels. They can be either reincorpo-
rated into the pyrolysis reactor for recycling or employed as energy carriers in alter-
native processes. Conversely, PAC typically exhibits a high water content, which 
constrains its utility as fuel. Given that PAC and syngas can collectively constitute 
about 45 wt% of the total waste fed into the pyrolysis reactor [16] and contribute up 
to 41% of the carbon balance [15], their production hinder the carbon and energy 
recovery from waste [22]. 
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Figure 2. Effect of temperature on the product distribution during the 
pyrolysis of lignocellulose biomass. Adapted from [23]. 

1.2.1 Pyrolysis aqueous condensate valorisation 

The PAC is a complex solution comprising a variety of compounds, including 
organic acids, anhydrous sugars, phenolics, amines, amides, guaiacols, furans, hy-
drocarbons, and nitrogen heterocycles, among others. Some of these constituents 
exhibit toxicity even at low concentrations [24]–[29]. Additionally, PAC may con-
tain traces of bio-oil, further contributing to its complexity [30].  

In the case of the PAC generated from the pyrolysis of lignocellulose biomass 
(LB-PAC), phenolic compounds such as phenol and cresol primarily originate from 
the decomposition of lignin at high temperatures. Furans derive from the decarbox-
ylation and depolymerisation reactions of cellulose and hemicellulose [23]. Acetic 
acid, on the other hand, can originate from depolymerisation and deacetylation of 
cellulose and hemicellulose or alternatively from secondary cracking reactions such 
as ring scission and deacetylation or levoglucosan. Furthermore, acetic acid can 
originate as a by-product of lignin depolymerization and cracking reactions of lignin 
[31]. In the case of the PAC from sewage sludge (SS-PAC), for instance, the concen-
tration of different compounds depends upon the levels proteins, lipids and lignin 
of the original waste [32]. Phenolic compounds can arise from the volatilization of 
polysaccharides and proteins, aromatic hydrocarbons stem from the decarboxyla-
tion of fatty acids within the lipid fraction, while ammonium and N-heterocycles are 
some products of protein decomposition [33]. Carbocyclic acids, phenolics can be 
found also in the PAC resulting from the pyrolysis of mixed plastics (PE-PAC) and 
originate from the organic impurities of the waste [34]–[36]. The type and concen-
tration of PAC components determine the chemical properties and the toxicity of the 
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solution [24]. The PAC generated from pyrolysis of sewage sludge, for instance, ex-
hibits basic pH, whereas LB-PAC and PE-PAC are acidic. Despite PACs may contain 
similar concentrations of carboxylic acids, the pH disparity can depend upon the 
presence of high concentration of ammonium and nitrogen aromatics in SS-PAC 
[15], [37].  

The toxicity and complexity of PAC components severely hampers its possible 
applications and requires expensive treatments prior to disposal [20], [30]. Tech-
nical process optimization at the pyrolysis stage can reduce PAC toxicity. For in-
stance, temperature combination of 120°C and 50°C on the first and second conden-
sation units of the pyrolysis vapours during fast pyrolysis at 500°C resulted in an 
optimized PAC composition for further biological valorisation, increasing the yield 
of possible fermentable substrates at the expense of inhibitors [19]. It might be also 
worth investing into bioprocessing technologies able to convert PAC and syngas into 
industrially relevant biochemicals. Several works have already focused on the devel-
opment of biological processes to valorise the constituents of the PAC and anaerobic 
mixed cultures, as we´ll see in the next chapters, have emerged as promising tech-
nology for this task.  

1.3 Anaerobic fermentation with mixed cultures 

During anaerobic digestion, the degradation of the organic matter into biogas 
(a gaseous mixture primarily composed of CO2 and CH4) is carried out by anaerobic 
mixed cultures. Anaerobic digestion follows four primarily metabolic steps (hydrol-
ysis, acidogenesis, acetogenesis and methanogenesis) and depends upon interac-
tions between various microbial trophic groups, each performing a specific role 
within the process [38], [39]. Microbial interaction can be mutual, syntrophic or 
competitive depending on microbiota composition, process conditions and sub-
strate availability. For instance, syntrophic interactions such those between 
syntrophic acetate oxidizers and hydrogenotrophic methanogens allow anaerobic 
digestion process to recover after acidification of ammonium inhibition  [40], [41]. 
Alternatively, competition for resources such as acetate or H2 between different mi-
crobial groups can negatively influence the metabolic pathways and biogas produc-
tion rates [42]–[45]. 

The diverse microbiota, wide genetic spectrum and redundant metabolic path-
ways in anaerobic digesters offer advantages that pure cultures currently cannot 
replicate. Mixed cultures exhibit inherent resilience to environmental stresses and 
toxicity. Multiple parallel biochemical routes provide greater stability because of the 
potential distribution of toxic substrates to several populations [46], thereby in-
creasing community resilience to disturbances  [47]. Evolving environmental con-
ditions provide competitive advantage to specific microbial groups favoured by the 
different thermodynamics, facilitating process recovery. 
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Critical factors affecting anaerobic digestion processes are pH, temperature, 
substrate loading rate and presence of toxic components. These factors play a vital 
role in determining the efficiency and effectiveness of anaerobic digestion. pH is a 
crucial factor, as it affects the activity of the microbial communities responsible for 
biogas production. The optimal pH range for anaerobic digestion generally ranges 
between 6.8 and 7.5 while pH fluctuations can disrupt the microbial balance in the 
digester, leading to process instability and lower biogas production rates [48], [49].  
Temperature is another key factor that influences anaerobic digestion. The process 
can be carried out primarily under mesophilic (around 35-40°C) or thermophilic 
(around 50-60°C) conditions, favouring different microbial populations. Mesophilic 
microbial consortia show high tolerance to environmental changes resulting in high 
process stability. High temperatures, on the other hand, generally lead to faster di-
gestion rates and increased biogas production. However, thermophilic processes are 
more susceptible to toxins and environmental changes [48]. High organic loading 
rates can lead to the accumulation of volatile fatty acids and process imbalances, 
while low loading rates may underutilize the digester capacity. Compounds such as 
heavy metals, phenols and certain organic pollutants can inhibit microbial activity 
and reduce biogas production efficiency. Toxic compounds can disrupt the microbial 
community structure, leading to process failures and reduced biogas yields [50], 
[51]. 

Nonetheless, numerous studies have confirmed the efficacy of anaerobic diges-
tion in treating complex and toxic municipal and industrial wastewaters. By con-
verting organic compounds into biogas and ensuring the stabilization of wastewater 
for safe disposal, anaerobic digestion has emerged as a cornerstone technology in 
wastewater treatment and energy recovery. Its capacity to effectively remove organic 
pollutants, coupled with its adaptability, has established it as a widely employed so-
lution that can be customized to address various types of wastewater and contami-
nants [52]. Wastewaters from diverse industries, including swine farming, coal gas-
ification plants, wineries, distilleries and food processing facilities have all been ef-
fectively treated using anaerobic digestion, significantly mitigating the environmen-
tal impact of organic pollutants [53]–[55]. Moreover, anaerobic digestion has been 
successfully integrated into decentralized sanitation systems, enhancing resource 
conservation and reuse while contributing to the advancement of sustainable 
wastewater management practices [56]. 

As we´ll see in the next chapter, anaerobic digestion has emerged as viable 
technology for the valorisation of various PACs as substrate for biogas production, 
improving the carbon and energy recovery of pyrolysis process. 

1.3.1 PAC as substrate of anaerobic mixed cultures 

Several efforts have been made to develop bioprocessing technologies based 
on single-culture fermentations to valorise PAC. However, PAC was severely toxic, 
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albeit not all microorganisms exhibit the same tolerance to PAC toxicity. The ability 
of microorganisms to thrive on PAC is species-specific due to their varying re-
sistance to toxins within PAC [22]. In a study assessing the toxicity of PAC from fir 
wood across a wide range of microbial groups, it was found that out of 42 tested 
strains, only 4 fungal strains exhibited tolerance to pure PAC, while many bacterial 
and yeast isolates required several PAC dilutions [57]. To enable PAC valorisation 
in pure culture fermentations, it appears that PAC must undergo one or more pre-
treatment steps to reduce the toxicity, before enabling its bioconversion [58]–[65]. 
Alternatively to single culture processes, other studies successfully established an-
aerobic digestion with PACs as substrate for biogas production, proving how anaer-
obic mixed culture fermentation is a viable alternative to intricate physiochemical 
pre-treatments for PAC detoxification and valorisation. Low PAC concentrations 
can provide nutrients to microbial activity where many toxic components can act as 
substrates [50], [51]. PAC components such as carboxylic acids, anhydrous sugars 
and aromatic compounds, among others, can be easily fermented achieving high en-
ergy recovery into to biogas. For example, energy and carbon recoveries as high as 
79 % were obtained in the production of biohythane (i.e., a mixture of H2 gas and 
CH4) during the anaerobic degradation of the post hydrothermal liquefaction 
wastewater of corn stalk [66]. 

However, various influencing factors such as source of inoculum (i.e., micro-
bial composition of the inoculum), concentration of refractory and toxic com-
pounds, the molecular weight of PAC components, PAC loading rate and process 
operating conditions affect PAC components degradation and recovery into CH4, 
[67]–[70]. The concentration of refractory and toxic compounds is considered the 
primary factor affecting the energy recovery potential [20], [24], [70], [71]. Com-
pounds in PAC, such as phenols, furans and N-heterocyclic compounds, have been 
reported to exhibit toxicity towards microorganisms, impacting their growth and 
metabolic activities [72]. The PAC loading rate is another critical factor that deter-
mines the success of PAC valorisation. For instance, studies on the tolerance of an-
aerobic digestion towards increasing concentrations of PAC as substrate reported 
that loadings of 3 % were inhibiting methanogenesis [73]. Similarly, a study exam-
ining methane production during the anaerobic digestion of PAC derived from non-
catalyzed pyrolysis of sewage sludge reported severe methanogenesis inhibition at 
PAC loads of 2.3 gCOD/L. A 6 % load of a wastewater generated from the hydrother-
mal liquefaction of cyanobacteria inhibited of 50 % the methanogenic activity of an 
anaerobic sludge [50]. During the anaerobic digestion of a post-hydrothermal liq-
uefaction wastewater, increasing toxicity as result of increasing loads from 10 % to 
50 % resulted in decreased chemical oxygen demand (COD) removal rates from 76.8 
% to 36.8 % [74]. 
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The complexity of PAC is compounded by the presence of hundreds of com-
pounds, some of which remain poorly characterized and lack model parameters in 
databases, posing challenges in assessing their specific inhibitory effects on micro-
bial activity [19], [29]. Many studies have highlighted how the concentrations of in-
dividual compounds do not exceed previously reported inhibitory thresholds, con-
cluding that the inhibitory effects of PAC result from the synergistic action of multi-
ple toxicants [73]–[78]. Nevertheless, there are numerous documented instances of 
PAC component degradation during anaerobic digestion, albeit with varying re-
moval rates and COD removal efficiencies. These differences can be attributed to the 
composition of PAC since the degradation of specific PAC components can be sig-
nificantly influenced by the presence of other toxic compounds. For instance, in an 
anaerobic UASB fed with a wastewater containing 900 mg/l of phenol and 320 mg/l 
of m-cresol, removal efficiencies as high as 98 % and 20 % were recorded for phenol 
and m-cresol, respectively, but phenol availability was considered limiting m-cresol 
removal [79]. Vice versa, m-cresol highly affected phenol biodegradation in another 
work [80]. Another work reports of pyridine degradation inhibition at phenol con-
centrations exceeding 400 mg/L [81].Contrarily, in a methanogenic anaerobic con-
tinuous reactor fed with 150 mg/L phenol and with 35 mg/L of o- and p-cresol (0.25 
days hydraulic retention time and a loading rate of 880 mg/L/day), a 98 % removal 
rate was recorded for all substrates [82]. Figure 3 reports the putative degradation 
pathways of some selected PAC components. In methanogenic environments, an-
aerobic cultures have been reported to be degrading phenol into short-chain carbox-
ylates and methane. Benzoyl-CoA is the central intermediate during anaerobic deg-
radation of phenol via 4-hydroxybenzoate. Benzoyl-CoA is later converted via β-ox-
idation ring opening into three molecules of acetyl-CoA and further converted to 
acetate [76], [83]. 



Theoretical background and research proposal   

10 

 

Figure 3. Putative anaerobic degradation pathways of some selected PAC components. Adapted from [76]. 

Anaerobic cresols degradation depends on the position of the hydroxyl group 
affecting also the anaerobic degradability. m-cresol, for instance, is generally ac-
counted as the most recalcitrant to anaerobic degradation [84]. Nonetheless, during 
m-cresol degradation, fumarate is added to the methyl group of m-cresol to form 3-
hydroxybenzyl succinate. Activation and β-oxidation lead to succinyl-CoA and 3-hy-
droxybenzoyl-CoA [80]. Furfural was reported to be firstly converted to furfuryl al-
cohol due to its weaker toxicity than furfural and further transformed into furoic 
acid. Finally, acetate can be produced from furoic acid [76]. N-heterocyclic compo-
nents such as pyridine, although recalcitrant, have been reported to be converted 
into carboxylates and methane [69], [76], [85], [86]. Pyridine can undergo hydrox-
ylation, ring cleavage between C1-C3, opening of the nitrogen ring and release of 
ammonium with formic and succinic acid as intermediate metabolites of its degra-
dation. Increasing TAN concentrations are considered reflection of the degree of 
degradation of N-heterocyclic compounds. Methane was then produced directly 
from formic acid or from the acetate produced via succinic acid [76], [86]–[88]. The 
degradation of PAC components requires the synergistic activity of different micro-
bial groups, including acidogens and methanogens, hence the presence of methano-
gens is crucial for the continuous anaerobic degradation of organic compounds in 
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anoxic environments, ensuring a balance between H2 production and consumption 
[68]. 

Strategies such as sludge acclimation or the addition of suitable amendments 
such as biochar effectively mitigated toxic compounds inhibition, resulting in im-
proved process performances and methane production [20], [24], [72], [73], [84], 
[85], [89]–[99]. Continuous processes allow for the acclimation of the inoculum and 
the enrichment of specific trophic groups, leading to improved chemical oxygen de-
mand (COD) recoveries at higher PAC loads. The taxonomic profiling of the anaer-
obic communities acclimatized to different PACs showed abundance of anaerobic 
bacteria belonging to the genera Longilinea, Acidobacterium, and Sedimentibacter 
[73], or Streptococcus, Acetobacterium, Bifidobacterium, and Megapshera in an-
other work [100]. Alcaligenes, Petrimonas, Desulfobulbus and Sedimentibacter 
were other genera enriched during the continuous anaerobic digestion of the 
wastewater from the hydrothermal liquefaction of rice straw [101][102]. Microor-
ganisms belonging to the families of Anaerolineaceae, Burkholderiaceae, Pepto-
streptococcaceae and various acetogenic syntrophic bacteria were linked to the 
shortening of the lag-phase and to increasing rates of hydrothermal liquefaction 
wastewater detoxification [99]. Bacteria belonging to genera such as Desulfovibrio, 
Geobacter, Bacillus, Parageobacillus, and Syntrophorhabdus, among others, have 
been found able to degrade many components present in PAC to produce acetate 
and other carboxylic acids [76], [103]. In some other cases, methanogenic 
syntrophic associations of strictly anaerobic bacteria Syntrophorhabdus sp. and hy-
drogenotrophic methanogens such as Methanobacterium or Methanoculleus were 
reported during the anaerobic digestion of phenolic compounds [68], [83], [104], 
[105].  

Fermentative and acidogenic microorganisms are pivotal in the degradation of 
PAC components and their enrichment or bio-augmentation could serve as a viable 
strategy to enhance PAC degradation and overall process performance [106]. Other 
studies have documented the accumulation of carboxylates alongside concurrent 
methanogenesis inhibition during the anaerobic digestion of PAC derived from corn 
stalk pellets [97], [100], highlighting the higher tolerance fermentative and acido-
genic microorganisms to PAC components toxicity compared to methanogens. Such 
findings suggest the potential to develop processes aimed at producing carboxylates 
rather than biogas from PAC degradation. 

 

1.3.2 Syngas as substrate for anaerobic mixed cultures 

Syngas fermentation is a biotechnological process that is gaining attention due 
to its promising potential to transform gaseous waste such as CO and H2/CO2 into 
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valuable products contributing to a future zero-waste economy. Syngas fermenta-
tion has been explored for the production of biopolymers, single cell proteins, me-
dium-chain fatty acids and other valuable compounds, showcasing its potential and 
versatility [107]. Carbon monoxide and/or CO2 fermentation can be performed by 
aerobic and anaerobic microorganisms. Aerobic knallgas bacteria such as Cupriavi-
dus necator, for instance, are currently employed for the production of single cell 
proteins as additives for animal feed from H2/CO2. Anaerobic gas fermentation, on 
the other hand, is performed by a specific group of anaerobic bacteria called aceto-
gens. Acetogens such as Clostridium ljungdahlii, Clostridium autoethanogenum, 
Acetobacterium woodii and Moorella thermoacetica employ the Wood-Ljungdahl 
pathway to fix CO and H2/CO2, producing acetyl-CoA as the central intermediate 
[108]. The Wood-Ljungdahl (Figure 4) pathway consists of two parallel pathways, 
the methyl branch and the carbonyl branch. In the methyl branch, CO2 is reduced to 
formate via formate dehydrogenase. Formate is then attached to tetrahydrofolate to 
form formyl-tetrahydrofolate at the expenses of one ATP. Formyl-tetrahydrofolate 
undergoes several reductive steps catalysed by enzymes including methylene-THF 
cyclohydrolase, methylene-THF dehydrogenase and methylene-THF reductase. Me-
thyltransferase transfers the methyl group from methyl-THF to a corrinoid-FeS pro-
tein later used as the methyl group for the synthesis of Acetyl-CoA. In the carbonyl 
branch, CO can be either used directly or generated from CO2 via a CO dehydrogen-
ase providing the carbonyl group for acetyl-CoA synthesis. Acetyl-CoA is then con-
verted into acetate via phosphotransacetylase and acetate kinase generating one 
ATP [109], [110]. During autotrophic growth, homoacetogens gain ATP thanks to 
the ion-motive force maintained generated via a transmembrane chemiosmotic po-
tential generated by ion export complexes such as the Rnf or Ech complex and ex-
ploited by transmembrane ATP synthases for ATP synthesis. While the methyl 
branch is found from bacteria to humans, the carbonyl branch is unique to aceto-
gens, methanogens and sulfate reducers. However, in methanogens the methyl 
branch involves different C1-carriers, cofactors, electron transporters and enzymes 
[111]. The product pool of acetogens in single culture fermentation ranges from car-
boxylates such as formate, lactate, acetate, butyrate, caproate to solvents like etha-
nol, butanol, 2,3-butanediol and hexanol [107]. 
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Figure 4. Scheme of the Wood–Ljungdahl pathway and energy conservation. The Wood–Ljungdahl pathway 
and energy conservation system in acetogens. CO, carbon monoxide; CO2, carbon dioxide; THF, tetrahydro-
folate; FDH, formate dehydrogenase; FHS, formyl-tetrahydrofolate synthase; FCH, formyl-cyclohydrolase; 
MDH, methylene-tetrahydrofolate dehydrogenase; MTHFR, methylene-tetrahydrofolate reductase; MT, 
methyltransferase; CoFeSP, corrinoid iron–sulfur protein; CODH, CO dehydrogenase; ACS, acetyl-CoA syn-
thase; PTA, phosphotransacetylase; ACK, acetate kinase; HDCR, hydrogen-dependent CO2 reductase; Fdox, 
oxidized ferredoxin; Fdred, reduced ferredoxin. Adapted from [112]. 
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Mixing two species together for synthetic cultures can improve the product 
spectrum for the production of octanol, for instance [113]. Similarly, mixed anaero-
bic cultures can be used for syngas fermentation offering some advantages com-
pared to axenic processes such as lower capital costs (due to reduced requirements 
of equipment for sterilization, for instance) and higher process resilience to process 
perturbations. 
Table 1. Most significant reactions in syngas fermentation with anaerobic mixed cultures. Adapted from [114], 
[115]. ΔGr0´ is the Gibbs free energy of reaction for biochemical standard conditions (T= 298.15 K, activities 
equal to 1 and pH=7). 

Reaction ΔGr'0/reaction 

Syngas fermentation 

Hydrogenotrophic acetogenesis 
4H2 + 2CO2 → CH3COO− + H+ + 2H2O 

− 95.1 

Carboxydotrophic acetogenesis 
4CO + 2H2O → CH3COO− + H+ + 2CO2 

− 175 

Hydrogenotrophic solventogenesis 
6H2 + 2CO2 → CH3CH2OH + 3H2O 

− 105 

Carboxydotrophic solventogenesis 
6CO + 3H2O → CH3CH2OH + 4CO2 

− 224 

Acetate reduction to ethanol with H2  
CH3COO− + H+ + 2H2 → CH3CH2OH + H2O 

− 9.64 

Acetate reduction to ethanol with CO 
CH3COO− + H+ + 2CO + H2O → CH3CH2OH + 2CO2 

− 49.6 

Carboxydotrophic hydrogenogenesis (Water gas shift reaction) 
CO + H2O → H2 + CO2 

− 20.0 

Chain elongation 

Ethanol-acetate elongation to n-butyrate 
C2H5OH + CH3COO− → CH3(CH2)2COO− + H2O 

− 38.6 

Ethanol-butyrate elongation to n-caproate 
C2H5OH + CH3(CH2)2COO− → CH3(CH2)4COO− + H2O 

− 38.8 

Ethanol-propionate elongation to n-valerate 
C2H5OH + CH3CH2COO− → CH3(CH2)3COO− + H2O 

− 57.7 

Pathways involved in methanogenesis 

Hydrogenotrophic methanogenesis 
4H2 + CO2 → CH4 + 2H2O 

− 131 

Acetoclastic methanogenesis 
CH3COO− + H+ → CH4 + CO2 

− 35.7 

Carboxydotrophic methanogenesis 
4CO + 2H2O → CH4 + 3CO2 

− 210.9 

Syntrophic acetate oxidation 
CH3COO− + H+ + 2H2O → 4H2 + 2CO2 

+ 104.6 

In anaerobic communities, syngas can be metabolized by methanogenic ar-
chaea, hydrogenogenic bacteria, acetogenic bacteria and sulfate-reducing bacteria 
[116]. Table 1 and Figure 5 report the most significant reactions in syngas fermenta-
tion with anaerobic mixed cultures. By manipulating the fermentation environmen-
tal conditions such as temperature, pH, organic loading rate and hydraulic retention 
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time, it is possible to control the syngas conversion towards different catabolic 
routes [114], [117]–[119].  

 

Figure 5. Overview of the general metabolism of anaerobic mixed cultures fed with syngas. Adapted from [114]. 

Methane is often the primary metabolite having the lowest free energy content 
per electron, regardless of the temperature range [119]–[121]. Acetate, formate and 
H2/CO2 are central metabolites and interspecies electron donors in methanogenic 
environments [122]–[125]. Acetoclastic methanogenesis is generally the preferen-
tial methanogenic pathway at mesophilic conditions and neutral pH [126]. Hy-
drogenotrophic methanogenesis via syntrophic acetate oxidation, on the other 
hand, is the preferable route to methane production in mixed cultures at low pH and 
high acetate concentrations. Additionally, thermophilic conditions provide ad-
vantage to the syntrophic acetate oxidizers and hydrogenotrophic methanogens as 
dominant acetate consumers at the expense of acetoclastic methanogens [115]. 
Syntrophic acetate oxidation is favorable at low H2 partial pressures, hence it can 
occur only in association with H2-consuming reactions such as hydrogenotrophic 
methanogenesis [40], [126].  

On the other hand, when methanogenesis is inhibited and in mesophilic envi-
ronments with electron donors such as ethanol, H2 and/or lactate, the mixed culture 
can elongate C1 compounds from syngas into short- (SCCs) and medium-chain car-
boxylates (MMCs). Such wide array of metabolic products at mesophilic tempera-
tures is the result of an intricate metabolic network ultimately limited by thermody-
namics [127]. Thermophilic temperatures, on the other hand, promote higher water-



Theoretical background and research proposal   

16 

gas shift reaction kinetics at the expenses of a smaller product pool, with H2 and 
short-chain carboxylates being the primary products [128]. 

The production of MCCs via mixed culture anaerobic fermentation is gaining 
more scientific and industrial interest for their use as specialty chemicals, food ad-
ditives and fuel precursors [129], [130]. This process is generally referred to as chain 
elongation and involves a pathway known as reverse β-oxidation. The reverse β-ox-
idation pathway is a cyclic process that adds an acetyl-CoA derived from ethanol to 
a carboxylate, elongating its carbon chain length two carbons at a time. Other elec-
tron donors for chain elongation could be CO and H2 from syngas [119]. Integration 
of syngas fermentation and chain elongation has already been tested [131], [132]. In 
syngas chain-elongating processes, the acetate and ethanol required for MMCs pro-
duction is generated via syngas fermentation from homoacetogenic reactions from 
CO and/or H2/CO2. 

Nevertheless, the success of technologies for the production of H2, SCCs or 
MCCs is only achievable by inhibiting competing pathways such as methanogenesis. 
Other works achieved this by using specific methanogenesis inhibitors [133]–[136] 
or by a specific process design [137]. For instance, researchers have been using CO 
at high partial pressures [49], [116], [138] to inhibit methanogens or low pH to in-
crease the concentrations of undissociated carboxylic acids [139], [140].  

In an alternative approach to waste methanation, acetate and the other car-
boxylic acids could subsequently be utilized as feedstock in secondary bioprocesses.  

1.4 Carboxylic acids as substrates for biological processes 

Nowadays, nearly 90 % of the total market demand for carboxylic acids is sat-
isfied via the petroleum-based thermochemical production route. However, the de-
pletion of fossil fuels and the environmental impact of conventional processes are 
pushing the development of technological advancements towards more sustainable 
bio-based methods. Syngas fermentation and methane-arrested anaerobic fermen-
tation of waste streams are among the technologies that can contribute to the devel-
opment of a bioeconomy and biorefinery concept [141], [142].  

The acetic acid production via syngas fermentation is a promising alternative 
to other industrial large-scale production platforms. Acetogenic microorganisms 
that produce solely acetate from C1 compounds are Acetobacterium backii, A. 
woodii, Clostridium aceticum, M. thermoacetica and Thermoanaerobacter kivui 
among others [112]. Albeit much lower compared to other established processes, the 
titers of acetate currently achieved in a lab scale process are as high as 59 g/L rec-
orded during the continuous fermentation of H2/CO2 with A. woodii [143], [144]. 
The acetate generated via homoacetogenesis can be further upgraded via secondary 
fermentative stages into bioproducts with higher market value [144]. Some works 
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have already investigated the two-stage concept for single cell protein, malic acid, 
lipids and polyhydroxyalkanoates [145]–[150]. Several industrially relevant bio-
catalysis such as Escherichia coli, Corynebacterium glutamicum, Pseudomonas 
putida, Cupriavidus necator, Cryptococcus curvatus, Yarrowia lipolitica, 
Rhodotorula glutinis and Aspergillus oryzae are some microorganisms naturally 
capable of growing on acetate. Products of acetate fermentation can be very wide 
ranging from platform chemicals, to bioplastics or biofuels, depending on the mi-
crobial chassis of choice [144]. Similarly to acetic acid–rich effluents, also mixed 
SCCs solutions produced by anaerobic mixed culture fermentation can have multi-
ple applications as substrate for further bioprocessing technologies for the produc-
tion of bioplastics, biofuels, microbial oils/lipids, chemicals such as esters, ketones, 
aldehydes, alcohols and alkanes and as carbon source in nitrogen and phosphorus 
removal from wastewaters [151]–[155]. 

Utilizing carboxylic acids as substrates could provide also some process ad-
vantages. At the secondary stage, the microbial acetate metabolization and conver-
sion into products would be associated with an increase of the pH. The acetate-rich 
medium from stage one could be used as both titrating agent and feed in the second 
stage in a pH coupled feeding strategy, reducing the need of salts and consequently 
costs of titration. This strategy has been already proven successful during malic acid 
production from acetate with A. oryzae in a lab scale setup [156]. 

1.4.1 L-malate production from carboxylic acids with Aspergillus oryzae 

Aspergillus oryzae belongs to the Ascomycetes group and its industrial appli-
cation spans from food processing to commodity chemicals production [157], [158]. 
Several studies have evaluated the potential of producing biochemicals, biofuels or 
cell biomass (single cell proteins) with A. oryzae from carboxylates-rich waste 
streams or from acetate [159]–[161]. One product of the glyoxylate pathway from 
the acetate metabolism of A. oryzae is L-malate [162]. L-malate has a wide array of 
applications, ranging from taste-enhancer in the food industry to biopolymer pro-
duction [162]. In 2004, L-malate was regarded as one of the 12 most important bio-
mass-derived biochemicals [163]. In 2020, the annual global L-malate production 
was estimated to be around 80 000 to 100 000 tons, whilst the market demands up 
to 200 000 tons per year, a value expected to increase in the following years [162]. 
L-malate production from non-food feedstock could be an economical and efficient 
way to meet market needs [164].  

Several works have focussed on L-malate production from acetate with A.ory-
zae. L-malate production was reported to be highly dependent on acetate concen-
tration with the highest yield 0.20 grams of malic acid per gram of acetate for con-
centrations of 40 g/L. Higher concentrations of acetate did not affect the yield [161]. 
Other researchers presented a process concept, in which malate was produced from 
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acetate generated from syngas fermentation by C. ljungdahlii [148]. L-malate pro-
duction by A. oryzae in the medium from the syngas fermentations with acetate as 
sole carbon source reached yields of 0.33 grams of malate per gram of acetate [148]. 
The overall conversion of CO and H2 into malate was calculated to be 0.22 g malate 
per gram of syngas [148]. Similarly, A. oryzae can utilize SCCs from the anaerobic 
digestion of food waste, with concentrations of acetate of about 9 g/L, to yield 0.29 
gCDW/gSCCs [165]. 

Moreover, the fungus was reported to tolerate small concentrations of pyroly-
sis oils and various PAC components. Previous works have evaluated the inhibitory 
effects on A. oryzae’s growth of some components generally found in the PAC gen-
erated from the fast pyrolysis of lignocellulose biomass. Phenolic compounds such 
as phenol, o-, m-, p-cresol and guaiacol resulted in a strong inhibition of growth 
even at low concentrations [166]. Although A. oryzae possesses genes encoding for 
enzymes enabling the degradation of cresols, it only tolerates cresol in very low con-
centrations. Among the compounds tested, 2-cyclopenten-1-one was reported to be 
the most toxic compound among the tested ones. A. oryzae proved to be able to 
produce L-malate growing on the acetate contained in pre-treated PAC from wheat 
straw [63], positioning it as an ideal candidate for the conversion of pre-treated PAC 
[63], [167]. 

1.5 Integrating thermochemical and biological processes for waste val-
orisation 

Currently, coal gasification and steam reforming of natural gas stand as the 
primary methods for syngas production, albeit generating substantial greenhouse 
gas emissions. Conversely, the steel-manufacturing industry and thermochemical 
conversion of waste offer alternative sources of syngas characterized by lower green-
house gas emissions [168]. However, with ongoing technological advancements in 
electrolysis for hydrogen production, there is potential for steel-manufacturing in-
dustries to achieve full decarbonization of their processes [169], leaving thermo-
chemical conversion of waste as one of the remaining sources of syngas. 

As previously emphasized, waste pyrolysis presents significant technological 
potential due to its versatility in treating various waste streams, ranging from agri-
cultural residues and sewage sludge to mixed plastics, thereby contributing to the 
needs of an evolving bio-based economy [170]. Moreover, technologies like gasifica-
tion and pyrolysis can serve as preliminary treatments [171], circumventing chal-
lenges associated with low hydrolysis rates by converting biomass into syngas, im-
proving conversion rates. 
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Several investigations have already explored the complete integration of pyrol-
ysis and anaerobic digestion for methane production. In a recent study, the utiliza-
tion of a real syngas generated from a two stage pyrolysis process treating food 
waste, resulted in significantly improved methanation rates, yielding nearly 100 % 
more CH4 compared to fermentations using synthetic syngas as control [172]. Other 
works have evaluated the effects of adding all pyrolysis by-products, including bio-
char, PAC and syngas, into an anaerobic digester. While the biochar produced dur-
ing the thermochemical treatment of the biomass can act as support for biofilm for-
mation or absorption matrix for the removal of some PAC toxicants improving 
methanation rates, incorporating syngas as a substrate has the potential to enhance 
energy recovery while minimizing gaseous emissions [92], [97], [173]. During the 
continuous fermentation of syngas and increasing loadings of PAC derived from the 
pyrolysis of fir sawdust in a mesophilic biochar-packed bioreactor, the acclimatized 
microbiota recovered an average of 82 % COD, yielding 45 % of the COD input into 
carboxylates. Approximately 46 % of the CO fed was consumed, but syngas ac-
counted for only 5 % of the total COD input. While the unreacted/recalcitrant COD 
fraction from PAC in the effluent was estimated between 25 % to 52 % [100]. 

Techno-economical assessments have also highlighted the potential of inte-
grating thermochemical and biological processes to improve carbon and energy re-
covery and to minimize the environmental impact of waste. The economic feasibility 
of the process is subject to several factors and depends primarily upon location and 
overall process design. For instance, initial assessments of integrating anaerobic di-
gestion, hydrothermal liquefaction, and biomethanation systems appeared econom-
ically feasible only with subsidies. However, further studies demonstrated that this 
integrated approach not only maximizes resource recovery but also mitigates envi-
ronmental impacts associated with dairy farming [174]. Recovering internal heat 
and power emerged as a critical factor in achieving significant reductions in external 
energy demands, thereby lowering environmental risks and costs [175]. In another 
case study, the enhanced energy recovery from the integrated process resulted in 
increased annual revenues [176]. Nevertheless beyond specific cases, there is a wide-
spread acknowledgment of the potential of integrated systems for improving energy 
and resource recovery, reducing environmental impacts and greenhouse gas emis-
sions, and producing carbon-negative fuels [20], [173]–[175], [177]–[180]. Further-
more, integrated systems offer additional advantages such as reduced digestate and 
PAC management costs, with potential economic benefits in terms of waste disposal 
cost reduction and reduced reliance on external energy procurement [181]. 

While the energy and economic advantages of integrated processes could alone 
bolster the economic sustainability of large-scale industrial operations [60], [63], 
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[106], all the positive environmental implication should promote the further devel-
opment of integrated technologies that aim to enhance resource circularity, mitigate 
environmental impacts and decrease the dependence on fossil fuels. 

1.6 Open questions and research proposal 

The potential of thermochemical and biological processes in waste manage-
ment has been thoroughly discussed and it has emerged as viable technology to max-
imise energy recovery and minimize environmental impacts via reducing green-
house gases emissions and detoxifying pyrolysis wastewater. 

The anaerobic digestion of PAC holds promise for substantial biodegradation 
of the organics present in PAC, thereby reducing its toxicity. By integrating pyrolysis 
and anaerobic digestion, it becomes feasible to produce biogas, a mixture of H2 and 
CH4, or SCCs. Microbial adaptation and the addition of amendments like biochar 
further enhance process efficiency. Overall, anaerobic digestion of the aqueous 
phase of pyrolysis offers a promising avenue for sustainable waste treatment and 
bioenergy generation. 

Similarly, the syngas platform for CH4 or carboxylates production is gaining 
importance for the production of carbon negative compounds. The integration of 
the anaerobic digestion of organic waste with syngas has been shown to significantly 
enhance CH4 production. Alternatively, the integration of syngas into chain elonga-
tion processes has shown promise in enhancing process efficiency providing addi-
tional electron donors, crucial for the progressive reduction of SCCs into longer 
ones. 

Despite syngas and PAC being generated from the pyrolysis process, 
knowledge about syngas and PAC co-fermentation is practically non-existent, leav-
ing numerous questions unanswered: 

• Can we establish a multifunctional process performing simultaneously carbon 
capture and wastewater detoxification? 

• Can mixed cultures co-ferment syngas and PAC? 
• Do mixed cultures degrade PAC components? Is PAC detoxified below inhibitory 

levels? 
• How do different pyrolysis feedstocks affect syngas and PAC co-fermentation and 

energy recovery? 
• What microorganisms are involved in the co-fermentation? 
• Is it possible to establish continuous fermentation of syngas and PAC? What are 

the critical parameters?  
• Is it possible to develop a two stage process for the conversion of syngas and PAC 

into commodity chemicals with carboxylates as metabolic intermediates? 
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These questions served as the motivation for this work. It was initially assumed that 
anaerobic mixed cultures could perform mixotrophic fermentation of syngas and 
PAC and that it is possible to steer community metabolism towards carboxylic acids 
by manipulating process parameters such as temperature, pH and PAC load. Figure 
6 illustrates a simplified diagram of the putative metabolic network of mixotrophic 
anaerobic cultures co-fermenting syngas and PAC. 

 

Figure 6. Schematic diagram of the putative metabolic network of 
mixotrophic anaerobic cultures co-fermenting syngas and PAC. Cre-
ated with BioRender.com 

At start, the potential of a synthetic acetate-rich wastewater as co-substrate 
during syngas fermentation with anaerobic mixed cultures was evaluated across dif-
ferent pH levels (6.7 and 5.5) and temperatures (37°C and 55°C) in 250 mL serum 
bottles, assessing microbial kinetics, metabolite production and microbial commu-
nity composition.  

Then the co-fermentation of syngas and a real PAC with mixed cultures was 
tested at pH 6.7, different temperatures (37°C and 55°C) and increasing PAC loads 
in 250 mL serum bottles, identifying products pool, PAC inhibitory concentrations 
and removal of PAC components. The carboxylates product of the mixed culture co-
fermentations were then valorised with Aspergillus oryzae into L-malate as proof 
of concept of the two stage process. 

Further research aimed to investigate how the composition of PAC derived 
from sewage sludge and polyethylene plastics pyrolysis affects the co-fermentation 
and energy recovery potential. Experiments were performed at mesophilic and ther-
mophilic (37°C and 55°C) conditions and increasing loads of the different PACs in 
250 mL serum bottles, identifying products pool, PACs inhibitory concentrations, 
removal of PAC components and energy recovery.  
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Figure 7. Scheme of the two-stage process developed in this work. In the first stage, syngas and PAC are 
co-fermented with anaerobic mixed cultures. Process parameters are adjusted in order to inhibit methan-
ogenesis leading to the accumulation of carboxylates in the fermentation medium. After centrifugation/fil-
tration the effluent from sage one is fed to a secondary fermentative stage for the production of commodity 
chemicals. In the case of this work, the carboxylates were converted into L-malate with Aspergillus oryzae. 

At last, we tested the first-stage in a continuous setting in stirred tank reactors 
under mesophilic (37°C) and thermophilic (55°C) conditions at pH of 5.5 and in-
creasing PAC loading rates, evaluating product pool of the co-fermentation with par-
ticular attention to electron balancing and composition of reactors’ microbiota. The 
carboxylates-rich effluent from the mesophilic and thermophilic processes then val-
orised with Aspergillus oryzae into L-malate as proof of concept of the viability of 
the two-stage process in a continuous setting.  
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2.1 Introduction 

Lignocellulose biomass stands out as a primary renewable source of carbon 
and energy, offering a sustainable alternative to fossil-derived materials [6]. How-
ever, due to the intricate polymeric structure and recalcitrant nature of the lignin 
within biomass, pretreatment technologies are essential to enhance conversion and 
recovery efficiencies [9]. Physiochemical and thermochemical conversion processes 
are possible pathways for the valorization of lignocellulose biomass into substrates 
available to secondary processes. Acetate is a common compound present in both 
process waters generated during hydrolysis or pyrolysis of lignocellulose biomass 
[31], [182]. During the hydrolysis of biomass, acetate is formed as a major by-prod-
uct from the enzymatic hydrolysis reaching up to 20 g/L [182], [183]. During pyrol-
ysis the lignin, cellulose and hemicellulose fractions undergo depolymerisation and 
deacetylation/cracking reactions producing acetate as by-product [31]. The acetate 
contained in the pyrolysis vapors undergoes condensation through a series of units, 
ultimately concentrating in an aqueous condensate. This condensate stands as 
wastewater of pyrolysis and is produced alongside with other products such syngas 
(a mixture of gases including CO, CO2 and H2), biochar and biooil.  

To fully optimize and utilize all components of lignocellulosic biomass, it is 
crucial to recover secondary products such as process water and syngas generated 
during its conversion and transform them into valuable products [184]. Biological 
processes offer a promising approach to valorize these residues thanks to their ver-
satility and variety of products such as biofuels, biochemicals and bioplastics [6], 
[9], [185], [186]. However, both process waters can contain toxic compounds that 
inhibit microbial activity. Inhibitory compounds commonly found in both 
wastewaters are phenolics, furans, organic acids and heavy metals [76], [187]–[190]. 
Anaerobic digestion stands out as a promising technology for wastewater valoriza-
tion into CH4, owing also to its increased resilience to the toxicity compared to 
axenic processes [191], [192]. This process relies on the metabolic interplay of vari-
ous microorganism groups to execute diverse parallel reactions with acetate as cen-
tral metabolic intermediate [126], [193]. Anaerobic cultures are pivotal for organic 
waste and wastewater management, enabling nutrient and energy recovery into bi-
ogas. Moreover, anaerobic microbiomes can exhibit tolerance to carbon monoxide 
toxicity in syngas. The microorganisms able to convert CO are also called carbox-
ydotrophs. Within anaerobic microbiomes, the products of their metabolism such 
as H2/CO2 or acetate can be directly utilized by methanogens to generate methane 
[49], [194]. The integration of anaerobic digestion of organic waste with syngas has 
been shown to significantly enhance methane production through syngas bio-
methanation [195], [196]. Alternatively, in scenarios where methanogenesis is in-
hibited, anaerobic mixed cultures have demonstrated the capacity to accumulate 
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short- and medium-chain carboxylates through a process known as chain elonga-
tion. The integration of syngas into chain elongation processes has shown promise 
in enhancing process efficiency providing  additional electron donors, crucial for the 
progressive reduction of short-chain carboxylates into longer ones [125], [197]. 
Moreover, the acetate produced from syngas fermentation by homoacetogens can 
undergo conversion in the presence of electron donors such as hydrogen, ethanol, 
or lactate, contributing to the production of longer-chain carboxylates [198], [199]. 
The production of these compounds from waste streams is gaining interest due to 
their high value and their potential to serve as biofuel precursors, thereby mitigating 
reliance on fossil fuels [114], [200]. 

Short-chain carboxylates, such as acetate, serve as both substrates for meth-
anogenesis and chain elongation processes, yet they can also exert inhibitory effects 
on microbial activity. Consequently, the loading of acetate-rich wastewaters 
emerges as a crucial factor influencing microbial pathways and potential inhibition 
during syngas fermentation processes with anaerobic mixed cultures. Despite the 
significance of this factor, limited understanding exists regarding the co-fermenta-
tion dynamics of acetate-rich wastewater and syngas by anaerobic mixed cultures, 
particularly regarding how varying acetate loadings impact culture metabolism and 
product profiles. In this study, acetate was chosen as a model compound represent-
ing lignocellulose-derived wastewater due to its dual role as both a substrate and 
inhibitor in anaerobic digestion processes. The investigation focused on assessing 
the effects of increasing shock loads of acetate during syngas co-fermentation with 
unacclimated anaerobic mixed cultures. Batch bottle experiments were conducted 
at different pH levels (6.7 and 5.5) and temperatures (37°C and 55°C) to evaluate 
microbial kinetics, metabolite production and microbial community composition.  

2.2 Materials and methods 

2.2.1 Experimental setup, fermentation conditions and community analysis 

Triplicates of each experimental condition (detailed in Table 2) were con-
ducted in 250 mL serum bottles, each containing 50 mL of active volume, over a 
fermentation period of 16 days. The fermentation broth comprised 5 mL of sludge 
(10 v/v %), 5 mL of basal anaerobic (BA) medium (refer to Additional file 1, Table S1 
for the composition), acetate (glacial acetic acid), 4M NaOH for pH adjustment and 
deionized water to reach a final volume of 50 mL. All chemicals were purchased from 
Sigma-Aldrich (Taufkirchen, Germany) or Carl-Roth (Karlsruhe, Germany). The 
sludge utilized in the experiments was obtained from an anaerobic digester treating 
cow manure, later sieved to 0.5 mm and stored under anaerobic conditions at 4°C. 
Total suspended solids and volatile suspended solids were quantified at 41.6±0.2 
g/L and 17.7±0.1 g/L, respectively, employing previously established methodologies 
[201].  
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Table 2. Summary of the concentrations of acetate, acetic acid (HAc) and Na+ under the different ex-
perimental conditions. 

 pH 6.7 pH 5.5 

Acetate [g/L] Na+ eq. [g/L] HAc [g/L] Na+ eq. [g/L] HAc [g/L] 

 37/55°C 37°C 55°C 37/55°C 37°C 55°C 

0 0.85 0 0 0.22 0 0 

1 1.21 0.01 0.01 0.51 0.16 0.17 

2 1.58 0.02 0.02 0.85 0.31 0.33 

4 2.5 0.05 0.05 1.49 0.63 0.67 

6 3.6 0.07 0.07 2.13 0.94 1 

8 3.97 0.09 0.1 2.87 1.25 1.33 

12 7.1 0.14 0.15 3.79 1.88 2 

16 7.83 0.19 0.2 4.89 2.51 2.67 

24 11.69 0.28 0.3 7.28 3.76 4 

32 15.37 0.37 0.4 9.67 5.02 5.34 

40 18.5 0.46 0.5 11.73 6.27 6.67 

48 22.17 0.56 0.6 14.62 7.53 8 

56 24.38 0.65 0.7 16.75 8.78 9.34 

64 29.16 0.74 0.8 20.33 10.04 10.67 

 
Following the aliquoting of BA medium into each bottle, acetate was added and 

pH was adjusted to either 5.5 or 6.7. Deionized water was added to meet a volume 
of 44 mL. Subsequently, the serum bottles, deionized water and a 4M NaOH solu-
tion were transferred into an anaerobic tent containing 5% H2 in N2 to anaerobize 
overnight. The bottles were inoculated with the anaerobic sludge, the pH levels were 
readjusted to the desired values and any remaining volume was filled with anoxic 
deionized water. After sealing the bottles with rubber stopper and aluminium cap, 
the bottles underwent syngas flushing for 5 minutes, with a composition of 3 kPa 
H2, 20 kPa CO, 25 kPa CO2 and N2 at a total flow rate of 1 L/min, followed by pres-
surization at room temperature up to a final absolute pressure of 210 kPa. The gas 
flow was controlled using high precision mass flow controllers from Vögtlin (Mut-
tenz, Switzerland), while bottle´s pressure was monitored utilizing a precision pres-
sure indicator GMH 3100 Series (Greisinger, Mainz, Germany). Incubation was con-
ducted at either 37° or 55°C and 210 rpm in two Thermotron shaker incubators (In-
fors, Bottmingen, Switzerland). Three millilitres of the gas phase were sampled daily 
or depending on the rates of CO consumption. When the partial pressure of the sys-
tem was found to be below 180 kPa or when the CO concentration in the gas phase 
was below 1%, the bottles were first flushed and then repressurized according to the 
method described above. The molar concentrations of CO, CO2, H2, CH4 and N2 were 
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determined using an Inficon 3000 Micro GC System equipped with a Thermal Con-
ductivity Detector (TCD), which employed a CP-Molsieve 5 Å column and a 
PoraPLOT Q column at 80°C, with argon and helium serving as carrier gases, re-
spectively. One millilitre of the fermentation broth was sampled every second day 
and centrifuged. The supernatant was filtered and stored at -20° C for later analyt-
ics. The concentrations of formate, acetate, ethanol, propionate, n-butyrate and n-
valerate in the initial and final sample of each fermentation were measured by high-
performance liquid chromatography (HPLC) (Agilent 1100 Series, Agilent, Wald-
bronn, Germany). The HPLC was equipped with a Rezex ROA organic acid H+ (8%) 
column (300x7.8 mm, 8 µm; Phenomenex, Aschaffenburg, Germany) and a Rezex 
ROA organic acid H + (8%) guard column (50 by 7.8 mm) and run at 55°C with 5 
mM H2SO4 at a flow of 0.6 mL/min. After the collection of the last sample, three 2 
mL samples of the fermentation broth of each bottle were centrifuged for 15 min at 
17,000 x g. The pellet was re-suspended in 1 mL of phosphate-buffered saline solu-
tion (pH 7.4) and underwent another round of centrifugation for 15 minutes at 
17,000 x g. Upon removal of the supernatant, the pellets were stored at -20°C. Pro-
cedures for DNA extraction, sample purification, PCR and amplification were de-
scribed previously [136]. Amplicon sequencing of the 16S rRNA (region V3-V4) and 
mcrA genes was conducted using the Illumina MiSeq platform. The library prepara-
tion for the visualization of the microbial community and elaboration of Spearman 
correlations was performed as described in another work [134]. 

2.2.2 Analytical methods and statistical analysis  

The total amount produced or consumed of each gas specimen was calculated 
via the ideal gas law as described by Eq.1. 

ngas,i = ∑ pj∗Vj
R∗T

j
t=0  [mmol]              Eq.1 

Where ngas,i is the cumulative consumption/production of a gas specimen i; pj 
[Pa] is the pressure of the head space of the bottle at sampling time; Vj [m3] is the 
bottle´s head space volume corrected for liquid sampling; R [j/mol/K] is the gas 
constant; T [K] is the incubation temperature; j is the number of samples. 

Electron moles (e-mol) were used to quantify the consumption and production 
of chemical compounds within the cultures as described in previous works [30]. The 
determination of the e-moles space-time consumption/production rate for gases 
and metabolites was done following Eq.2. 

qe−mol,i = ni∗eeqi
VStart∗t

 [e-mM/d]             Eq.2 

Where ni [mmol] is absolute amount of each metabolite produced or consumed 
during the total fermentation time; eeqi is the amount of the substance i which re-
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leases 1 e-mol during complete oxidation (conversion tables are available in the Ad-
ditional file 2, Table S2); VStart [L] is the volume of the fermentation broth at the 
start of the fermentation; t [d] is the total fermentation time.  

The e-mol recoveries were calculated as described in Eq. 3. Hydrogen gas and 
acetate are considered as substrates only when consumed, otherwise are products. 

qe−mol,i = ni∗eeqi
VStart∗t

 [e-mM/d]                         Eq.2 

Calculations were conducted individually for each bottle and the results were aver-
aged across the replicates (n=3). 

The library preparation for the visualization of the microbial community and elabo-
ration of Spearman correlations was performed as described in another work [31]. 

The term acetic acid (HAc) used throughout this study refers only to the undissoci-
ated form of acetate. Acetate, on the other hand, refers to the sum of both the disso-
ciated and undissociated form of acetate. The concentration of HAc was calculated 
using a derivation of the Henderson-Hasselbalch equation (Eq. 4), as described in 
another work [32]. 

HAc =  
CAcetate∗ CH+

Ka+CH+
 [g/L]             Eq.4 

Where CAcetate is the total concentration of acetate [mol/L], CH+ is the proton 
concentration [mol/L], m is molecular mass of acetic acid [g/mol] and Ka is the dis-
sociation constant [mol/L]. The Ka values for acetate were assumed to be 1.70∙10-5 
[mol/L] and 1.58∙10-5 [mol/L] at 37°C and 55°C, respectively [202].  

2.3 Results and discussion 

The following sections discuss the effects of increasing acetate concentration 
at different pH (6.7 and 5.5) and temperature (37°C and 55°C) on the metabolism of 
anaerobic mixed cultures, on production yields, inhibitory effects and changes in 
community composition. 

2.3.1 Syngas and acetate metabolism of anaerobic mixed cultures 

Syngas constituents and acetate were converted into methane, SCCs and etha-
nol or H2/CO2 depending upon the environmental conditions and the thermody-
namics of the various metabolic pathways involved. E-mol yields are reported in   

Figure 8 (C-mol yields are available in the Additional file 1, Figure S1). 
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Figure 8. Electron mole balancing between substrates (CO and H2, acetate if con-
sumed) and products (CH4, formate, ethanol, propionate, butyrate and valerate and H2 

and acetate if produced) at different process conditions and increasing acetate concen-
trations. Error bars represent standard deviation among replicates (n=3). 

In general, mesophilic experiments resulted in high yields of methane, H2, 
SCCs and ethanol. Thermophilic conditions, on the other hand, decreased the pro-
duction of SCCs and enhanced methanogenesis and hydrogenogenesis when com-
pared to mesophilic experiments. Generally, methane is the primary metabolite in 
mesophilic and thermophilic anaerobic environments [119] and here, under low ac-
etate concentrations and regardless of pH or temperature, over 80% of the electron 
equivalents from syngas and acetate were converted to methane. Other products in 
methanogenic experiments were acetate, propionate and butyrate, especially at pH 
37°C. The accumulation of SCCs during syngas methanation processes has been al-
ready reported and its extent depends also upon microbiota composition [127], 
[194]. 

Mesophilic and thermophilic non-methanogenic experiments predominantly 
yielded hydrogen with an increased production of formate, ethanol, propionate bu-
tyrate and valerate detected primarily at pH 6.7 or 37°C. The thermodynamics of 
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CO-consuming reactions at 55°C favor hydrogenogenesis over other carboxydo-
trophic reactions [203], as detected here. At mesophilic conditions, on the other 
hand, homoacetogenesis should be the primary pathway of CO metabolism [204], 
[205]. The dominance of hydrogenogenic rates over homoacetogenic ones in this 
work likely results from the elevated concentration of acetate, which may have in-
hibited acetate-producing reactions, thereby prompting a shift in the community's 
metabolism towards other products [206]. A thermodynamic analysis determined 
at 310 K and pH 7, corroborates this hypothesis [114].  

 

Figure 9. Consumption and formation rates of syngas components (CO, H2 and CH4) 
and of some short-chain carboxylates (formate, acetate, propionate, butyrate and val-
erate) and ethanol at different process conditions and increasing acetate concentra-
tions. Negative values indicate consumption. Error bars represent standard deviation 
among replicates (n=3). 

The Gibbs free energy of carboxydotrophic and hydrogenotrophic acetogenic 
reactions increases from -88 KJ/mol to -66.4 KJ/mol and -172 KJ/mol to -162 
KJ/mol, respectively, when lowering the pH from 7 to 5.5 and in the presence of 100 
mM acetate. Conversely, the Gibbs free energy of carboxydotrophic hydrogenogen-
esis, calculated under identical conditions, decreases from -20.9 KJ/mol to -24.1 
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KJ/mol. This may also explain the peaking acetate production rates detected at pH 
6.7 and initial acetate concentrations up to 16 g/L (Figure 9 and Additional file 1, 
Figure S2), where the thermodynamic favorability of acetogenic reactions was pos-
sibly at its highest.Low pH or thermophilic conditions promoted acetate consump-
tion. However, depending on the environmental conditions, two different pathways 
for acetate metabolism may have emerged. In methanogenic experiments with ex-
ogenous H2 consumption, acetoclastic methanogenesis or syntrophic acetate oxida-
tion likely served as the primary pathways for acetate consumption. Acetoclastic 
methanogenesis is usually the primary methanogenic pathway during anaerobic di-
gestion, accounting for about 60-70% of the total methane produced [126]. Hy-
drogenotrophic methanogenesis via syntrophic acetate oxidation, on the other 
hand, is the preferable route to methane production in anaerobic digestion pro-
cesses affected by acidosis. Syntrophic acetate oxidation occurs only at low H2 par-
tial pressures in association with H2-consuming reactions such as hydrogenotrophic 
methanogenesis [40], [126]. At mesophilic conditions (37°C), the overall reaction 
(syntrophic acetate oxidation coupled to hydrogenotrophic methanogenesis) is ex-
ergonic only between 0.8 to 18 Pa H2, while at 55°C, the window is higher, ranging 
from 1.5 Pa to 39 Pa H2 [207], [208]. Experimental studies reported that the H2 
partial pressure during syntrophic acetate oxidation ranged from 1.6-6.8 Pa at mes-
ophilic conditions [208], while 20 to 40 Pa H2 at thermophilic ones [40], [207]. 
Here, in most methanogenic experiments with exogenous H2 consumption, H2 par-
tial pressures at sampling time were 0. The average H2 partial pressures are availa-
ble in the Additional file 1, Figure S6. Additionally, Syntrophaceticus, Tepidianaer-
obacter, Tepidimicrobium and Gelria (  

Figure 10), genera that harbour known syntrophic acetate oxidizers [209], 
[210], were enriched in the fermentation broths. Furthermore, members of Limno-
chordia, MBA03 and DTU014,  genera already present in the inoculum, are consid-
ered to be syntrophic acetate oxidizers [115], [211]–[213]. The enrichment of a 
Tepidianaerobacter sp. (ASV 009) and Tepidimicrobium sp. (ASV 023), were likely 
promoted in experiments at 37°C (p<0.05) (Additional file 1, Figure S7). However, 
the low abundance of Tepidianaerobacter and Tepidimicrobium in those conditions 
may suggest a higher competitive advantage of acetotrophic microorganisms such 
as acetoclastic methanogenesis over syntrophic acetate oxidizers. At very high (40 
g/L and more) acetate concentrations, there’s little microbial growth (or DNA turn-
over) as the community looks very similar to inoculum. The high abundance of 
Methanosarcina detected at 37°C, pH 6.7 (  

Figure 11) and low acetate concentrations supports the latter statement. Alt-
hough Methanosarcina are versatile methanogens capable of acetoclastic, 
methylotrophic and hydrogenotrophic methanogenesis, they are often considered 
the primary acetoclastic methanogens during anaerobic digestion processes [214]. 
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Some species of Methanosarcina such as Ms. barkeri and Ms. acetivorans have 
been reported to be able to consume CO for methanogenesis [215], [216]. Higher 
temperatures, on the other hand, may have promoted the development of syntrophic 
associations, thereby yielding the highest observed acetotrophic and methanogenic 
rates within this study.  

  

Figure 10. Average relative abundance of triplicate samples of the enriched microbial 
genera (based on 16S rRNA amplicon sequencing variants). Only the top 15 most 
abundant genera are shown. The rest is others. 

Syntrophaceticus was primarily enriched at 55°C and the Syntrophaceticus sp. 
ASV 015 was significantly correlated to acetate consumption (p<0.05), high temper-
atures (p<0.05) and to the highest methanogenic rates of this work (p<0.05) (Addi-
tional file 1, Figure S7). At 55°C and initial acetate concentrations lower than 16 g/L, 
concomitantly to the enrichment of Syntrophaceticus, also Methanothermobacter, 
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a hydrogenotrophic methanogen, was enriched up to 90% abundance. This high-
lights the importance of syntrophic acetate oxidation as a pathway to methanogen-
esis under thermophilic conditions. Thermophilic conditions where already proven 
to provide advantage to the syntrophic acetate oxidizers and hydrogenotrophic 
metanogens as dominant acetate consumers at the expense of acetoclastic methano-
gens [115]. Increasing acetate concentration and pH 6.7 may have also advantaged 
other hydrogenotrophic species such as Methanosarcina thermophila ASV 008 
(Additional file 1, Figure S8) (p<0.05). Methanoculleus and Methanobacterium, 
other hydrogenotrophic methanogens, did not show major changes in abundance 
compared to the inoculum.  

Under non-methanogenic conditions, acetate may have undergone reduction 
reactions contributing together with CO to the formation of longer chain carbox-
ylates, especially at 37°C. The interplay of high acetate concentrations and elevated 
H2 partial pressures likely steered the metabolic pathways of the microbial commu-
nities towards the synthesis of more reduced compounds. Another work evaluated 
the effects of acetate loads comparable to this work (0-50 g/L acetate, pH 5.5) during 
the mesophilic H2 production from sucrose with a non-methanogenic anaerobic mi-
crobiome. Increasing the acetate load reduced sucrose consumption and hydrogen 
production. However,  similarly to the results obtained here acetate loads of 35 and 
50 g/L promoted acetate uptake and the production of short- and medium-chain 
carboxylates such as butyrate, valerate and caproate and ethanol [217].  

While the conversion of CO into even-number carboxylates like butyrate can 
happen either through direct pathways [218], [219] or via chain elongation pro-
cesses [132], [220], the direct production of odd-number carboxylates such as pro-
pionate or valerate from CO hasn't been yet documented [221]. Other works report 
of propionate accumulating in the fermentation processes involving mixed cultures 
fed with CO [132], [220]–[222], but it is considered to originate from lactate through 
the acrylate pathway or from protein-rich waste via deamination and oxidation re-
actions [223]. The propionate detected in this work may have stem from cell lysate 
generated during the inoculation phase and it was subsequently converted to val-
erate through the reverse β-oxidation, as described to occur even within chain elon-
gating reactors solely fed with CO [220], [224]. Albeit not abundant, Oscillibacter 
may have contributed to the chain elongation in this work. Oscillibacter was previ-
ously associated to the production of medium chain carboxylates in reactor micro-
biomes, some of which were fed with syngas [131], [199], [225].  

The thermophilic genus Defluviitoga, here enriched predominantly at 55°C, 
are hydrolytic bacteria that may have thrived on the solids from the inoculum or 
acted as dead cell scavengers as reported during syngas biomethanation in a trickle-
bed reactor [226]. Similarly, Symbiobacterium, a thermophilic syntrophic genus 
that requires the assistance of other microbes to supplement growth factors [227] 
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may have benefited from cell lysate or from the cooperation with other community 
members. 

  

Figure 11. Relative abundance of the enriched methanogenic genera (based on mcrA 
gene amplicon sequencing variants). Only the top 5 most abundant genera are shown. 
The rest is others. Community analysis was performed only for methanogenic experi-
ments.   

Carbon dioxide was determined to be the critical factor for Symbiobacterium 
thermophilum to grow in single culture [228], [229] while other Symbiobacterium 
species can produce acetate, propionate, butyrate and valerate from tryptone and 
yeast extract [230]. Some other works report Symbiobacterium to be involved in 
syntrophic acetate oxidation [212], [231]. 
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Thermophilic non-methanogenic processes fed with syngas typically generate 
primarily H2/CO2 and traces of carboxylates, with high selectivity above 90% to-
wards acetate [232]. However, such a trend was not observed in this study. Although 
H2 was indeed the major products, butanol and ethanol emerged as the primary me-
tabolites in fermentation broths alongside with acetate consumption. Acetate im-
peded the acetate-producing reactions, leading to its conversion into more reduced 
compounds. The acetate produced (up to about 6 g/L) during the microbial electro-
synthesis of CO2 with anaerobic mixed cultures at pH 4 and 50°C was converted into 
ethanol and butyrate. While ethanol was likely produced via solventogenesis, butyr-
ate was considered the result of the chain elongation of ethanol and acetate [233]. 
Similarly, 10 g/L acetate stimulated the ethanol production from thermophilic sug-
ars fermentations by Clostridium thermocellum [234].  

2.3.2 Effects of acetate supplementation on carboxydotrophic rates 

Few of the genera enriched in this work are reported to be carboxydotrophs or 
to have been enriched in processes with syngas as substrate. Several archaeal ASVs 
belonging to Methanothermobacter, Methanosacina and Methanobacterium, gen-
era that comprise carboxydotrophic microorganisms [204], [235], [236], were sig-
nificantly correlated to CO uptake (p<0.05) (Additional file 1, Figure S8). These gen-
era were abundant in the inoculum and the presence of carboxydotrophic species 
and their potential involvement in CO uptake in methanogenic experiments cannot 
be excluded. Thermoanaerobacterium, here enriched up to about 5% at 55°C and 
pH 5.5, was considered to be responsible for CO consumption during syngas fer-
mentations in hollow fiber bioreactors at thermophilic conditions [237], [238]. Os-
cillibacter was previously correlated to H2/CO2 metabolism [239]. It is plausible 
that the 16-day incubation period was insufficient for the carboxydotrophic bacteria, 
assuming they contributed to CO consumption, to reach the top 15 most abundant 
genera. Multiple subculturing steps are typically necessary to enrich a defined and 
stable carboxydotrophic community in batch bottle experiments, a task not within 
the scope of this study. Nevertheless, in some conditions, increasing exogenous ac-
etate supplementation enhanced carboxydotrophic rates, as depicted in Figure 12.  
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Figure 12. Normalized cumulative values for CO, H2, CH4 and acetate compared to con-
trol experiments in the absence of supplemented acetate. Negative values indicate con-
sumption while positive values production. Changes in sign (positive to negative, for 
instance) for a compound mark the switch of the metabolism compared to the control 
experiments. 

At 37°C and pH of 6.7, for instance, CO consumption peaked to 15.2±1.3 e-
mM/d at 16 g/L initial acetate, nearly double the rate compared to the absence of 
acetate (8.1±0.4 e-mM/d at 0 g/L acetate). At 55°C and pH 6.7, experiments sup-
plemented with acetate showed a reduced lag phase and enhanced CO conversion 
rates throughout the whole fermentation period (Additional file 1, Figure S2). An 
initial acetate concentration of 12 g/L resulted in a 16% increase in CO uptake rates. 
However, the kinetics of these experiments were constrained by experimental de-
sign, as syngas feeding was limited to once a day. At 37°C and pH 5.5, carboxydo-
trophic rates rose by 20% with initial acetate concentrations ranging from 16 to 24 
g/L (equivalent to 2.5 and 5 gHAc/L). Despite significant inhibition compared to 
experiments at pH 6.7, all acetate-supplemented bottles at pH 5.5 and 55°C exhib-
ited at least a 24% increase in CO uptake rates compared to experiments without 
acetate supplementation. There, carboxydotrophic rates peaked at 20.1±1.3 e-
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mM/d, marking a 20-fold increase compared to controls with 0 g/L acetate, when 
the initial acetate concentration reached 48 g/L (8 gHAc/L).  

Literature evaluating syngas fermentation at acetate concentrations compara-
ble to this study is scarce. The highest recorded acetate concentrations produced 
from syngas have been achieved with Acetobecterium woodii [143], [240], [241]. 
One work reports of 59.2 g/L of acetate accumulated in the broth after 3 days of 
batch fermentation at pH of 7. However, H2/CO2 uptake rates peaked at about 20 
g/L. 40 g/L [143]. Such high concentrations were achievable only because of the 
high pH, reducing the presence of HAc in the medium [240]. Nevertheless, some 
studies have highlighted the beneficial impact of acetate supplementation on single-
culture syngas fermentation. Although these studies used much lower acetate con-
centrations than this work, they reported shorter lag phases, increased CO conver-
sion rates, higher cell densities and improved growth rates. 

For instance, in batch fermentations with Clostridium sp. AWRP, 40 mM so-
dium acetate mitigated CO inhibition, eliminated the lag phase, and increased CO 
consumption and production of ethanol and 2,3-butanediol [242]. Similarly, adding 
30 mM acetate to Eubacterium limosum fermentations improved cells growth rates, 
CO uptake and butyrate production. The reduced ferredoxin generated from CO ox-
idation was possibly used for ATP synthesis, which in turn drove acetate assimila-
tion and butyrate production [243]. Carboxydotrophic microorganisms utilize 
membrane-bound enzyme complexes such as Rnf or Ech to transfer electrons from 
reduced ferredoxin, produced during CO oxidation, to NAD+, while concurrently es-
tablishing an ion (H+ or Na+) potential across the cytoplasmic membrane [244], 
[245]. This electrochemical potential is then utilized by an ATP synthase to drive 
ATP synthesis [246]–[248]. An acetate-oxidizing, rod-shaped bacterium was re-
ported to be able to perform homoacetogenesis from H2/CO2 or to oxidize acetate 
when co-cultured with Methanobacterium depending on the H2 partial pressure 
[249], [250]. Additionally, in Clostridia such as Clostridium ljungdahlii or Clostrid-
ium autoethanogenum, the acetate in the fermentation broth determines the ther-
modynamic driving force of the aldehyde:ferredoxin oxidoreductase, enzyme that 
regulates the availability of reduced ferredoxin necessary for CO oxidation during 
the reduction of acetate to ethanol. An unfavourable acetate to ethanol ratio trig-
gered oscillatory CO uptake rates of Cl. autoethanogenum, while external acetate 
supplementation improved the ethanol production from CO of Cl. ljungdahlii [251], 
[252].  

Here, acetate indeed served as additional substrate in the systems, supporting 
different microbial trophic groups favoured by the varying environmental condi-
tions. In general, acetate may have been directly assimilated by carboxydotrophic 
microorganisms, akin to the mechanisms in single-culture studies mentioned above. 
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Alternatively, carboxydotrophic microorganisms might have been indirectly advan-
taged by the availability of metabolic intermediates produced by the acetate metab-
olism of other trophic groups. Overall, two general trends can be observed. At pH 
6.7 and initial acetate concentrations below 16 g/L, acetate or the H2 generated from 
acetate oxidation may have promoted the activity of carboxydotrophic microorgan-
isms such as the methanogens Methanothermobacter, Methanobacterium or Meth-
anosacina possibly contributing to the enhanced CO uptake rates. At initial acetate 
concentrations higher that 16 g/L, inhibition possibly inhibited the processes but 
this aspect will be discussed in the next section. 

At pH 5.5, on the other hand, the inhibition of methanogenesis coincided with 
the increase of carboxydotrophic, hydrogenogenic and carboxylates production 
rates. Another work focussing on continuous mixed culture syngas fermentation in 
psychrophilic conditions reported of a 4.7-fold increase of carboxydotrophic rates 
as consequence of the inhibition of methanogenesis due to the lowering of the pH 
[253]. Hydrogenotrophic methanogens generally outcompete homoacetogens, espe-
cially at low H2 partial pressures like in this study [44]. However, methanogenesis 
inhibition may have allowed for the accumulation of H2 and formate, as mentioned 
before. Formate and H2 are the primary interspecies electron donors in anaerobic 
environments and are key metabolites in the Wood-Ljungdahl pathway of acetogens 
[122]–[125], [254], [255]. A higher H2 availability may have improved the redox 
state of the cells via the activity of hydrogenases or promoted acetate chain elonga-
tion into longer-chain carboxylates [112], [256]. Formate was reported to increase 
CO tolerance of A. woodi  and of chain elongating microbiomes via the formate de-
hydrogenase [131], [257], [258].  

2.3.3 Inhibition of methanogenic activity 

The inhibition of methanogenic activity likely resulted from the presence of 
HAc and Na+ in the fermentation media. Under conditions of salt or acid stress, cells 
typically expel potassium ions to counteract the levels of intracellular Na+ ions or 
HAc. This process places an added energy burden on the cells, diverting ATP re-
sources towards maintaining pH homeostasis rather than catabolic reactions, thus 
lowering microbial activity [259]. At a pH of 6.7, severe inhibition of methanogene-
sis was observed at approximately 18.4 gNa+/L (40 g/L acetate or 0.46 gHAc/L) at 
temperature of 37°C, while at thermophilic conditions, achieving similar inhibition 
levels required 24 g/L Na+ (56 g/L acetate or 0.7 gHAc/L). At a pH of 5.5, on the 
other hand, methanogenesis was completely inhibited by 2 gHAc/L (3.7 gNa+/L and 
12 g/L initial acetate) for both mesophilic and thermophilic experiments. Experi-
ments at pH 5.5 and 55°C showed very low chemical activity possibly as consequence 
of the pH and temperature shocks after inoculation, extending the lag phase. The 
IC50 values (i.e. inhibitor concentrations causing a 50% decrease in microbial activ-
ity) of Na+ for the anaerobic digestion  reported in the literature span from 3 to 53 
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gNa+/L [51], [260]. Sodium chloride concentrations higher than 9 g/L increased the 
lag phase and decreased both the growth rates and CO conversion of Clostridium 
carboxidivorans, while 18 g/L NaCl (about 6.8 gNa+/L) caused complete inhibition 
[261]. Six grams per liter of sodium ions inhibited the microbial electrosynthesis of 
acetate from bicarbonate via anaerobic mixed cultures [262]. Additionally, 8 gNa+/L 
inhibited of 50% hydrogen production during dark fermentation with anaerobic 
mixed cultures [263]. The high variability of sodium inhibition thresholds depend 
on several factors such as reactor microbiota, process design, substrate and presence 
of other cations [264]. Here, Na+ inhibitory concentrations fall within 18-24 gNa+/L 
range but the presence of HAc may have contributed in a synergistic effects to in-
creasing process inhibition. HAc, on the other hand, was probably the primary in-
hibitor of methanogenesis at a pH of 5.5. Results consistent with findings from other 
studies where 2.3 gHAc/L resulted in at least 90% inhibition of methanogenesis 
[133], [139], [238].  

When comparing methanogenesis with carboxydotrophic activity, methano-
genic reactions exhibited earlier signs of inhibition than carboxydotrophic reactions 
in response to both HAc and Na+. The tolerance to high salt or other ions concen-
trations depends upon the amount of energy that can be generated during the cata-
bolic reactions and on the coping mechanisms employed by the various microorgan-
isms [259]. In this work, the lower inhibition of carboxydotrophic reactions may 
suggest that they were among the most energetically favorable pathways. While 
some homoacetogens such A. woodii require external supplementation of Na+ 
(about 0.7 g/L) during growth on H2/CO2, others were reported to survive in acidic 
and alkaline environments or to have a upper salt limit than methanogens [259], 
[265]–[268]. Clostridium ljungdahlii was reported to form biofilm as stress re-
sponse to 3.5 gNa+/L while growing on fructose at 200 mM [269]. Granules or bio-
film formation improves resilience to stress and microbial interactions [270], but no 
evidence was found here. Nonetheless, signs of inhibition in mesophilic and ther-
mophilic experiments are evident also for CO conversion at pH 6.7 and high acetate 
concentrations. Initial acetate concentrations of 40 g/L (about 18 gNa+/L) inhibited 
of about 20% and 70% mesophilic and thermophilic CO uptake rates, respectively. 

2.3 Conclusions 

Recovering energy from lignocellulose biomass is essential for reducing reli-
ance on fossil fuels, enhancing resource circularity and mitigating environmental 
impacts. This study highlights the potential of utilizing acetate-rich wastewater as a 
co-substrate in batch syngas fermentation with mesophilic and thermophilic micro-
biomes under varying pH levels (6.7 and 5.5). Microbiomes proved to be able to un-
dertake syngas fermentation even at high acetate concentrations and acidic pH lev-
els. Secondly, the microbial diversity of mixed cultures allowed for a highly flexible 
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and resilient metabolism capable of adapting to changing environmental conditions. 
Manipulating process conditions and acetate loads allowed for steering the metab-
olism of the mixed culture, promoting favourable reactions while inhibiting others. 
Specifically, a pH of 6.7 promoted methanogenic reactions, whereas lowering the 
pH to 5.5 intensified the toxicity of undissociated acetic acid, thereby inhibiting 
methanogenesis at lower acetate loads. Under non-methanogenic conditions, ace-
tate stimulated hydrogenogenesis and the production of various carboxylates, in-
cluding valerate, contingent upon temperature. Acetate supplementation enhanced 
carboxydotrophic rates providing extra carbon and energy sources to the process. 
The results obtained in this work may be relevant for technologies that aim to com-
bine different waste streams. Future research should focus on assessing the feasibil-
ity of acetate and syngas co-fermentation in continuous cultivation setups to eluci-
date process performance nuances and identify key carboxydotrophic microorgan-
isms capable of thriving under high acetate loads. 
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Supplementary information 

Additional file 1: Table S1. Conversion factors for electron balances. Figure S1. 
Carbon balancing between substrates (CO and acetate if consumed) and products 
(CH4, CO2, formate, ethanol, propionate, butyrate and valerate and H2, acetate if 
produced) at different process conditions and increasing acetate concentrations. Er-
ror bars represent standard deviation among replicates (n=3). Figure S2. Kinetics of 
consumption and formation of syngas components (CO, H2, CO2 and CH4) and some 
short-chain carboxylates (formate, acetate, propionate, butyrate and valerate) and 
ethanol at different process conditions and increasing acetate concentrations. Neg-
ative values indicate consumption. Error bars represent standard deviation among 
replicates (n=3). Figure S3. Consumption of CO over time.  Error bars represent 
standard deviation among replicates (n=3). Figure S4.  Production of CH4 over time. 
Error bars represent standard deviation among replicates (n=3). Figure S5. Produc-
tion of H2 over time. Negative values indicate consumption. Error bars represent 
standard deviation among replicates (n=3). Figure S6. Average H2 partial pressure 
throughout the whole fermentation time. Values were determined from H2 concen-
trations in the headspace of the bottles at sampling time. Figure S7. Spearman’s rank 
correlations between relative abundance of dominant amplicon sequencing variants 
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(ASVs) based on 16s rRNA gene and process parameters. The strength of the corre-
lation is represented by the size of the circle and intensity of the colour. Blue circles 
indicate positive correlations. Red circles indicate negative correlations. p values are 
shown for non-significant correlations (p>0.05). Figure S8. Spearman’s rank corre-
lations between relative abundance of dominant amplicon sequencing variants 
(ASVs) based on mcrA gene and process parameters. The strength of the correlation 
is represented by the size of the circle and intensity of the colour. Blue circles indi-
cate positive correlations. Red circles indicate negative correlations. p values are 
shown for non-significant correlations (p>0.05).  
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3.1 Introduction 

Growing concerns for the impact of anthropogenic activities on the environ-
ment are shifting the socio-economic interests from a fossil-based economy towards 
a more sustainable and circular one. According to the Intergovernmental Panel on 
Climate Change and the International Energy Agency, it is estimated that the total 
share of biofuels will double in the next decades [1]. The source of all the biomass 
required to meet the need of an increased bio industry is still an open debate [8]. 
The energy potential of biomass is enormous considering that the Earth’s net bio-
mass production amounts approximately to 2000 EJ/y [7]. However, the diverting 
part of the energetic reservoir built up by plants towards uses defined by anthropo-
centric needs could cause undesirable impacts on the environment and on its natu-
ral distribution of resources [7]. Similarly, many biofuel crops are competing with 
food production, and the increasing demands for biofuel could exceed agricultural 
capacity [8]. The development of new technologies to maximize the energy recovery 
from wastes and residues of human activities is considered a key step towards car-
bon-neutrality [5].  

The pyrolysis of lignocellulosic waste from municipal and agricultural activi-
ties could represent a great opportunity contributing to meet the needs of a devel-
oping bio-based economy [170]. During pyrolysis, the biomass is thermochemically 
deconstructed at temperatures ranging between 350 and 600 ◦C in the absence of 
oxygen [6]. The products of pyrolysis are pyrolysis syngas (PS) (15–20 wt %), a vis-
cous energy-rich pyrolysis organic fraction (POF) (20–30 wt %), an aqueous con-
densate (PAC) (20–30 wt %) and bio-char (10–30 wt %) [15], [16]. Biochar and bio-
oil can be either fed back into the pyrolysis reactor or used as fuels. On the other 
hand, the PAC’s use is limited by the high concentrations of various toxic com-
pounds and the high water content [22]. Similarly, the release of PS into the atmos-
phere should be avoided, due to its high concentrations of greenhouse gases 
(GHGs). In general, PAC and PS represent about 45 wt % of the total biomass fed 
into the pyrolysis reactor [16] and up to 41 % of the carbon balance [15]. Thus, it 
might be worth investing into bioprocessing technologies able to convert PAC and 
syngas into industrially relevant biochemicals. 

Several works have already focused on the development of biological processes 
to valorize the constituents of the PAC. The ability of microorganisms in single cul-
ture fermentations to grow on PAC is species-specific due to their varying resistance 
to toxins contained in PAC [22]. Basaglia et al. [57] studied the toxicity of PAC from 
fir wood to a wide range of different microbial groups. Out of the 42 strains tested, 
only 4 fungal strains showed tolerance to pure PAC, whereas several PAC dilutions 
are required for many bacterial and yeast isolates [57]. However, it appears that PAC 
must undergo one or more pre-treatment steps to reduce the toxicity, before ena-
bling its bioprocessing in pure culture fermentations [58]–[65].  
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Anaerobic digestion is an established technology for the treatment of agricul-
tural residues and industrial wastewaters[52]. The degradation of the organic mat-
ter into CH4 follows four primarily metabolic steps (hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis) and depends upon mutual and syntrophic interac-
tions between various microorganisms and trophic groups [38]. The wide and di-
verse genetic spectrum and functional redundancy of thousands of microbial species 
in anaerobic digesters offer what pure cultures currently cannot achieve: a higher 
tolerance to environmental stresses and toxicity. Multiple parallel biochemical 
routes provide greater functional stability because of the potential distribution of 
the substrate to several populations [46], resulting in a higher community resilience 
to perturbations [47].  

Many studies successfully established anaerobic digestion with pre-treated 
and raw PACs for biomethane production [24], [73], [84], [96], [97], proving how 
anaerobic mixed culture fermentation is a viable alternative to intricate physio-
chemical pre-treatments for PAC detoxification and valorization. For example, Zhou 
et al. [73] studied the tolerance of anaerobic digestion towards increasing concen-
trations of raw and overlimed PAC as the sole carbon source for biomethane pro-
duction in batch processes and direct evolution studies, respectively. The batch tests 
showed that loadings of 3 % raw PAC were inhibiting methanogenesis. Extensive 
studies have been conducted towards a complete integration of pyrolysis and anaer-
obic digestion for methane production where all the by-products of pyrolysis (PAC 
and PS included) are fed into an anaerobic digester [92], [97], [173]. During the an-
aerobic digestion of PAC derived from corn stalk pellets, volatile fatty acids (VFAs) 
production was observed even though PAC severely inhibited methanogenesis [97]. 
Giwa et al. [172] evaluated the effects of a real PS generated from a two stage pyrol-
ysis process treating food waste on methanation rates. The process, designed to min-
imize POF and PAC, generated syngas with a high H2-to-CO ratio (60:20 %). 
Methanation rates were enhanced, producing almost 100 % more CH4 than the syn-
thetic syngas control fermentations. The topic has been evaluated also from a 
techno-economical perspective [177], [178], [180]: pairing anaerobic digestion with 
pyrolysis allows relevant energy savings in handling pyrolysis by-products and 
strongly reduces GHGs emissions [177]. Salman et al. [176] estimated a higher an-
nual revenue for the integrated process compared to the sole incineration of green 
waste. 

In anaerobic communities, syngas is commonly metabolized by methanogenic 
archaea, hydrogenogenic bacteria, acetogenic bacteria, and sulfate-reducing bacte-
ria [116]. By manipulating the fermentation environmental conditions, it is possible 
to control the syngas conversion towards different catabolic routes [114], [117]–
[119]. Methane is often the primary metabolite having the lowest free energy content 
per electron, regardless of the temperature range [119]. On the other hand, when 
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methanogenesis is inhibited and in mesophilic environments with high concentra-
tions of reduced compounds such as ethanol and/or lactate, the mixed culture can 
elongate C1 compounds from syngas into medium-chain carboxylates (MCCs). Such 
a wide array of metabolic products at mesophilic temperatures is the result of an 
intricate metabolic network ultimately limited by thermodynamics [127]. Syngas-
converting microbial communities at thermophilic temperatures show higher wa-
ter–gas shift reaction (WGSR) kinetics than mesophilic ones. The high diversity of 
carboxydotrophic hydrogenogenic bacteria and the thermodynamics of H2-produc-
ing reactions in thermophilic environments favor higher CO conversion rates to pro-
duce primarily H2 and short-chain carboxylates [128]. Hydrogen or MCC produc-
tion via mixed culture anaerobic fermentation are gaining more scientific and in-
dustrial interest [129], [130]. However, the success of these technologies is linked to 
the identification of cheap and recoverable methane inhibitors [133], [134]. 

A. oryzae belongs to the Ascomycetes group and its industrial application 
spans from food processing to commodity chemicals production [157], [158]. Sev-
eral studies have evaluated the potential of producing biochemicals, biofuels or cell 
biomass (single cell proteins) with A. oryzae from VFAs rich waste streams or from 
acetate [159]–[161]. Moreover, the fungus was reported to tolerate small concentra-
tions of pyrolysis oils and various PAC components [166] and to be able to grow on 
the acetate contained in pre-treated PAC from wheat straw [63].  

To extend the knowledge about the integration of thermochemical and bio-
chemical processes treating lignocellulose waste, this work evaluates a two-stage 
process where the products from the co-fermentation of PAC and syngas by anaer-
obic mixed cultures are fed to an aerobic fermentation to produce L-malate by A. 
oryzae. Several anaerobic mixed culture bottle fermentations were performed at 37 
and 55 ◦C at increasing PAC concentrations in order to understand the effects of PAC 
on the metabolism of gaseous and liquid compounds. After the syngas fermentation 
stage, the media from selected mixed culture fermentations were inoculated with A. 
oryzae, focusing on the conversion of acetate from syngas and PAC metabolism into 
L-malate. Fungal growth, together with the quantification of the removal of selected 
PAC components, was used to prove the occurrence and the extent of PAC detoxifi-
cation. 

3.2 Materials and Methods 

3.2.1 Growth medium 

All reagent grade chemicals were purchased from Sigma-Aldrich (Schnelldorf, 
Germany) or Carl-Roth (Karlsruhe, Germany). The fermentation medium used in 
all serum-bottle and flasks experiments was a modified basal anaerobic medium 
(BA) composed of the following stock solutions: mineral salts solution (NH4Cl, 161.2 
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g/L; MgCl2 x 6H2O, 5.4 g/L; CaCl2 x 2H2O 6.5 g/L); phosphate buffer solution 
(KH2PO4, 136 g/L); vitamins solution (Biotin, 0.002 g/L; Folic Acid, 0.002 g/L; Pyr-
idoxin, 0.01 g/L; Thiamin, 0.005 g/L; Riboflavin, 0.005 g/L; Nicotinic Acid, 0.005 
g/L; Ca-Panthothenate, 0.005 g/L; Vitamin B12 , 0.005 g/L; Aminobenzoic Acid, 
0.005 g/L; Liponic Acid, 0.005 g/L); trace elements solution (FeCl2 x 4H2O, 1.5 g/L; 
MnCl2, 0.1 g/L; CoCl2 x 6H2O, 0.19 g/L; ZnCl2, 0.07 g/L; CuCl2 x 2H2O, 0.002 g/L; 
NiCl2 x 6H2O, 0.024 g/L; Na2MoO4 x 2H2O, 0.036 g/L; H3BO3, 0.006 g/L; Na2SeO3 

x 5H2O, 0.003 g/L; Na2WO4 x 2H2O, 0.02 g/L); reducing agent solution (L-Cysteine, 
100 g/L); resazurin solution (Resazurin sodium salt, 1 g/L). For each liter of medium 
were added: 100 mL of mineral salt solution, 800 mL of phosphate buffer solution, 
10 mL of vitamins solution, 10 mL of trace elements solution, 5 mL of resazurin so-
lution and 3 mL of reducing agent solution. Once all the solutions were mixed, the 
pH was adjusted to 6 with 4M NaOH solution as pH adjusting agent and sodium 
source. The remaining volume was filled with deionized water to 1 L. 

3.2.2 Inocula and PAC 

The anaerobic sludge was collected from an anaerobic digester treating cow 
manure (Alois & Simon Frey Biogas GbR, Bräulingen, Germany). Due to the high 
content of straw residues, right after collection, the sludge was sieved down to 0.5 
mm discarding the straw and the retained solids. The sludge was then poured into 
an anaerobic container and stored in a fridge at 4 °C until needed. The pH, the total 
suspended solids (TSS) and volatile suspended solids (VSS) concentration of the 
sieved sludge corresponded to 8.46, 41.36 ± 2.25 g/L and 12.27 ± 0.13 g/L, respec-
tively. The TSS and VSS analytics were performed in triplicate and determined as 
described in [201]. 

Aspergillus oryzae DSM 1863 was obtained from the DSMZ strain collection 
(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braun-
schweig, Germany). The cryo-stock of fungal conidia was prepared and stored as 
described by [161]. 

The PAC used in this experiment was produced during the fast pyrolysis of 
miscanthus at BioLiq plant (Karlsruhe Institute of Technology, Karlsruhe, Ger-
many). The chemical oxygen demand (COD) and total organic carbon (TOC) were 
253.25 ± 10.25 g/L and 118.58 ± 0.11 g/L, respectively. The total nitrogen (TN) was 
140.25 ± 4.24 mg/L. The pH of raw PAC was 2.8 while acetate, propionate and n-
butyrate concentrations were about 34 g/L, 5.07 g/L and 0.5 g/L, respectively. The 
fast pyrolysis at the BioLiq plant is run as described in [7] and [41]: the flue gases 
(composed primarily of 20 % CO, 25 % CO2, 1.5 % H2, alkanes and N2) coming from 
the combustion chamber pass through a hot cyclone to separate the biochar from 
the product gas stream. Then, the gaseous phase is sent through a series of two 
quench condensers at ∼ 85−90 °C and at ∼30 °C separated by an electrostatic pre-
cipitator. The PAC used in this study is the product of the second condensation step. 
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3.2.3 Bottle preparation and fermentation 

Mesophilic and thermophilic experiments with (M-CTRL and T-CTRL) and 
without methanation (M-BES and T-BES) were run as controls to evaluate the me-
tabolism and the performances of the inoculum grown on synthetic pyrolysis syngas. 
To inhibit methanogenesis, 50 mM of Sodium 2-bromoethanesulfonate (BES) were 
dissolved into the BA medium. All experiments not containing PAC were performed 
in triplicate. To test PAC inhibition, exponentially increasing concentrations rang-
ing from 0.5 to 30 %v/v were added in the M-PAC and T-PAC fermentations. As 
control, abiotic experiments with equal concentrations of PAC (M-PAC-AB and T-
PAC-AB) were also prepared and run simultaneously to the corresponding experi-
ments. The mixed culture fermentations and abiotic PAC incubations were per-
formed in 250 mL serum bottles with 50 mL of active volume. Figure 13 and Table 
3. Overview of experiments. MC is mixed culture; AB is abiotic; Asp is Aspergillus 
oryzae. summarize the experimental design. 

 

Figure 13. Schematic representation of the experimental design. Pyrolysis aqueous condensate and py-
rolysis syngas were co-fermented by two mixed cultures at mesophilic and thermophilic temperatures. 
The media from selected mixed cultures fermentations were centrifuged and inoculated with A. oryzae 
to convert acetate into L-malate.  

The liquid phase was composed of 5 mL of BA medium, increasing PAC con-
centrations depending on the experimental design and 4M NaOH as needed to re-
adjust the pH of the medium back to 6 after PAC addition. The remaining volume 
was filled with deionized water up to 45 mL. The serum bottles were stored into an 
anaerobic tent (5 % H2 in N2) to anaerobise overnight at room temperature. The 
bottles were then inoculated with 10 %v/v anaerobic sludge and sealed with butyl 
rubber stoppers and aluminium rings. After sealing the flasks, the bottles were ini-
tially flushed and then pressurised with a synthetic pyrolysis gas mixture consisting 
of 6 kPa H2, 21 kPa CO, 26 kPa CO2 and N2 to a final pressure of 210 kPaabs. Bottle 
pressurization was performed using a precision pressure indicator GMH 3100 Series 
(Greisinger, Germany) at room temperature. 
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Table 3. Overview of experiments. MC is mixed culture; AB is abiotic; Asp is Aspergillus oryzae. 

 T (°C) Medium 
BES 

(50 mM) 
Raw PAC 

(0.5-30 %) 
Inoculum Syngas 

Control Syngas Fermentations 

M-CTRL 37 BA - - MC + 
M-BES 37 BA + - MC + 
T-CTRL 55 BA - - MC + 
T-BES 55 BA + - MC + 

Mesophilic and Thermophilic PAC Fermentations 
M-PAC 37 BA - + MC + 
T-PAC 55 BA - + MC + 

Mesophilic and Thermophilic Abiotic Control 
M-PAC-AB 37 BA - + - + 
T-PAC-AB 55 BA - + - + 

Aspergillus oryzae Fermentations 
M-PAC-Asp 30 from M-PAC - detoxified PAC A.oryzae - 
M-PAC-AB-Asp 30 from M-PAC-AB - - A.oryzae - 
T-PAC-Asp 30 from T-PAC - detoxified PAC A.oryzae - 
T-PAC-AB-Asp 30 from T-PAC-AB - - A.oryzae - 

A total of 3 mL of gas phase were sampled daily or depending on the rates of 
CO or H2 consumption. The ambient temperature and pressure and the gauge pres-
sure of the bottles were recorded at each sampling, right after taking the bottle from 
the incubator. When the CO and/or H2 molar concentrations or the absolute pres-
sure of the serum bottles were about zero or below 190 kPaabs, respectively, then the 
headspace of the bottle was re-pressurized with the synthetic pyrolysis gas mixture. 
The maximum possible theoretical uptake rate for CO was about 1.650 mmol/d, 
while for exogenous H2 it was 0.570 mmol/d. 1 mL of liquid samples were withdrawn 
twice a week. The pH of the sample was measured, and the samples were then cen-
trifuged at 17,000 x g and ambient temperature for 15 minutes. The resulting super-
natant was filtered with 0.2 µm cellulose acetate syringe filters (Restek GmbH, Bad 
Homburg, Germany) and stored in a freezer at -20 °C for later analytics. All bottles 
were incubated in the dark in shaker incubators (multitron incubator shaker, Infors, 
Bottmingen, Switzerland) at temperatures of 37 °C or 55 °C. The agitation was set to 
200 rpm. All mixed culture fermentations and abiotic controls lasted 39 days of 
elapsed fermentation time (EFT). 

The medium from selected mesophilic and thermophilic fermentations M-PAC 
and T-PAC (2.5 %, 5 %, 7.5 %, 10 %, 20 %) and from the corresponding abiotic con-
trols was centrifuged at 4700 x g for 8 hours. The supernatant was collected and 9 
mL of which together with 1 mL fresh BA medium were then poured into 100 mL 
baffled Erlenmeyer shake flasks. The shake flasks were inoculated with 0.1 mL of 
the A. oryzae conidia cryo-stock, with spore concentration of 3x107 spores/mL. The 
pH of the medium was not adjusted. All the shake flasks were incubated at 30 °C 
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and 100 rpm. 0.2 mL of liquid samples were taken every 24 h from inoculation for 
5 consecutive days. The pH of the sample was measured, and the samples were then 
stored in a freezer at -20 °C for later analytics. All fermentations with A. oryzae were 
done in triplicate. 

3.2.4 Analytical methods and data processing 

The concentration in the fermentation medium of linear and branched mono-
carboxylates C1-C8 (lactate, acetate, propionate, iso- and n-butyrate, iso- and n-val-
erate, iso- and n-caproate), of the normal alcohols (ethanol, propanol, butanol and 
pentanol) and of some selected PAC compounds (2-cyclopenten-1-one, furfural, 
phenol, guaiacol and o-,m-,p-cresol) were measured by a high performance liquid 
chromatography (HPLC) device (Agilent 1100 Series, Agilent, Waldbronn, Ger-
many) operated with an oven set at 55 °C equipped with a Rezex ROA organic acid 
H + (8 %) column (300 by 7.8 mm, 8 µm; Phenomenex, Aschaffenburg, Germany) 
and a Rezex ROA organic acid H + (8 %) guard column (50 by 7.8 mm). The mobile 
phase was 5 mM H2SO4 with a flow of 0.6 mL/min. Short- and medium-chain car-
boxylates and PAC compounds detection was performed with an UV detector at 220 
nm at 55 °C while normal alcohols were detected with a RID detector at 50 °C. 

The gas phase samples were analysed with an Inficon 3000 Micro GC System 
with a Thermal Conductivity Detector (TCD) equipped with a CP-Molsieve 5 Å col-
umn and a PoraPLOT Q column at 80 °C using argon and helium as carrier gases, 
respectively. The molar composition of the headspace gas of the bottles was com-
puted assuming the ideal gas law after subtracting any air contamination caused by 
sampling. The accumulation or consumption of each gas was first corrected by a 
factor accounting for the pressure lost by sampling withdrawal and then cumulated.  

The yields and recoveries (in terms of carbon (C-mol) and electron (e-mol) 
equivalents) for control experiments were calculated using only CO/CO2 and CO/H2 
as substrates, respectively, as described by Grimalt-Alemany et al. [272]. For M-PAC 
and T-PAC experiments, CO was accounted as the sole carbon source while CO and 
H2 were assumed as electron donors. The multitude of compounds present in PAC 
interfered with the identification of other metabolites beyond acetate, propionate, 
and n-butyrate. Therefore, only these three acids as well as CO2, CH4 and H2 were 
accounted as products. The IC50 value was adopted from Zhou et al. [73], indicating 
the toxicant concentration that causes 50 % reduction in cumulative CO consump-
tion or CH4 production over a fixed period of exposure time. Acetate selectivity is 
the ratio between acetate and metabolites with carbon atom number greater than 
two. 
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3.3 Results and discussion 

3.3.1 Mesophilic and thermophilic anaerobic mixed microbial cultures grown on 
pyrolysis synthetic syngas 

The first set of experiments aimed to understand whether the synthetic pyrol-
ysis syngas used in this study is a suitable carbon and electron source for production 
of methane, short and medium chain carboxylates as well as solvents with mixed 
microbial cultures. M-CTRL and T-CTRL are bottle fermentations incubated at 37 
°C and 55 °C, respectively, performing syngas methanation. M-BES and T-BES are 
bottle fermentations at 37 °C and 55 °C with addition of 50 mM BES as methano-
genesis inhibitor. The metabolism of the communities under M-CTRL, T-CTRL, M-
BES and T-BES conditions were characterized and later used as reference for com-
parison with the fermentations in presence of PAC. The initial pH of all control bot-
tles after inoculation was 6.7 ± 0.2. Figure 14 shows C-mol recovery and e-mol re-
covery from all control experiments.  

C-mol (a) and e-mol (b) balances for experiments M-CTRL, T-CTRL, M-BES 
and T-BES. Conversion factors for electron balances are available in the Additional 
file 2 (Table S1). CO, CO2 and H2 were considered as the sole carbon and/or electron 
donors for all experiments but for T-BES, where CO was the only carbon and elec-
tron donor. Alcohols are ethanol, propanol and butanol. Short-chain carboxylates 
C3- C5 (SCCs) are lactate, iso- and n-butyrate, propionate and iso- and n-valerate. 
Medium chain carboxylates (MCCs) are iso- and n-caproate. The productivities of 
alcohols, some SCCs and MCCs are available in the Additional file 2, Table S2. 
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Figure 14. C-mol (a) and e-mol (b) balances for experiments M-CTRL, T-CTRL, M-BES and T-BES. 
Conversion factors for electron balances are available in the Additional file 2 (Table S1). CO, CO2 and 
H2 were considered as the sole carbon and/or electron donors for all experiments but for T-BES, where 
CO was the only carbon and electron donor. Alcohols are ethanol, propanol and butanol. Short-chain 
carboxylates C3- C5 (SCCs) are lactate, iso- and n-butyrate, propionate and iso- and n-valerate. Me-
dium chain carboxylates (MCCs) are iso- and n-caproate. The productivities of alcohols, some SCCs 
and MCCs are available in the Additional file 2, Table S2. 

During syngas methanation at mesophilic range (M-CTRL), the mixed culture 
produced primarily CH4 (45.5 ± 1 %) and CO2 (30.1 ± 2.1 %) while 7.6 ± 0.1 % of the 
total carbon metabolized was fixed into acetate. Acetate accounted for 83.7±1.7 % of 
the total C2-C6 metabolites detected in the liquid phase. The carbon stored in car-
boxylates other than acetate was about 2.6 %. The average CO and H2 uptake rates 
were 0.34 ± 0.02 mmol/d and 0.28 ± 0.02 mmol/d while CH4 was produced at a 
rate of 0.15 ± 0.01 mmol/d.  

From about 20 days EFT, methanogenic rates increased concomitantly to 
homoacetogenic/hydrogenotrophic activity from exogenous CO2 and H2 consump-
tion (Additional file 2, Figure S1-S4). Simultaneously, decreasing acetate concentra-
tions in the bottles might indicate acetoclastic methanation. However, acetoclastic 
methanogenesis appears to have barely contributed to the methanation yield. At 37 
°C, pH 5.5, and 100 mM acetate hydrogenotrophic methanogenesis has more fa-
vourable thermodynamics than acetoclastic methanogenesis [114]. Considering that 
CO and H2/CO2 metabolisms have been reported to have similar kinetics [49], 
changes in the rates of gases uptake or production might be attributed to shifts 
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within the composition of the microbial population. With the progression of M-
CTRL experiments, CO uptakes rates lowered the CO partial pressures favouring 
acetogenic/methanogenic hydrogenotrophism. High CO partial pressures are 
known to be inhibiting cellular hydrogenase and H2 uptake [251], [273] and might 
have contributed to the delayed start of H2/CO2 metabolism. Liu et al. [274], de-
tected a two-phased process characterized by an initial CO consumption followed by 
the onset of H2/CO2 metabolism to acetate attributed to homoacetogenic microor-
ganisms while performing CO biomethanation with anaerobic granular sludge. In 
M-CTRL bottles, carboxidotrophic methanation, if any, had a limited contribution 
towards methane production. Carboxydotrophic methanogens are expected to be 
easily outcompeted by carboxydotrophic acetogens and hydrogenogens as the few 
species that are capable of directly converting CO into CH4 do so at very low reaction 
rates [236], [275].  

The thermophilic syngas methanation (T-CTRL) occurred at higher kinetics 
but lower yield when compared to M-CTRL. 34.6 ± 0.8 % of the carbon from CO was 
converted into CH4 while CO2 accounted for 65 ± 3.7 %. Acetate accounted for about 
1 % for the total carbon from CO and the acetate selectivity was 63 ± 3.51 %. The 
average CO and H2 uptake rates were 1.48 ± 0.05 mmol/d and 0.56 ± 0.01 mmol/d, 
respectively. CO2 and CH4 were produced at 0.98 ± 0.05 mmol/d and 0.515 ± 0.01 
mmol/d, respectively. T-CTRL bottles have been performing primarily carboxido-
trophic hydrogenogenesis via the WGSR followed by hydrogenotrophic methane 
generation, as also described by other studies [116], [118], [127].  

Mesophilic and thermophilic metabolic rates calculated in this study corre-
spond to those reported by Sipma et al. [276] who tested several mesophilic anaer-
obic sludges from wastewater treatment reactors to convert CO at 30 and 55 °C. The 
sludges were incubated at 30 °C in serum bottles with 50 mL initial active volume 
and produced primarily CH4 and/or acetate. Incubation at 55 °C resulted in the for-
mation of mainly CH4 and/or H2 [276]. Sipma et al. detected CO conversion rates 
ranging between 0.14 and 0.62 mmol/d for the cultures incubated at 30 °C while 
thermophilic CO depletion rates varied between 0.73 and 1.32 mmol/d.  

The BES addition inhibited all methanogenic pathways in both control meso-
philic syngas (M-BES) and control thermophilic syngas (T-BES) fermentations. M-
BES fermentations consumed CO at a rate of 0.36 ± 0.03 mmol/d, a similar value 
to what calculated for M-CTRL. H2 uptake rate was 0.03 ± 0.01 mmol/d and CO2 

production rate was 0.11 ± 0.01 mmol/d. HPLC analytics showed that M-BES cul-
tures have been chain elongating CO to n-caproate with a net exogenous H2 con-
sumption to a final caproate concentration of 2.18 ± 0.47 mM. About 60 % of the e-
mol recovery was accounted for metabolites with carbon atoms number higher than 
two. CO2 (29.9 ± 0.8 %) and acetate (20.8 ± 1.5 %) were the two major carbon sinks. 
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T-BES experiments showed greater CO consumption kinetics then M-BES. The 
mixed culture performed almost solely WGSR, generating 1.04 ± 0.33 mmol/d of 
CO2 and 1.05 ± 0.31 mmol/d H2 while the average CO uptake rate was 1.18 ± 0.09 
mmol/d. CO2 accounted for more than 95 % of the total carbon fed while acetate was 
only about 5 %. Acetate was the primary metabolite produced by the consortium 
with selectivities higher than 80 %. More than 99 % of the e-mol recovery was mo-
lecular H2. These results are corroborated by the work carried out by other research 
groups. Grimalt-Alemany et al. [127] characterized the conversion of CO by a ther-
mophilic enriched consortium in presence of BES resulting in the production of H2 
and acetate as primary metabolites. Slepova et al. [277] traced 14CO to study the me-
tabolism of mixed cultures collected from three pH-neutral hot springs of Uzon Cal-
dera (Kamchatka) under temperatures from 60 °C to 90 °C. A major part of 14CO 
was oxidized to 14CO2. Samples from the spring with a temperature of 60 °C con-
verted less than 5 % of the CO into carboxylates and only 1 % in springs with higher 
temperatures [277]. High acetate selectivities were reported also by Wang et al. 
[238] showing a 99 % acetate selectivity at the end of their thermophilic (55 °C) en-
richment process with H2 and CO2 as substrates. Shen et al. [237] achieved final 
acetate selectivity of 96.7 % and 96.3 % in two hollow fibre membrane bioreactors 
after 60 days EFT starting from an inoculum from an anaerobic digester. Alves et al. 
[117] tested different enrichment strategies in bottles experiments at 55 °C and ob-
tained syngas-converting communities able to fix approximately 97 % of product 
recovery into acetate from CO2 and H2. 

3.3.2 Co-fermentation of syngas and PAC 

The effects of increasing PAC concentrations were evaluated on two mixed mi-
crobial cultures growing on pyrolysis gas at 37 and 55 °C. The aim was to identify 
kinetic inhibition and changes in metabolites production patterns of syngas metab-
olism caused by PAC. Additional interest was to test the PAC detoxification potential 
of the microbial cultures. 

3.3.2.1 Impact of PAC on the syngas metabolism of the anaerobic mixed culture at 
37 °C and 55 °C 

Figure 15 reports the rates of syngas metabolism at increasing PAC concentra-
tion both at mesophilic (37 °C) and thermophilic (55 °C) temperatures. Similar to 
the control experiments, the initial pH of all M-PAC and T-PAC experiments was 6.7 
± 0.2 after inoculation.  
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Figure 15. Rates of consumption and/or production of CO (a), CH4 (b) and H2 (c) at increasing PAC loadings at 
mesophilic (37 °C) and thermophilic (55 °C) temperatures. Negative production rates for H2 indicate consump-
tion. Volatile fatty acids (VFAs) (d) are acetate, propionate and n-butyrate. Productivities for all experiments are 
available in the Additional file 2 Table S3 and Table S4. 

The CO consumption rates for mesophilic fermentations M-PAC at PAC con-
centrations of 0.5, 1 and 1.5 were all above 0.4 mmol/d. For PAC concentrations 
higher than 5 %, the rates of CO consumption rapidly decreased towards zero. Ex-
ogenous H2 consumption was detected in all M-PAC bottles. Additionally, CO2 pro-
duction rates were 60 % lower than the stoichiometry of the WGSR, suggesting that 
the mesophilic mixed culture co-fermented CO and H2/CO2. While the methane pro-
duction rates quickly dropped to zero for concentrations above 1.5 % PAC, the VFAs 
daily production decreased only from PAC concentrations above 7.5 %.   

At thermophilic range, PAC concentrations below 1.5 % did not significantly 
affect CO consumption (Figure 15.a). The average CO consumption rates at 55 °C 
with PAC concentrations from 0.5 to 1.5 % were all above 1.4 mmol/d, similar to 
what was achieved in the control experiments T-CTRL. Above 5 % PAC, the kinetics 
of CO consumption rapidly decreased towards zero. At thermophilic range, methan-
ogenesis was detected for PAC concentrations from 0.5 to 2.5 % PAC. The highest 
CH4 production rate was 0.54 mmol/d for bottles containing 1 % PAC. In T-PAC 
fermentations with 1.5, 2, 2.5 % PAC, the methane production showed a delayed 
start of about 6 days when compared to T-CTRL (Additional file 2, Figures S5-S8). 



Proof of concept of the two-stage process 

55 

In Figure 15.c, H2 was consumed to generate methane via hydrogenotrophic meth-
anogenesis under conditions with up to 1.5 % PAC. At higher PAC loadings, net H2 
production occurred concomitantly to the inhibition of the methanogenic activity. 
The highest H2 production rate was detected at 3 % PAC with values of 0.54 mmol/d 
but it decreased at rates equivalent to CO consumption for higher PAC percentages. 
Similar to mesophilic bottles, the VFAs production rates were low under low PAC 
loadings and peaked at 3.5 % PAC when no methane production was detected. 

 

Figure 16. (a) M-PAC and T-PAC CO uptake rates normalized to control experiments M-CTRL and T-CTRL, 
respectively. (b) C-mol balances for M-PAC and T-PAC experiments. 

The kinetics of syngas metabolism for thermophilic PAC fermentations were 
consistently higher than at mesophilic range, a result consistent to the kinetics of 
the control experiments. However, Figure 16.a shows that, when normalizing M-
PAC and T-PAC CO uptake rates to the corresponding rates of M-CTRL and T-CTRL, 
the overall effects of PAC toxicity did not differ between mesophilic and thermo-
philic experiments. Thus, thermodynamic limitations and different gas solubilities 
at different temperatures were likely the dominant factors affecting the kinetics of 
syngas metabolism.  

Additionally, Figure 16.a shows that M-PAC bottles with low PAC concentra-
tions (0.5 to 1.5 % PAC) had at least 40 % higher CO consumption rates compared 
to the respective M-CTRL values, peaking at 231 % at 0.5 % PAC. For bottles with 
0.5 to 1.5 % M-PAC, from about 20 days EFT, CO oxidation rates higher than 0.36 
mmol/d (average CO uptake for M-BES) were detected, matching those of T-CTRL 
experiments rather than M-CTRL or M-BES (Additional file 2, Figures S1-S4). Fac-
tors such as CO and PAC toxicity probably contributed to hinder acetogenic and 
methanogenic activity at early fermentation stages and the high CO uptake rates 
might be the result of changes in microbial population consequently to PAC detoxi-
fication. However, contrarily to M-CTRL fermentations, the higher kinetics of the 
WGSR provided enough endogenous CO2 to all metabolic routes resulting in a net 
CO2 production (Additional file 2, Figure S1, S2 and S3). 
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3.3.2.2 Different PAC tolerance of different trophic groups 

Methane production was inhibited by lower PAC concentrations than CO con-
sumption in both M-PAC and T-PAC cultures. The IC50 values for CO uptake rates 
at mesophilic range correspond to 2 % PAC. Methane production, on the other hand, 
is halved at PAC concentrations between 1 to 1.5 %. At thermophilic range, the IC50 
values for CO uptake rates fell within the 2 to 3 % PAC range. Regarding methane, 
the IC50 was found to be between 1.5 to 2 % PAC. Zhou et al. [73] reported that the 
IC50 of mesophilic biomethane potential tests of overlimed PAC was 4.8 % PAC. 
Even though Zhou et al. [73] did not report the IC50 for raw PAC, it could be as-
sumed that the higher tolerance of methanogens towards PAC achieved in their 
study was the result of the synchrony of the pre-treatment and a lower specific PAC 
availability, as both factors are known to affect methanation rates [135]. Here, raw 
PAC loading rates that severely inhibited methanogenesis were 3.4 gCOD/gVSS (2 % 
PAC) at both mesophilic and thermophilic range, respectively (Additional file 2, Ta-
ble S4).  

When comparing methanogenic versus carboxydotrophic/homoacetogenic ac-
tivity under PAC influence, homoacetogenesis had a higher tolerance to PAC than 
methanogenesis. Compounds present in PAC such as furfural, phenol and phenolic 
compounds can be produced also from the hydrolysis of lignocellulosic matter [22], 
[278], [279]. Acetogens are involved in synthropic interactions with other microor-
ganisms during the anaerobic degradation of compounds deriving from the degra-
dation of lignin. Synthetic co-cultures with Pelobacter acidigallici, Acetobacterium 
woodii, and Methanosarcina barkeri have been reported to convert phenyl-
methylethers to CH4 and CO2 [280]. A. woodii metabolizes phenylmethylethers to 
yield acetate and phenols [281]. Phenols can be degraded to acetate by P. acidigallici 
[282]. In another work studying the degradation of lignin-derived monoaromatic 
compounds, the initial step was catalysed by Sporomusa spp. to generate acetate via 
O-demethylation of the methoxylated aromatics. The demethoxylated aromatics 
were then metabolized into acetate, H2 and CO2 by Firmicutes. Finally, methane was 
generated from acetate and H2/CO2 by acetoclastic and hydrogenotrophic methano-
gens, respectively [283]. The latter examples represent interactions between micro-
organisms that might have occurred in the inoculum in the presence of PAC. Meth-
anogens work at the end of the chain of syntrophic interactions resulting in the pro-
duction of CH4 as the primary end-product of the fermentative process. Thus, meth-
anogenic activity is highly influenced by the degradation of those compounds that 
would otherwise be inhibitory. Low concentrations of lignin derivatives with alde-
hyde groups or apolar substituents are known to be highly toxic to methanogens 
[51]. Aromatic carboxylates, on the other hand, were reported to be only mildly 
toxic. Phenols and their derivatives are known for being methanogenic inhibitors 
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[69], [135], [284], however, phenolic compounds have been already proven to be 
degraded to CH4 [285], [286].  

Hübner et al. [84] reported longer lag phases at increasing initial PAC concent-
rations in anaerobic digestion experiments. PAC extended the lag phase of methan-
ogenesis from a few days to some weeks, indicating temporary inhibition [84]. Inhi-
bition of anaerobic digestion by PAC from corn stalk was also observed by Torri and 
Fabbri [92]. Longer lag-phases at increasing PAC loadings were also detected in this 
work at mesophilic and thermophilic range for both carboxydotrophism and meth-
anogenesis (Additional file 2 Figures S4, S8). In general, an extended lag-phase 
could be related to a lack of acclimatization of the inoculum to an inhibiting organic 
compounds hard to degrade, therefore requiring enrichment of the microbial com-
munity [69]. Alternatively, the inoculation/bioaugmentation of fermentations with 
cultures collected from particular ecosystems could be a strategy to increase the per-
formances of biological processes [287]–[290]. 

3.3.2.3 PAC detoxification 

The C-mol and e-mol recoveries for bottles with 2.5 to 10 % PAC at both tem-
peratures showed balances much higher than 100 % (Figure 16.b). Most of the VFAs 
(primarily acetate) produced in those bottles were not the result of syngas metabo-
lism but from the degradation of aromatic compounds, as proven in other works 
[104], [280], [283]. This is also supported by the detoxification efficacy of selected 
PAC compounds (Figure 17) where high degradation efficacies were recorded at low 
PAC concentrations. 

 

Figure 17. Removal efficacies for some selected PAC compounds after syngas mixed culture fermentations per-
formed at 37 °C and 55 °C. Numeric values of the removal efficacies below 25 % are now shown. 

For PAC concentrations above 5 %, the efficacy of degradation decreased both 
at thermophilic and mesophilic range. A work performed by Fedorak and Hrudey 
[291] reporting high removal of phenol and m- and p-cresol from a wastewater of a 
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coal liquefaction plant during anaerobic batch culture experiments supports what 
was detected here. Hübner and Mumme [84] suggested that low cresols degradation 
efficacies might be accounting for cresols production via phenol degradation, as 
cresols and guaiacol are phenol derivates. 

Considering that bottles with low CO consumption rates showed high PAC de-
toxifications efficacies, it can be assumed that PAC detoxification was independent 
from syngas metabolism and it occurred at concentrations inhibiting carboxydo-
trophic reactions and homoacetogenesis. On the other hand, the longer lag phases 
at increasing PAC concentration might suggest that syngas metabolism was depend-
ent on the detoxification of toxins in PAC and it recovered once the concentration of 
some PAC components fell below toxic levels. 

3.3.3 A. oryzae cultivation on acetate derived from syngas fermentation and PAC 
detoxification 

To further test the degree of PAC detoxification and to valorise the carboxylates 
from the M-PAC and T-PAC experiments, the media from some selected bottles were 
centrifuged and the resulting supernatant inoculated with A. oryzae. No fungal 
growth was detected in the media containing the broth from syngas abiotic control 
experiments with syngas, M-PAC-AB-Asp and T-PAC-AB-Asp (Figure 18). Thus, 
abiotic incubation over extensive amount of time did not lower toxicity levels of PAC 
towards A. oryzae. On the contrary, A. oryzae growth was detected in all fermenta-
tions up to M-PAC-Asp 10 % and T-PAC-Asp 10 %. Inhibitory effects of pyrolysis 
products of wheat straw on A. oryzae growth were previously elucidated by Dörsam 
et al. [166] who studied the toxicity of some selected PAC components. Phenolic 
compounds such as phenol, o-, m-, p-cresol and guaiacol resulted in a strong inhi-
bition of A. oryzae growth even at low concentrations. Although it is known that A. 
oryzae has genes encoding for enzymes enabling the degradation of cresols, it only 
tolerates cresol in very low concentrations [292]. Additionally, 2-cyclopenten-1-one 
was reported to be the most toxic compounds among the tested ones [166]. 
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Figure 18. Growth of A. oryzae in aerobic flasks containing medium from syngas fermentations and abiotic con-
trols. Rows (a) and (c) show fungal growth in medium from mesophilic and thermophilic syngas culture fermen-
tations, respectively. Rows (b) and (d) show the results of fungal growth in medium from the abiotic incubation 
of PAC and BA medium. 

3.3.3.1 L-malate production from acetate by A. oryzae  

The ability of A. oryzae to convert glucose and VFAs from various sources into 
L-malate or biomass has been studied in previous works [148], [161], [165], [293], 
[294]. Here, the acetate detected at the start of the A. oryzae fermentations derived 
from different sources: syngas fermentation; acetate originally contained in the 
PAC; and PAC detoxification. Complete acetate consumption was recorded in all 
flasks containing medium from bottle fermentations with up to 10 % PAC (Figure 
19.a and Figure 19.c). L-malate production was detected in all bottles alongside ac-
etate consumption. For both A-M-PAC 20 % and A-T-PAC 20 %, no acetate con-
sumption nor L-malate production were detected. For the medium from mesophilic 
syngas fermentations the highest amount and yield of malate from acetate of 8.47 ± 
0.21 mM and 0.21 mM/mM, respectively, were obtained in M-PAC-Asp 2.5 %. Over-
all, L-malate yields decreased at increasing PAC concentrations for M-PAC-Asp fer-
mentations. On the other hand, when considering the medium from thermophilic 
syngas fermentations, the highest amount of L-malate produced was detected for T-
PAC-Asp 10 % at 11.46 ± 0.16 mM with the highest yield of 0.17 mM/mM. Contrarily 
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to M-PAC-Asp fermentations, L-malate yields increased at increasing PAC concen-
trations. Process optimization for L-malate production exceeded the scope of this 
work, however, the highest malate yields detected in this study are comparable to 
the 0.20 grams of malic acid per gram of acetate for concentrations of 40 g/L of 
acetate reported by Kövilein et al. [161]. 

 

Figure 19. Acetate and L-malate from A. oryzae fermentations in the medium from meso-philic syngas fermen-
tations (a), (b) and thermophilic syngas fermentations (c), (d)., 

Kövilein et al. [161] tested acetate concentrations between 10 and 55 g/L for 
malate production in A. oryzae shake flasks cultures. Malate production was re-
ported to be highly dependent on acetate concentration with the highest yield for 
concentrations of up to 40 g/L [161]. Similarly, Uwineza et al. [165] grew A. oryzae 
on VFAs from the anaerobic digestion of food waste with maximum concentrations 
of acetate of 9 g/L yielding 0.29 gCDW/gVFAs. Higher concentrations of acetate did 
not affect the yield. Oswald et al. [148] presented a process concept, in which malate 
was produced from acetate generated from syngas fermentation by C. ljungdahlii. 
Malate production by A. oryzae in the medium from the syngas fermentations with 
acetate as sole carbon source reached yields of 0.33 grams of malate per gram of 
acetate [148]. The overall conversion of CO and H2 into malate was calculated to be 
0.22 g malate per gram of syngas [148]. The high malate yields achieved in this work, 
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as already hypothesised by Oswald et al. [148], might be linked to the richness in 
micronutrients of the medium from the previous fermentations. 

3.4 Conclusions 

In this study, PAC and syngas were co-fermented by mesophilic and thermo-
philic mixed cultures and the effects of increasing concentrations of PAC were eval-
uated. PAC could be used effectively to inhibit methanogenesis and steer microbial 
metabolism towards other metabolites. Fermenting PAC and syngas in the meso-
philic range led to acetate, propionate and n-butyrate accumulation in the fermen-
tation broth with net H2 consumption. Whereas fermentations at thermophilic 
range produced primarily acetate and H2. These results show that the mixed cultures 
performed the dual task of fixing C1 compounds from syngas and detoxifying PAC. 
Treating PAC together with syngas enabled carboxylates valorisation to platform 
chemicals such as L-malate by A. oryzae via a sequential secondary fermentation 
stage. Mesophilic carboxylates production or thermophilic biohydrogen production 
via mixed culture syngas fermentations are becoming the centre of extensive interest 
for biochemical or biofuels production. Thus, exploring alternative and effective 
methods for the inhibition of methanogenesis is still necessary, and inhibitors, such 
as PAC, are ideal candidates. This work contributes towards a better understanding 
of efficient integration of thermochemical processes and mixed culture anaerobic 
fermentations. Further studies should test the feasibility of this work in continuous 
bioreactors, aiming to a better understanding of the microbial interactions that are 
contributing to the PAC degradation and syngas metabolism. 
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Abbreviations 

PAC: pyrolysis aqueous condensate 

SS: sewage sludge 

PE: polyethylene 

SS-PAC: pyrolysis aqueous condensate derived from the pyrolysis of sewage sludge 

PE-PAC: pyrolysis aqueous condensate derived from the pyrolysis of polyethylene plastics 

M-SS-PAC: experiments evaluating the mesophilic co-fermentation of syngas and SS-PAC 

T-SS-PAC: experiments evaluating the thermophilic co-fermentation of syngas and SS-PAC 

M-PE-PAC: experiments evaluating the mesophilic co-fermentation of syngas and PE-PAC 

T-PE-PAC: experiments evaluating the thermophilic co-fermentation of syngas and PE-PAC 

COD: chemical oxygen demand 

SCCs: short-chain carboxylates 

VSS: volatile suspended solids 

TAN: total ammonia nitrogen 

eeq: electron equivalents 

e-mol: electron moles 

IC50: inhibitory concentration of a toxicant reducing of 50% microbial activity 
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4.1 Introduction 

Improper management of municipal sewage sludge (SS) and post-consumer 
plastics such as polyethylene (PE) poses risks to both human health and the envi-
ronment. Common disposal methods, including landfilling, agricultural use of SS 
and incineration have some drawbacks. For example, landfilling can cause leachate 
pollution and greenhouse gas emissions, while agricultural applications of SS may 
elevate the concentrations of heavy metals in the soil. Incineration, on the other 
hand, produces noxious volatile compounds, requiring costly technologies to control 
pollutant emissions [2]. Additionally, the recycling of post-consumer plastics is not 
entirely closed-loop, resulting in some waste persisting as micro plastics in the en-
vironment [3].  

Considering the escalating volume of waste generated, a reassessment of avail-
able technologies is imperative to reduce environmental impacts whilst maximising 
energy and resources recovery from both wastes [4]. Thermochemical recycling 
technologies (such as hydrothermal conversion, gasification or pyrolysis) have the 
potential to address waste management challenges by reducing dependence on 
landfilling, minimizing solid residue volumes and mitigating greenhouse gas emis-
sions and other harmful pollutants [37]. Pyrolysis, for instance, yields products such 
as biochar, bio-oil, syngas (a mixture of CO, H2, CO2, CH4 and other alkanes and 
alkenes in smaller concentration) and a pyrolysis aqueous condensate (PAC) [20]. 
In general, biochar, bio-oil and syngas are the target products of thermochemical 
processes, exhibiting heating values comparable to other fuels. The PAC, on the 
other hand, although accounting for about 20-30% of the wet mass of the original 
feed, is considered a by-product due to high water content and low calorific value, 
thereby lowering pyrolysis efficiency [16]–[18].  

The applications and handling of PAC are limited by its toxicity and complexity 
[20], [30]. PAC can contain hundreds of compounds including organic acids, phe-
nolics, amines, amides, guaiacols, furans, hydrocarbons and nitrogen heterocycles 
[24]–[28]. Many more remain poorly characterized posing challenges in assessing 
their specific inhibitory effects on microbial activity [19], [29]. In addition, traces of 
bio-oil can be also contaminating the aqueous condensate [30]. In general, the com-
position of PAC is primarily determined by the type of feedstock. In the case of the 
PAC generated from the pyrolysis of sewage sludge (SS-PAC), for instance, the con-
centration of different constituents depends upon the levels proteins, lipids and lig-
nin of the original waste [32]. Phenolic compounds can arise from the volatilization 
of polysaccharides and proteins, aromatic hydrocarbons stem from the decarboxy-
lation of fatty acids within the lipid fraction, while ammonium and N-heterocycles 
are some products of protein decomposition [33]. Carbocyclic acids, phenolics and 
hydrocarbons can be found also in the PAC resulting from the pyrolysis of mixed 
polyethylene plastics (PE-PAC) and originate from organic impurities of the waste 
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[34]–[36]. The type and concentration of PAC components determine the chemical 
properties and the toxicity of the solution [24]. SS-PAC, for instance, exhibits basic 
pH, whereas PE-PAC is acidic. Despite both PACs may contain similar concentra-
tions of carboxylic acids, the pH disparity may depend upon the presence of high 
concentration of ammonium and nitrogen aromatics in SS-PAC [15], [37]. The inte-
gration of thermochemical and biological processes into a unified platform repre-
sents a technology that could improve the energy and resource recovery from pyrol-
ysis by-products and enhance the economic sustainability of the process on an in-
dustrial scale [60], [63], [106]. Previous attempts to valorise various PACs in single-
culture fermentations encountered challenges that required extensive detoxification 
through physicochemical pre-treatments [58]. Anaerobic digestion, on the other 
hand, stands out as a viable technology for recovering energy from PAC components 
such as carboxylic acids, anhydrous sugars and aromatic compounds, among others, 
fermenting them into biogas. Various factors such as the microbial composition of 
the inoculum, concentration of refractory and toxic compounds, the molecular 
weight of PAC components, PAC loading rate and process operating conditions af-
fect process performances [67]–[70]. The addition of suitable amendments such as 
biochar has been proven successful to mitigate the toxicity of PAC compounds on 
methanogenesis [84], [85], [89], [90], [97]–[99]. Alternatively, since syntrophic 
and acidogenic microorganisms play a crucial role in the degradation of PAC com-
ponents, their enrichment or bio-augmentation could serve as a viable strategy to 
enhance PAC degradation and overall process performance [68], [73], [105], [106], 
[76], [83], [99]–[104]. 

Currently, coal gasification and steam reforming of natural gas stand as the 
primary methods for syngas production, albeit generating substantial green-house 
gas emissions. Conversely, the steel-manufacturing industry and thermochemical 
conversion of waste offer alternative sources of syngas characterized by lower green-
house gas emissions [168]. However, with ongoing technological advancements in 
electrolysis for H2 production, there is potential for steel-manufacturing industries 
to achieve full decarbonisation of their processes [169], leaving thermochemical 
conversion of waste as one of the remaining sources of syngas. The biological con-
version of syngas into biofuels or other valuable commodity chemicals is emerging 
as a key biotechnological tool for establishing a circular bioeconomy [200]. Syngas 
fermentation has been explored for the production of biopolymers, single cell pro-
teins, medium-chain carboxylates and other valuable compounds, showcasing its 
potential and versatility [107]. Research on anaerobic syngas fermentation centers 
predominantly on acetogens such as Clostridium ljungdahlii, Clostridium autoeth-
anogenum, Acetobacterium woodii and Moorella thermoacetica, which employ the 
Wood-Ljungdahl pathway to fix CO and H2/CO2, producing acetyl-CoA as the cen-
tral intermediate [108]. Alternatively, syngas fermentation with mixed anaerobic 
cultures has shown potential for CH4 or carboxylates production. Beyond acetogens, 
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other microbes capable of metabolizing syngas within anaerobic cultures include 
certain hydrogenogenic bacteria, methanogenic archaea and sulfate-reducing bac-
teria [116]. While CH4 is often the primary metabolite of mixed culture syngas fer-
mentation [119]–[121], innovative research has developed processes for producing 
short and medium-chain carboxylates [114], [117]–[119], [132], [220]. Incorporating 
syngas as a substrate during the anaerobic fermentations of organic waste could pro-
vide extra electron donors to the process, enhancing energy recovery while minimiz-
ing gaseous emissions [119]. 

In this context, despite both syngas and PAC originating from the pyrolysis 
process, knowledge regarding their co-fermentation remains limited. Only few 
works have focussed on the co-fermentation of syngas and lignocellulose PAC, 
demonstrating the capability of anaerobic mixed cultures to concurrently perform 
syngas sequestration and degradation of pyrolysis-derived organic components for 
biogas and short-chain carboxylates (SCCs) production [100], [295]. One study ex-
plored the co-fermentation of syngas, PAC and glucose for carboxylates production 
in a continuous biochar-packed reactor [100], while another one demonstrated the 
potential of a two-stage process, aerobic to anaerobic, for converting the carbox-
ylates produced from syngas and PAC co-fermentation in the initial stage into L-
malate in the second stage [295]. However, additional research dedicated to syngas 
and PACs co-fermentation is necessary to broaden the understanding of this tech-
nology and its potential for integrating thermochemical waste conversion with bio-
logical processes to enhance energy recovery from waste.  

The objective of this work is to investigate the effects of the PAC composition 
on the metabolism of mesophilic and thermophilic anaerobic mixed cultures during 
the co-fermentation of syngas and either SS-PAC or PE-PAC. By conducting tests at 
increasing PAC loadings in 250 mL bottles, the study elucidates kinetic inhibitions, 
metabolic shifts and the energetics of the process in correlation to the specific PAC 
cell load. The results of this work will contribute to a deeper understanding of an-
aerobic mixed cultures' potential to perform syngas sequestration and wastewater 
detoxification under diverse toxicants pressure. Bridging this knowledge gap is es-
sential for unlocking the full potential of these waste streams in achieving a more 
sustainable and efficient waste conversion and energy recovery. 

 

4.2 Materials and Methods 

4.2.1 Inoculum and PACs 

The inoculum was collected at an anaerobic digester treating cow-manure as 
described in another work [295]. The total suspended solids (TSS) and the volatile 
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suspended solids (VSS) of the inoculum were 41.1±0.8 g/L and 18.9±0.8 g/L, re-
spectively, and were determined following the procedure described in the Method 
1684 [201].  

Both SS-PAC and PE-PAC were provided by the Institute of Technical Chem-
istry (ITC) at the Karlsruhe Institute of Technology, Campus Nord (Karlsruhe, Ger-
many). The pyrolysis experiments were carried out using a pilot scale screw reactor 
system [17]. The SS-PAC used in this work was a 1:1 mixture of the PACs generated 
during the pyrolysis of a dried and non-dried sewage sludge. The pyrolysis process 
was non-catalyzed and performed at 500° C, with a residence time of 15 mins and a 
loading rate of 1.2 kg/h. SS-PAC had a pH of 9.6, a chemical oxygen demand (COD) 
of 185 g/L, a total organic carbon of 109 g/L, a total nitrogen concentration of 84.2 
g/L and contained 92.6±3.5 g/L of NH4+, 9.9±0.02 g/L acetate, 3.7±0.05 g/L pro-
pionate and 1.8±0.01 g/L butyrate. Similarly, the PE-PAC was a 1:1 mixture of two 
PACs produced during the pyrolysis of heavy weight and light weight mixed PE plas-
tics. The pyrolysis was run at 450° C with a residence time of 30 min and a waste 
loading rate of 1 kg/h using zeolite as catalyst. PE-PAC had a pH of 1.8, a COD of 
89.9 g/L, a total organic carbon of 30 g/L and contained 10.96 g/L of total nitrogen, 
7.82+0.01 g/L of NH4+, 14.3±0.3 g/L acetate, 2.7±0.01 g/L propionate and 0.6±0.1 
g/L of butyrate. The mass balances of the pyrolysis processes and a more detailed 
composition of the PACs are available in the Supplementary Information (Addi-
tional file 3, Table S1, Table S2 and Table S3). 

4.2.2 Fermentation  

The bottle fermentations were conducted over a 10-day period, in triplicate, in 
250 mL serum bottles with a 50 mL active volume. The fermentation medium com-
prised 5% v/v BA medium [295], a variable PAC amount based on the experimental 
design and deionized water as required to meet 45 mL. Either 4M NaOH or 4M 
H3PO4 was employed to adjust the pH post PACs addition. To account for the sig-
nificant pH disparity between the two PACs and the necessity to minimize salts ad-
dition, the pH for SS-PAC bottles was set to 7.2, while PE-PAC bottles were set at 
6.6. SS-PAC loading for mesophilic and thermophilic co-fermentations ranged from 
2 to 24% v/v with 2% increments, while PE-PAC concentrations ranged from 0.5 to 
6% v/v with 0.5% increments. The PACs loading during co-fermentation experi-
ments were designed to achieve at least 90% methanation inhibition compared to 
controls under either mesophilic or thermophilic conditions. 

After 24 hours of anaerobization in an anaerobic tent (5% H2 in N2), the bottles 
were inoculated with 10% v/v anaerobic sludge (resulting in 1.89 gVSS/L at inocula-
tion) and were then sealed with butyl rubber stoppers and aluminium rings. Subse-
quently, each triplicate underwent syngas flushing (6 kPa H2, 21 kPa CO, 26 kPa 
CO2, and N2 at 1 L/min) and pressurization at room temperature to a final pressure 
of 210 kPaabs. The gas flow was regulated by high precision mass flow controllers 
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(Vögtlin, Muttenz, Switzerland) and bottle pressure was monitored using a precision 
pressure indicator GMH 3100 Series (Greisinger, Mainz, Germany). Incubation oc-
curred at 37° or 55°C and 210 rpm in two Thermotron shaker incubators (Infors, 
Bottmingen, Switzerland).  

4.2.3 Analytical Methods 

Daily pressure analysis and gas sampling were performed immediately after 
removal from the incubators. Three millilitres of the gas phase were sampled and 
analysed for the determination of the molar concentration of CO, CO2, H2, CH4, H2S 
and N2 using an Inficon 3000 Micro GC System with a Thermal Conductivity Detec-
tor (TCD) equipped with a CP-Molsieve 5 Å column and a PoraPLOT Q column at 
80° C using argon and helium as carrier gases, respectively. Every second day, 1 mL 
of the fermentation broth was sampled, centrifuged, filtered and stored at -20° C for 
later analytics. The concentrations of formate, acetate, propionate, n-butyrate and 
of some selected PAC compounds (phenol, guaiacol and o-,m-, p-cresol) were meas-
ured by a high-performance liquid chromatography (HPLC) (Agilent 1100 Series, 
Agilent, Waldbronn, Germany) at 55 ◦C with a Rezex ROA organic acid H+ (8%) col-
umn (300x7.8 mm, 8 µm; Phenomenex, Aschaffenburg, Germany) and a Rezex ROA 
organic acid H + (8%) guard column (50 by 7.8 mm). The mobile phase was 5 mM 
H2SO4 at a flow of 0.6 mL/min. Benzene, triacetoneamine, benzonitrile and pyridine 
were quantified by means of high-performance liquid chromatography with an Ag-
ilent 1100 Series (Agilent, Waldbronn, Germany) at 40° C with a Kinetex 250x4.6 
mm, 2.6 µm EVO C18 column (Phenomenex, Aschaffenburg, Germany) and a Secu-
rityGuard 4x3.0 mm C18 guard column (Phenomenex, Aschaffenburg, Germany). 
The eluents were composed by a mixture of 0.1% v/v ethanolamine in H2O and 0.1% 
v/v ethanolamine in acetonitrile flowing at 1.1 mL/min. The elution profile was: 
0.5% at 0 min; 0.5% at 5 mins; 38.5% at 18 mins; 90% at 20 mins; 90% at 23 mins; 
0.5% at 25 mins. Sulphate and nitrate concentrations were measured by ion chro-
matography with a Metrohm 930 Compact IC Flex (Metrohm, Filderstadt, Ger-
many) equipped with a Metrosep A Supp 5-150/4.0. A solution of 1 mM of NaHCO₃ 
and 3.2 mM of Na₂CO₃ at 0.8 mL/min was used as eluent while 500 mM H2SO4 was 
used as suppressor. Photometrical quantification of the total ammonia nitrogen 
(TAN) concentrations were performed with a Spectroquant kit 114752 (Merck 
KGaA, Darmstadt, Germany). Free ammonia nitrogen (FAN) represents the un-ion-
ized part of TAN and depends primarily upon pH and temperature (Eq. 5 and 6) 
[296].  

CFAN = CTAN
1+10(pKa−pH)  [mM]              Eq.5 

pKa = 0.09018 + 2792.92
T+273.15

              Eq.6 

pKa is the dissociation constant for ammonium ion, 8.892 at 37°C while 8.408 
at 55°C. T is the temperature, °C. The molar amounts of each gas specimen (CO, H2, 
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CO2, CH4) were determined at each sampling point using the ideal gas law, taking 
into account both pressure loss and air contamination during sampling. The differ-
ences in molar amounts between successive samplings were cumulated to yield the 
total quantity of gas produced or consumed (Eq.7). 

ngas,i = ∑ pj∗Vj
R∗T

j
t=0  [mmol]              Eq.7 

Where 𝑛𝑛gas,i is the cumulative absolute consumption/production of a gas spec-
imen throughout the total fermentation time; pj is the pressure of the bottle´s head 
space at sampling time corrected to account for pressure loss by sampling; Vj is the 
bottle´s head space volume; R is the gas constant; T is the incubation temperature; 
j is the number of samples. 

The amount of gases and the difference in metabolites levels (Eq.8) (formate, 
acetate, propionate and butyrate) between initial and final samples were multiplied 
by the corresponding electron equivalents (eeq) and divided by the total fermenta-
tion time and initial broth volume to calculate space-time consumption/production 
rates of electron moles (e-mol).  

qe–mol,i = ni∗eeqi
VStart∗t

  [e-mM/d]              Eq.8 

Where 𝑛𝑛i is absolute amount of each metabolite produced or consumed during 
the total fermentation time; 𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 is the amount of the substance 𝑖𝑖 which releases 1 
e-mol during complete oxidation; 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the active volume at the start of the fer-
mentation; 𝑡𝑡 is the total fermentation time. 

The e-mol recoveries were calculated as described in Eq. 9. 

 e– mol recovery = ∑ni∗eeqi
nSyngas,fed∗eeqsyngas+8∗gCODPAC,fed

∗ 100  [%]         Eq.9 

The e-molPAC were calculated assuming that 8 gCOD is equal to one e-mol. 
Considering that the COD is the oxygen required to completely oxidize the carbona-
ceous fraction of organic compounds and that 1 eeq. is released upon complete oxi-
dation of carbonaceous compounds, then from the half reaction RS1, it can assumed 
that 1/4 mol of O2 (8 g) would be consumed in accepting the 1 e-mol. 

1 2⁄ H2O =  1 4⁄ O2 + H+ + e−                R.1 

The e-mol balances and e-mol recoveries from PAC were calculated as outlined 
in the following equations.  

e– balance = ∑ni∗eeqi
nCO∗eeqCO+nH2∗eeqH2

∗ 100 [%]         Eq.10 

e– mol recovery from PAC =
∑ni∗eeqi−nSyngas,fixed∗eeqsyngas

8∗gPAC,fed
 ∗ 100  [%]      Eq.11 

Where 𝑛𝑛i is absolute amount of each metabolite produced or consumed during 
the total fermentation time; 𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 is the amount of the substance 𝑖𝑖 which releases 1 
e-mol during complete oxidation of any organic carbonaceous compound. Table S5 
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in the Additional file 3 reports the conversion factors used for electron balancing. 
All calculations were conducted individually for each bottle and the results were sub-
sequently averaged across the replicates (n=3). 

4.3 Results 

This chapter illustrates the potential for carbon and e-mol recovery from syn-
gas and two distinct PACs through anaerobic mixed culture fermentations. These 
waste streams result from the pyrolysis of sewage sludge and a combination of high 
and low density PE plastics. The analysis focuses on the space-time rates of syngas 
conversion into short-chain carboxylates at increasing PACs loading, evaluates the 
energy recoveries from both syngas and PACs and assesses the efficiency of remov-
ing some selected PAC components. 

4.3.1 Syngas and Sewage Sludge PAC co-fermentation 

The results from the mesophilic syngas and SS-PAC co-fermentation experi-
ments (M-SS-PAC) will be presented first, followed by the thermophilic syngas and 
SS-PAC co-fermentation experiments (T-SS-PAC). In general, at both temperatures 
conditions, the cultures exhibited the ability to perform concurrent syngas seques-
tration and carbon-energy recovery from SS-PAC.  

At 37° C, CO consumption rates showed no significant inhibition up to the SS-
PAC loading of 9.8 gCOD/gVSS but decreased linearly at greater loads (Figure 20a). At 
the SS-PAC load of 23.4 gCOD/gVSS, carboxydotrophic rates were 2.1±0.2 e-mMCO/d, 
marking a four-fold decrease from control experiments. Methanation, on the other 
hand, was inhibited at lower specific SS-PAC loadings: a 1.9 gCOD/gVSS SS-PAC load-
ing caused a 12% inhibition of methanogenic rates compared to the control experi-
ments, while at 11.7 gCOD/gVSS the methanation was reduced by over 90%. Corre-
sponding initial FAN and TAN concentrations were 13.36±0.3 mM (226.6 mg/L) 
and 629±6.7 mM (11,342 mg/L), respectively. Initial concentrations of FAN and 
TAN in the other broths of M-SS-PAC experiments are available in the Supplemen-
tary Information (Additional file 3, Figure S1a). The inhibitory concentration caus-
ing 50% inhibition (IC50) of SS-PAC was determined to be 15.6 gCOD/gVSS for car-
boxydotrophic activity and around 7.8 gCOD/gVSS for methanogenesis. Hydrogen-
otrophic activity was detected up to SS-PAC loadings of 9.8 gCOD/gVSS, coincidently 
to methane production. For higher SS-PAC loadings, the highest hydrogen produc-
tion rate was 1.6±0.38 e-mMH2/d at 15.6 gCOD/gVSS. Acetate constituted approxi-
mately 58% of the total e-mol sequestered from syngas during control experiments 
alongside traces of propanol and butyrate. Similarly, acetate, propionate and butyr-
ate were the primary metabolites accumulating in the fermentation broth during 
syngas and SS-PAC degradation. The final pH for each condition are available in the 
Additional file 3 (Figure S4a). The e-mol recovery from syngas and SS-PAC (Figure 
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20e) peaked to 34.3±0.7% at 1.9 gCOD/gVSS. Similarly, the highest e-mol recovery 
from exclusively SS-PAC was 17.3±2.9% at 1.9 gCOD/gVSS (Additional file 1, Figure 
S3a). Both recoveries decreased towards zero at increasing loadings of SS-PAC. The 
removal efficiency of selected SS-PAC components supports the degradation of phe-
nolics, pyridine and possibly other SS-PAC constituents during the co-fermentation 
(Figure 20c). All SS-PAC components exhibited a positive removal efficacy, albeit 
with a diminishing trend as SS-PAC loadings increased.  

During the thermophilic control experiments, CO oxidation occurred at a rate 
of 48.1±0.4 e-mMCO/d, 6 times greater than the mesophilic control experiments 
(Figure 20b). However, it sharply declined concomitant with the incremental addi-
tion of SS-PAC. Methanogenic rates mirrored to those of syngas uptake. Traces of 
carboxydotrophic activity (2.4±0.2 e-mMCO/d, 95% inhibition) were detectable up 
to 23.4 gCOD/gVSS. Methanation was completely arrested at 11.7 gCOD/gVSS. Corre-
sponding initial FAN and TAN concentrations were 41.7±0.6 mM (709.8 mg/L) and 
674±10.3 mM (12,169 mg/L), respectively. Initial concentrations of FAN and TAN 
in the other broths of T-SS-PAC experiments are available in the Supplementary In-
formation (Additional file 3, Figure S1b). The influence of increasing SS-PAC load-
ings at 55°C had a more pronounced impact on carboxydotrophic rates compared to 
mesophilic experiments. The IC50 was determined to fall between 3.9 and 6.8 
gCOD/gVSS SS-PAC loadings for both carboxydotrophic and methanogenic reactions. 
No significant hydrogen production was detected for SS-PAC loading higher than 
17.6 gCOD/gVSS. In control experiments, acetate and propionate constituted over 95% 
of the metabolites in the medium, with selectivities of approximately 85% and 10%, 
respectively. 

Similarly, acetate and propionate were the primary metabolites in T-SS-PAC 
experiments. However, with higher SS-PAC amounts, increasing levels of butyrate 
were observed, reaching a peak productivity of 1.31±0.2 e-mMButyrate/d at 11.7 
gCOD/gVSS. Methane inhibition coincided to formate accumulation in the medium at 
a maximum rate of 0.67±0.01 e-mMFormate/d at 15.6 gCOD/gVSS. Thermophilic control 
experiments produced about 25% fewer e-molSCCs than mesophilic controls. Con-
versely, between loads of 1.9 and 15.6 gCOD/gVSS, T-SS-PAC experiments produced 
17% more e-molSCCs than M-SS-PAC experiments, peaking at approximately 60% at 
11.7 gCOD/gVSS. The average final pH for each SS-PAC loading is provided in the Sup-
plementary information (Additional file 3, Figure S2b). Fermentations with low SS-
PAC loadings (between 0 and 11.7 gCOD/gVSS) resulted in a final pH lower than that 
recorded at the time of inoculation. Conversely, as SS-PAC loadings increased, the 
final pH exceeded the initial pH at inoculation. 
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Figure 20. Effects of increasing SS-PAC loading on the metabolism of mesophilic (a, c, e) and thermophilic (b, 
d, f) mixed cultures. The graphs a and b show the kinetic rates of CO, H2, CH4, formate, acetate, propionate and 
n-butyrate for each load of SS-PAC. The colours highlight increasing e-equivalence of the metabolites detected. 
Negative values indicate consumption. The bar-graphs c and d show the removal efficacies of some SS-PAC 
compounds clustered for each load of SS-PAC. The bar-graphs e and f illustrate the e-mol recoveries from sub-
strates (syngas fed and PAC) into products (methane, formate, acetate, propionate and butyrate). Error bars 
represent standard deviation among replicates (n=3). 

During the thermophilic co-fermentation of syngas and SS-PAC, phenolics and 
pyridine were removed from the fermentation broths (Figure 20d). The removal of 
m-cresol was very low.  

The higher syngas uptake rates at thermophilic temperatures than those ob-
served in mesophilic experiments contributed to higher e-mol recoveries from both 
syngas and SS-PAC. For instance, the peak e-mol recovery of 98.6±6.2% at a loading 
of 1.9 gCOD/gVSS was approximately three times higher than the corresponding mes-
ophilic experiment. Averaging across all conditions, T-SS-PAC fermentations recov-
ered 1.4-fold more e-mols than the M-SS-PAC experiments (Figure 20f). Similarly, 
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the thermophilic e-mol recovery from SS-PAC alone was, on average, about 50% 
higher than mesophilic e-mol recoveries (Additional file 3, Figure S3b). 

 

Figure 21. Total ammonium nitrogen (TAN) production rates and nitrate removal rates for mesophilic (a) and 
thermophilic (b) SS-PAC experiments. TAN production rates are red while nitrate removal rates are blue. The 
left Y-axis of graph a represents the scale for both M-SS-PAC and T-SS-PAC experiments. The right Y-axis of 
graph b represents the scale for both M-SS-PAC and T-SS-PAC experiments. Error bars represent standard de-
viation among replicates (n=3). 

When evaluating the e-mol balance between products (SCCs, methane and hy-
drogen) in comparison to syngas (excluding PAC), recoveries higher than 100% were 
consistently observed between SS-PAC loadings of 1.9 and 19.5 gCOD/gVSS (Addi-
tional file 3, Figure S4). This trend corroborates the fact that some products origi-
nate from the degradation of PAC components into SCCs. However, in both M-SS-
PAC and T-SS-PAC and at specific SS-PAC loadings higher than 19.5 gCOD/gVSS, the 
e-mol recoveries decreased below 100%. Mesophilic and thermophilic peak TAN 
production rates were 2.6±0.9 mM/d and 3.8±0.6 mM/d at 13.7 and 15.6 gCOD/gVSS, 
respectively (Figure 21a and Figure 21b). At the same SS-PAC loadings, SCCs pro-
duction rates were 10.5±1.2 e-mMSCCs/d and 10.1±1.6 e-mMSCCs/d. Nitrate was com-
pletely depleted in all of the fermentation media from both experimental sets. Sul-
phate, on the other hand, exhibited no significant changes between initial and final 
samples. 

4.3.2 Syngas and Polyethylene Plastics PAC co-fermentation 

The following results illustrate the biomethanation and e-mol recovery capa-
bilities of syngas and PE-PAC via anaerobic fermentations. The results from the 
mesophilic syngas and PE-PAC co-fermentation experiments (M-PE-PAC) will be 
presented first, followed by the thermophilic syngas and PE-PAC co-fermentation 
experiments (T-PE-PAC). In general, PE-PAC showed significantly higher toxicity 
to syngas conversion rates for both mesophilic and thermophilic mixed cultures 
compared to SS-PAC.  
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Figure 22. Effects of increasing PE-PAC loading on the metabolism of mesophilic (a, c, e) and thermophilic (b, 
d, f) mixed cultures. The graphs a and b show the kinetic rates of CO, H2, CH4, formate, acetate, propionate and 
butyrate for each load of PE-PAC. The colours highlight increasing e-equivalence of the metabolites detected. 
Negative values indicate consumption. The bar-graphs c and d show the removal efficacies of some PE-PAC 
compounds clustered for each load of PE-PAC. The bar-graphs e and f illustrate the e-mol recoveries from sub-
strates (syngas fed and PAC) into products (methane, formate, acetate, propionate, butyrate). Error bars repre-
sent standard deviation among replicates (n=3). 

At 37°C, CO uptake rates exhibited a linear decrease with increasing loadings 
of PE-PAC (Figure 22a). In control experiments, carboxydotrophic activity meas-
ured 8.9±0.2 e-mMCO/d but decreased to 4.4±0.6 e-mMCO/d at a PE-PAC specific 
loading of 2.8 gCOD/gVSS. Methanation rates, on the other hand, experienced a sub-
stantial reduction of approximately 90%, decreasing to 1.1±0.6 e-mMCH4/d at 2.8 
gCOD/gVSS PE-PAC compared to the 8.9±0.1 e-mMCH4/d observed in control experi-
ments. The PE-PAC loading causing 50% reduction of carboxydotrophic activity was 
2.8 gCOD/gVSS, whilst the IC50 for methanogenesis was 0.3 gCOD/gVSS. Hydrogen con-
sumption was detected in all conditions, with hydrogenotrophic rates decreasing 
linearly, paralleling the decline in methanogenic rates. 
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In mesophilic control fermentations, acetate and propionate constituted ap-
proximately 100% of the SCCs, with production rates of 4.1±0.2 e-mMAcetate/d and 
0.6±0.1 e-mMPropionate/d, respectively. Traces of butyrate were also detected. Co-fer-
mentation of syngas and PE-PAC enhanced acetate, propionate and butyrate 
productivities, reaching a peak cumulative value of 11.4±0.8 e-mMSCCs/d at 1.2 
gCOD/gVSS. Acetate selectivity progressively decreased in favour of propionate but al-
ways remained above 60%. Propionate selectivity, on the other hand, increased from 
about 12% of the control experiments to about 35% at 1.7 gCOD/gVSS. Formate pro-
duction was detected concomitantly to reducing methanation rates.  When consid-
ering PE-PAC components degradation, phenol was consistently removed from the 
fermentation media (Figure 22c). Between loadings of 0.3 to 0.9 gCOD/gVSS, the ini-
tial concentrations of p-cresol were below detection limit. At higher PE-PAC con-
centrations, p-cresol was completely removed from the fermentation broths. Similar 
to the removals obtained for SS-PAC, m-cresol showed minimal removal during the 
M-PE-PAC tests. 

The e-mol recovery for mesophilic control experiments was 79.2±2.4 % (Figure 
22e). During syngas and PE-PAC co-fermentation, the e-mol recovery decreased lin-
early at increasing PE-PAC loadings. At a loading of 0.3 gCOD/gVSS, the e-mol recov-
ery from syngas and PAC was at its highest (76.9±2.4%), while nearly 100% recovery 
was observed from PAC alone. Higher PE-PAC loadings hindered e-mol recovery, 
lowering it to 11.5±0.2% at 2.8 gCOD/gVSS.  

At 55°C, even the smallest PE-PAC loading of 0.3 gCOD/gVSS, caused a 50% re-
duction in CO uptake rates. Carboxydotrophic rates remained above 17 e-mMCO/d 
(a 66% reduction compared to thermophilic controls) up to 1.9 gCOD/gVSS. However, 
higher PE-PAC loadings led to a drop of CO uptake rates a drop to 7.5±0.1 e-mMCO/d 
at 2.8 gCOD/gVSS (about 80% inhibition). Methane was the primary metabolite, re-
gardless of the PE-PAC load (Additional file 3, Figure S5a). Similar to the T-SS-PAC 
tests, methanogenic rates were limited by CO oxidation kinetics and exogenous H2 
availability, resulting in an identical IC50 of 0.3 gCOD/gVSS for methanogenesis.  

In the control experiments, acetate, propionate and butyrate selectivities were 
about 59, 19 and 21%, respectively. Low PE-PAC loading favoured higher propionate 
ratios at the expenses of acetate but increasing PE-PAC loadings led to higher ace-
tate and butyrate ratios. Acetate production rates increased steadily from 3.2±0.2 e-
mMAcetate/d of the control experiments to 5.1±0.9 e-mMAcetate/d at 1.9 gCOD/gVSS. 
Higher PE-PAC loadings, on the other hand, progressively lowered the acetate 
productivity to 4.1±0.5 e-mMAcetate/d at 2.8 gCOD/gVSS. Propionate productivity fol-
lowed a trend similar to the one of acetate with decreasing rates after peaking to 
2.45±0.1 e-mMPropionate/d at 2.4 gCOD/gVSS. Traces of butyrate production were de-
tected at high PE-PAC loadings with the highest rate of 0.7±0.03 e-mMButyrate/d at 
2.8 gCOD/gVSS. Phenol showed stable removals, throughout all conditions (Figure 
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22d). Similarly to M-PE-PAC tests, between loadings of 0.3 to 1.2 gCOD/gVSS, initial 
p-cresol concentrations were too low to be detected. At higher PE-PAC loadings, p-
cresol was completely removed from the fermentation broths. No consistent re-
moval of m-cresol was detected.  

High PE-PAC loadings resulted in the accumulation of acetate, propionate and 
butyrate in the fermentation medium possibly resulting from the degradation of PE-
PAC compounds (Additional file 1, Figure S5b). Thermophilic temperatures im-
proved energy recovery from both syngas and PE-PAC exhibiting e-mol recoveries 
on average two times higher than the M-PE-PAC experiments. The highest e-mol 
recoveries from syngas and PE-PAC were 99.8%, 86.8% and 90.2%, recorded at low 
PE-PAC loadings ranging between 0 to 0.5 gCOD/gVSS. Higher PE-PAC loadings pro-
gressively lowered the e-mol recovery to about 25% at the PE-PAC loading of 2.8 
gCOD/gVSS. Similarly, the thermophilic mixed cultures recovered 72.6% of the e-mol 
of PE-PAC at 0.3 gCOD/gVSS but recoveries decreased to about 26% at PE-PAC load-
ings of 2.8 gCOD/gVSS (Additional file 3, Figure S7b). 

4.4 Discussion 

4.4.1 PACs inhibition on anaerobic mixed culture metabolism 

Total ammonium nitrogen, phenolics and N-heterocycles are among the com-
ponents of SS-PAC that may have contributed in a synergic manner to the inhibition 
of methanogenic and carboxydotrophic activity. A study examining the methane 
production during the anaerobic digestion of a PAC (with COD>200 g/L and ap-
proximately 63 gTAN/L), derived from a non-catalyzed pyrolysis of sewage sludge, 
reported severe methanogenesis inhibition at PAC loads of 2.3 gCOD/L. Although the 
specific PAC load was not mentioned, the mixture of compounds such as phenol, 
cresol, ethylbenzene and styrene, among others, was considered the primary cause 
of inhibition [24]. Similarly, a 6% load of a wastewater (89 gCOD/L and 10.1 gTAN/L) 
from the hydrothermal liquefaction of cyanobacteria inhibited of 50% the methano-
genic activity of an anaerobic sludge [50]. In this work, PAC loads completely inhib-
iting methanogenesis were 22.2 gCOD/L for both the mesophilic and thermophilic 
conditions. The lower toxicity of the SS-PAC used in this study may be the result of 
a different PAC composition resulting from pyrolysis process condition and waste 
type. Even though some phenolic compounds detected in this SS-PAC are toxic and 
inhibit microbial activity, their concentrations in the raw SS-PAC are below previ-
ously reported IC50 values for methanogenesis [291], [297]. Similarly, some N-het-
erocycles, such as triacetoneamine and 2-pyrrolidinone can cause a synergistic cy-
totoxicity only when mixed [78]. Among the other toxic compounds present in this 
SS-PAC, TAN is the only one at concentrations that have been previously reported 
to inhibit methanogenesis. In this work, a reduction of at least 80% of methanogenic 
activity was detected at SS-PAC loadings of 9.8 gCOD/gVSS with 575.6±26.4 mMTAN 



Energy recovery potential from other pyrolysis aqueous condensates  

78 

(equivalent to 10.4±0.5 gTAN/L) under both mesophilic and thermophilic conditions. 
TAN and FAN are well known microbial inhibitors of anaerobic digestion processes 
[298], [299]. Consistent with the findings obtained here, studies examining the ef-
fects of increasing TAN concentrations on the anaerobic digestion of calcium acetate 
found that 9 gTAN/L caused a 90% reduction of methane production rates compared 
to control experiments with no additional TAN [24]. Similarly, 10 gTAN/L (with a pH 
ranging between 7.4 and 7.6) inhibited approximately 90% of the specific methano-
genic activity of an anaerobic granular sludge [300]. Another study evaluating TAN 
inhibition of H2/CO2 methanation reported that 7 gTAN/L (at a pH of about 8) inhib-
ited methane yield by 41% and 22.3% in mesophilic and thermophilic conditions, 
respectively [301]. Here, a higher FAN to TAN ratio (approximately 3.2 times 
higher), as consequence of the higher temperatures of the thermophilic conditions, 
may have caused the stronger inhibition observed compared to mesophilic condi-
tions. FAN is generally considered more toxic than the ammonium ion and FAN 
concentrations ranging from 0.15 up to 1.2 gFAN/L were recorded to be severely toxic 
to anaerobic digestion [299]. FAN toxicity alters intracellular pH, increasing 
maintenance energy requirements to balance pH and depleting intracellular potas-
sium reservoirs [302]. 

Numerous studies have documented an accumulation of SCCs during anaero-
bic digestion processes under TAN stress, suggesting for a potentially higher toler-
ance of fermentative bacteria compared to methanogens [301], [303]–[305]. Con-
sistent with those findings, in this work carboxydotrophic activity and carboxylates 
production persisted at higher SS-PAC loads than methanogenesis, especially at 
mesophilic conditions. This competitive advantage may be correlated to the Gibbs 
free energy of the involved metabolic reactions [306]. However, the resistance of 
homoacetogens to high TAN concentrations appears to be specie specific and may 
involve direct inhibition of specific enzymatic reactions such as hydrogenases. High 
TAN concentrations showed a non-competitive type of inhibition to the hydrogen-
ase activity of Clostridium ragsdalei when grown on syngas [307]. Five grams per 
litre of TAN (at pH 6) inhibited the growth and CO uptake of C. autoethanogenum, 
C. ljungdahlii and C. ragsdalei in batch bioreactor fermentations fed with a syn-
thetic syngas mixture [308]. On the contrary, 10 gTAN/L did not affect the growth 
and CO consumption of C. carboxidivorans in batch fermentations while 5 gTAN/L 
doubled CO oxidation rates compared to control results [309].  

In general, high TAN concentrations in anaerobic digestion processes have 
been reported to favour syntrophic acetate oxidation and hydrogenotrophic meth-
anogenesis over acetoclastic methanogenesis [296], [303], [310]–[312]. Therefore, 
process recovery and tolerance to TAN toxicity can be enhanced through bioaug-
mentation with syntrophic acetate-oxidizing bacteria and/or hydrogenotrophic 
methanogens  [41], [312], [313], or by supplementing exogenous H2 as a substrate 
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to methanogens  [301]. However, it is not clear whether in this work exogenous H2 
supplementation from syngas (or endogenous H2 production from the water gas 
shift reaction) contributed to alleviate ammonium toxicity. 

Despite having a lower COD compared to SS-PAC, PE-PAC exhibited higher 
toxicity. This increased toxicity was likely a consequence of its composition and con-
centrations of compounds. Many of the components of PE-PAC are known to be 
toxic to microorganisms. For instance, phenol, o-cresol, m-cresol, benzene and ben-
zonitrile exhibited IC50 values for methanogenesis of 2.1, 0.9, 1.2 and 1.1 g/L, re-
spectively [297]. Phenol alters membrane proteins and cell wall permeability and its 
toxic impacts to anaerobic digestion are well documented [314]. Cyclopentanone, at 
a concentration of 1 g/L, inhibited methane production from acetate by 21% [315]. 
Furthermore, 1,4-dioxane compromises cell membrane integrity. At 2 g/L, it re-
duced the specific activity of an anammox microbial consortium by 55% [316]. Like 
SS-PAC, none of the organic compounds in PE-PAC was present at concentrations 
high enough to be considered a primary inhibitor and, accordingly to other works, 
the overall toxic effects may have been enhanced the synergistic effect of the multi-
ple toxicants present in PE-PAC [73]–[77]. 

4.4.2 PAC components degradation and energy recovery 

In addition to defining the extent of inhibition, the composition and loading of 
PAC greatly influenced the energy (i.e., electron equivalents) recovery potential. 
Sewage sludge-derived PAC exhibited lower toxicity to carboxydotrophic rates than 
PE-PAC, however it was recalcitrant to bioconversion. Conversely, despite the 
strong inhibition caused to CO conversion rates, PE-PAC showed high e-mol recov-
eries. Furthermore, thermophilic conditions enhanced the e-mol recovery.  

The degradation of PAC components in anaerobic cultures is subject to various 
influencing factors, including the source of inoculum (i.e., microbial composition), 
the molecular weight of PAC components, process operating conditions and the 
presence of other compounds [67]–[70]. Low PAC concentrations can provide nu-
trients to microbial activity where many toxic components can act as substrates  
[50], [51]. Energy recovery from sewage SS-PAC into methane and SCCs likely re-
sulted from the degradation of phenol, guaiacol and cresol, for instance. Conversely, 
nitrogen heterocyclic compounds and amides, despite being the most abundant 
components of SS-PAC, are considered recalcitrant to anaerobic degradation [24], 
[70], [71], thus diminishing overall energy recovery potential from this substrate 
[20]. However, there are documented instances of anaerobic degradation of certain 
N-heterocyclic components, such as pyridine, into carboxylates and methane [69], 
[76], [85], [86]. The efficacy of N-heterocycles removal is also affected by the pres-
ence of other compounds. For example, another work reports of pyridine degrada-
tion inhibition at phenol concentrations exceeding 400 mg/L [81]. Pyridine can un-
dergo hydroxylation, ring cleavage between C1-C3, opening of the nitrogen ring and 
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release of ammonium with formic and succinic acid as intermediate metabolites of 
its degradation. Methane was then produced directly from formic acid or from the 
acetate produced via succinic acid [76], [86]–[88]. Increasing TAN concentrations 
are considered reflection of the degree of degradation of N-heterocyclic compounds.  
For instance, TAN concentrations in the effluent from the anaerobic digestion of 
hydrothermal liquefaction wastewater of algal biomass were approximately 6 times 
higher compared to the influent stream and were assumed to be the result of N-
heterocycles degradation [77]. Similar results were obtained in this work, where the 
production of TAN in both mesophilic and thermophilic SS-PAC processes may cor-
roborate the degradation of N-heterocycles such as pyridine. Alternatively, a part of 
the TAN generated here may also derive from the degradation of proteins released 
in the fermentation broth from cell lysis following inoculation. In previous attempts 
to improve the anaerobic degradability of N-heterocyclic compounds, nitrate sup-
plementation was shown to enhance the anaerobic degradation of compounds such 
pyridine while serving as electron acceptor [70], [317]. At high SS-PAC loads, con-
current nitrate removal, pyridine degradation and electron balances below 100% 
may suggest the occurrence of analogous mechanisms in this work, where the nitrate 
in SS-PAC acted as an electron acceptor and may have facilitated pyridine degrada-
tion. 

In PE-PAC experiments, similarly to SS-PAC, phenol and cresol accounted for 
about 40% of the initial COD and their degradation possibly contributed to the 
higher energy recoveries. Knowledge about the anaerobic phenol and cresol degra-
dation is already available and was reported to occur also in un-acclimatised anaer-
obic microbial consortia [50], [295]. For instance, removal efficiencies of cresol 
ranging from 10% to 60%, depending on pyrolysis temperature, were observed dur-
ing biochemical methane potential studies of the aqueous phase from solid digestate 
at 40°C [84]. One hundred milligram per litre of phenol where completely removed 
in 10 days during specific methanogenic activity tests at thermophilic conditions 
[318]. In the same work, inoculum acclimation to phenol improved removal to 378 
mg/L/d. The low m-cresol removal recorded in this work was possibly result of the 
complexity of the PAC and the presence of various compounds, impeding higher re-
moval efficacies. In an anaerobic UASB fed with a wastewater containing 900 mg/l 
of phenol and 320 mg/l of m-cresol, removal efficiencies as high as 98% and 20% 
were recorded for phenol and m-cresol, respectively, but phenol availability was 
considered limiting m-cresol removal [79]. Vice versa, m-cresol highly affected phe-
nol biodegradation in another work [80]. On the other hand, in a methanogenic an-
aerobic continuous reactor fed with 150 mg/L phenol and with 35 mg/L of o- and p-
cresol (0.25 days hydraulic retention time and a loading rate of 880 mg/L/day), a 
98% removal rate was recorded for all substrates [82]. The likelihood of anaerobic 
degradation of other PE-PAC components such as benzene, cyclopentanone, benzo-
nitrile, 2-chloroethanol and 1,4-dioxane seems improbable in this study. Although 
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reports of anaerobic degradation for some exist, it is very slow, requires long adap-
tation times or more selected microbial consortia [316], [319]–[321]. 

Reports of syngas co-fermentation with wastewaters from thermochemical 
processes are limited. For instance, during the continuous fermentation of syngas 
and increasing loadings of PAC derived from the pyrolysis of fir sawdust in a meso-
philic biochar-packer bioreactor, the acclimatized microbiota recovered an average 
of 82% COD, yielding 45% of the COD input into carboxylates. Approximately 46% 
of the CO fed was consumed, but syngas accounted for only 5% of the total COD 
input. While the unreacted/recalcitrant COD fraction from PAC in the effluent was 
estimated between 25% to 52% [100]. Here, at low PACs loading, syngas was the 
substrate with the highest conversion rates. However, higher PAC loadings resulted 
in greater inhibition of syngas conversion rates compared to PAC conversion rates. 
The increased availability of PAC components may have favoured microorganisms 
capable of utilizing them as carbon and energy sources. Nevertheless, higher PAC 
loads inhibited degradation and energy recovery from PAC too. Similarly to the find-
ings of this study, increasing loads (from 10% to 50%) of a post-hydrothermal lique-
faction wastewater decreased the COD removal rates (from 76.8% to 36.8%) during 
their anaerobic digestion and were linked to the increasing toxicity and recalcitrant 
compounds such as N-heterocycles [74]. Continuous processes allow for the accli-
mation of the inoculum and the enrichment of specific trophic group, leading to 
higher COD recoveries at higher wastewater loads. For instance, energy and carbon 
recoveries as high as 79% were recovered into biohythane (i.e., a mixture of hydro-
gen gas and methane) from the anaerobic degradation of furfural, phenolics and N-
heterocycles present in the post hydrothermal liquefaction wastewater of corn stalk 
[66]. Compared to other studies [66], [74], [100], the e-mol recovery achieved at low 
PAC loads in this study was relatively high for an un-acclimated inoculum and such 
short fermentation time. Here, syngas co-fermentation may have contributed to im-
prove energy recovery providing extra electron donors such as CO and H2 to the 
degradation of PAC components into CH4, H2 or SCCs. Hydrogen partial pressure of 
0.8 atm were reported to enhance phenol removal rates by 42% by promoting the 
syntrophic associations between Syntrophorhabdus, a phenol degrader, and meth-
anogens during the anaerobic fermentation of phenol at high TAN concentrations 
(up to 8 grams) [322].  

Furthermore, similar to the effects of amendments such as zeolite or biochar 
observed during the anaerobic digestion of other PACs [50], [95], [97], [100], [106], 
the clays and silts present in the non-volatile solid fraction of the inoculum used in 
this work may have enhanced process performances by improving the detoxification 
activity of microorganisms or even absorbed PAC compounds [323]–[325].  
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4.5 Conclusions 

Recovering energy from anthropogenic and post-consumer wastes is essential 
to maximize resources circularity whilst minimizing environmental impacts. In this 
study, we proved the potential of mesophilic and thermophilic anaerobic mixed cul-
tures to simultaneously ferment syngas and components of PACs derived from the 
pyrolysis of sewage sludge and mixed polyethylene plastics. However, origin and 
composition of the PAC influenced process performances and e-mol recovery. Com-
paratively, while sewage sludge-derived PAC showed lower toxicity towards carbox-
ydotrophic activity compared to its polyethylene plastic counterpart, its components 
were resistant to degradation, resulting in reduced e-mol recovery. Conversely, de-
spite its high toxicity, anaerobic mixed cultures successfully degraded some compo-
nents of polyethylene plastic-derived PAC, leading to high e-mol recoveries from 
PAC. Products of the co-fermentations such as methane or carboxylates could be 
used either as energy carrier or intermediate metabolites in secondary fermentative 
processes, respectively. Future research should focus on the evaluation of the feasi-
bility of the co-fermentation in continuous cultivation and on the identification of 
technologies that will improve the energy recovery potential and reduce PAC tox-
icity. 
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Area of unknown peaks = 6.70E+06 (23.2 %). Error bars represent standard devia-
tion among replicates (n=2). Table S5. Conversion factors for electron balances. Fig-
ure S1. Total ammonium nitrogen (TAN), free ammonia nitrogen (FAN), and nitrate 
concentrations [mM] at inoculation conditions for M-SS-PAC and T-SS-PAC exper-
iments. Error bars represent standard deviation among replicates (n=3). Figure S2. 
Final average pH from fermentation at increasing sewage sludge PAC loadings. Er-
ror bars represent standard deviation among replicates (n=3). Figure S3. e-mol re-
coveries from SS-PAC calculated as described in Eq.2 for M-SS-PAC and T-SS-PAC 
experiments. Error bars represent standard deviation among replicates (n=3). Fig-
ure S4. The graphs a and b show the e-equivalents balance [e-molproducts/e-molsyn-

gas,fixed] for each load of SS-PAC. Values above 100 % indicate that the sum of the e-
mol in the products is higher than the e-mol consumed from syngas. Error bars rep-
resent standard deviation among replicates (n=3). Figure S5. The graphs a and b 
show the e-equivalents balance [e-molproducts/e-molsyngas,fixed] for each load of PE-
PAC. Values above one indicate that the sum of the e-mol in the products is higher 
than the e-mol consumed from syngas. Error bars represent standard deviation 
among replicates (n=3). Figure S6. Final average pH from fermentation at increas-
ing mixed PE plastics PAC loadings. Error bars represent standard deviation among 
replicates (n=3). Figure S7. e-mol recoveries from SS-PAC calculated as described 
in Eq.2 for M-SS-PAC and T-SS-PAC experiments. Error bars represent standard 
deviation among replicates (n=3). 
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5.1 Introduction 

The fast pyrolysis of lignocellulosic biomass generates bio-char, bio-oil and 
two by-products: pyrolysis syngas and pyrolysis aqueous condensate (PAC). These 
by-products contain up to 60% of the carbon of the original biomass [22], [106]. 
Their composition varies depending on the source material and the pyrolysis pro-
cess conditions, such as the residence time, pressure, temperature and heating rate 
[317]. Generally, pyrolysis syngas consists of CO, CO2, CH4, H2, with low concentra-
tions of alkanes and alkenes. Syngas fermentation by acetogenic microorganisms is 
an attractive technology because it has the potential to reduce carbon emissions 
from C1-rich exhaust gases while simultaneously producing valuable platform 
chemicals or biofuels. Axenic processes (i.e., fermentation processes using pure cul-
tures) have been already established at the industrial level, and ongoing research is 
focused on process optimization and strain development to improve the potential of 
this technology [326]. On the other hand, PAC contains high concentrations of or-
ganic acids, phenolics, aldehydes, ketones, furans, N-heterocyclic and other hazard-
ous compounds. Some PAC components are harmful even at low concentrations, 
making PAC a challenging substrate for biological conversion [20], [22], [72]. None-
theless, new technological developments are necessary to improve the overall effi-
ciency of the pyrolysis process, maximizing the recovery of carbon and energy stored 
in syngas and PAC. 

Techno-economical assessments have highlighted the potential of integrating 
thermochemical and biological processes to improve carbon and energy recovery 
and to minimize the environmental impact of agricultural wastes [174], [177]–[180]. 
In recent studies focusing on the biochemical conversion of some PAC components, 
researchers combined physiochemical pre-treatments with axenic fermentations to 
produce a wide range of products [60], [64], [65], [327], [328]. Others have utilized 
the diversity and functional redundancy of the microbial network in the anaerobic 
digestion process to convert PAC components into biogas. However, methanogene-
sis was severely inhibited by the toxicity of PAC, leading to the accumulation of 
short-chain carboxylates in the medium [84], [100]. To improve methane produc-
tion, recent efforts have successfully employed community enrichment or biochar 
amendments [20], [24], [95]–[97], [72], [73], [84], [89], [91]–[94]. The taxonomic 
profiling of the anaerobic communities acclimatized to different PACs highlighted 
the relevance of syntrophic and acidogenic microorganisms during PAC compo-
nents degradation [68], [73], [105], [76], [83], [99]–[104] and their enrich-
ment/bio-augmentation might be a possible strategy to improve PAC degradation 
and methane production [106].  

In an alternative approach to waste methanation, acetate and other carboxylic 
acids are the primary products of anaerobic fermentation and could subsequently 
be utilized as feedstock in secondary bioprocesses. Methane is the most favored 
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product with the lowest free energy content per electron ensuring the highest carbon 
and energy recovery from organic wastes [120], [121]. Thus, methane-arrested an-
aerobic fermentation for carboxylate production is only achievable by using specific 
methanogenesis inhibitors [135], [136] or by a specific process design that sup-
presses the competitiveness of methanogenic pathways [137]. For instance, re-
searchers have been using CO at high partial pressures [49], [116], [138] to inhibit 
methanogens or low pH to increase the concentrations of undissociated carboxylic 
acids [139], [140]. Some other studies successfully attempted to exploit the toxicity 
of PAC to inhibit or mitigate methanogenic microorganisms, allowing for carbon 
and energy recovery from PAC and syngas into carboxylates [100], [295]. Acetate 
and other carboxylic acids can be used as intermediate substrates in two-stage (an-
aerobic to aerobic) biological processes to produce high value chemicals from syngas 
and wastewaters. Combining two bioprocesses into sequential fermentations with 
carboxylates as intermediates is considered a promising approach for the produc-
tion of high-energy-density and high-value chemicals from waste streams [144], 
[148], [329]–[333]. However, when dealing with biological processes to treat toxic 
wastewater, the success of the second fermentation stage depends on the detoxifica-
tion achieved in the first stage. Besides improving toxicant removal rates in the first 
stage, the selection of appropriate microorganisms for the second stage might affect 
process performance and carboxylate conversion rates [295]. Fungi have been re-
ported to be the microorganisms most tolerant to the oil fraction of the condensates 
from pyrolysis [57], and the tolerance of Aspergillus oryzae to PAC and some se-
lected PAC components has been characterized before [63], [166], [295]. A. oryzae 
is known for its metabolic versatility to grow on sugars and carboxylic acids present 
in various waste streams for the production of single cell proteins [158], [159], [165], 
[334] or L-malate [156], [161], [293], among other chemicals. L-malate has a wide 
array of applications, ranging from taste-enhancer in the food industry to biopoly-
mer production [162]. In 2004, L-malate was regarded as one of the 12 most im-
portant biomass-derived biochemical [163]. In 2020, the annual global L-malate 
production was estimated to be around 80,000 to 100,000 tons, whilst the market 
demands up to 200 000 tons per year, a value expected to increase in the following 
years [162]. L-malate production from non-food feedstock could be an economical 
and efficient way to meet market needs [164]. L-malate production from PAC was 
viable only after an extensive physiochemical detoxification process [63], [167]. Bi-
ological detoxification via anaerobic mixed cultures, on the other hand, has been 
proven to be a valid alternative to reduce PAC components’ toxicity below inhibitory 
levels whilst producing carboxylic acids [295]. 

However, very limited knowledge is available about the continuous co-fermen-
tation of syngas and PAC by anaerobic mixed cultures in stirred tank reactors (STRs) 
for short-chain carboxylates production. In this work, a two-stage sequential fer-
mentation process was tested, where the products of the anaerobic fermentation of 
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syngas and PAC were valorized to produce L-malate with A. oryzae. Two mesophilic 
(37°C) and thermophilic (55°C) enrichment processes were run in identical semi-
continuous STRs at slightly acidic pH and increasing PAC loading rates to evaluate 
the effects of temperature and PAC on the process performances and on the micro-
bial community composition. In the second stage, the effluent from the first-stage 
fermentation was inoculated with A. oryzae to grow on the acetate, propionate and 
butyrate to produce L-malate.  

5.2 Materials and Methods 

5.2.1 Inocula and PAC  

The anaerobic sludge was collected at a biogas reactor treating cow manure 
and handled as described in a previous work [295]. The total solids, total fixed solids 
and total volatile solids of the anaerobic sludge were 79.6 ± 0.5 g/L, 26.1 ± 1.1 g/L, 
and 53.5 ± 0.7 g/L, respectively, as determined following Method 1684 [201]. A. o-
ryzae DSM 1863 was provided by the DSMZ strain collection (Deutsche Sammlung 
von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). The lig-
nocellulose PAC was generated during the fast pyrolysis of miscanthus at the BioLiq 
plant (Karlsruhe Institute of Technology, Karlsruhe, Germany). The GC-MS analysis 
of the PAC performed by the Thünen Institute of Wood Research (Hamburg, Ger-
many) is available in the Additional file 4 (Table S1).  

5.2.2 Mixed Culture Enrichments 

The enrichments were performed in two identical 2.5 L semi-continuous 
stirred tank reactors (Minifors, Infors HT, Bottmingen, Switzerland) with a working 
volume of 1.5 L. The bioreactor design was already optimized for gas fermentation 
[148]. The cultivations were carried out at 37°C or 55°C, 500 rpm, pH 5.5, and at-
mospheric pressure. The pH was monitored online with an EasyFerm Plus PHI K8 
225 (Hamilton Bonaduz AG, Bonaduz, Switzerland) and controlled with 4 M NaOH 
or 4 M H3PO4 solutions. Changes in the oxidation-reduction potential of the broth 
were measured with the ORP sensor Polilyte Plus ORP Arc 225 (Hamilton Bonaduz 
AG, Bonaduz, Switzerland) and used as an indicator of metabolic activity and to con-
trol for air contamination. A synthetic syngas consisting of about 3 kPa H2, 25 kPa 
CO2, and 20 kPa CO in N2 was fed at a gassing rate of 18 mL/min (0.012 vvm). The 
gases were controlled individually via mass flow controllers (red-y smart series, 
Vögtlin, Muttenz, Switzerland), and injected via a micro-sparger into the vessel. The 
fermentation broth and the feed were composed of a modified basal anaerobic (BA) 
medium and PAC. The composition of the modified BA medium is available in the 
Additional file 4. The BA medium for the feed bottles was poured into 2 L glass bot-
tles (Schott AG, Mainz, Germany), autoclaved, flushed and pressurized with N2 up 
to 0.5 bar to make it anoxic and prevent oxygen leaks. One milliliter per liter of a 
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100 g/L cysteine solution was added into the feed bottles as a reducing agent and 
sulfur source. After autoclaving, the feed bottles and the bioreactors were connected 
by platinum-cured silicone tubing of 1.6 mm wall thickness (Watson Marlow, Ber-
genfield, New Jersey, USA). The PAC was poured into a 2 L glass bottle, made an-
oxic, and stored at 4°C. During continuous operations, the BA medium and PAC 
were injected at the same time of the day to achieve a total average feed rate of 75 
mL/d, resulting in a hydraulic retention time (HRT) of 20 days. Depending on the 
PAC loading, the required volume of PAC was withdrawn from the bottle with a sy-
ringe and then injected into the bioreactor via a silicon septum on the head plate of 
the bioreactor. The PAC loadings in the feed were 1 % (2.53 gCOD/L), 2 % (5.06 
gCOD/L), 3 % (7.59 gCOD/L), 4 % (10.13 gCOD/L), 5 % (12.66 gCOD/L), 6 % (15.19 
gCOD/L). Additional information about the feed composition and load (of syngas and 
PAC) are available in the Additional file 4 (Table S2). Except for PAC loadings of 1 
% and 2 %, each loading of PAC was maintained constant for a period corresponding 
to at least 40 days (i.e., twice the HRT).  

Before the first inoculation, 15 mL PAC (1 % v/v) was injected into the biore-
actors and the pH was adjusted to 5.5. Both bioreactors were inoculated with 400 
mL inoculum (27 % v/v). Only after the first inoculation, due to the buffering capac-
ity of the inoculum, the pH rose up to 6.7 but lowered naturally at 0.1 per day to the 
desired pH of 5.5. 

If both the CO partial pressure at the gas outlet and the ORP value were in-
creasing close to 20 kPa and above -100 mV, respectively, then the bioreactor was 
re-inoculated with the original inoculum to reach about 12 g/L of total suspended 
solids (TSS). If any of the bioreactors required several inoculation events, the TSS 
was controlled in the range of 8 to 12 g/L by weekly re-inoculations with on average 
of 75 mL of inoculum. The TSS and volatile suspended solids (VSS) were determined 
as explained in the Additional file 4. 

5.2.3 Bioreactor Sampling and Analytical Methods 

Five milliliters of the liquid phase of the bioreactors were sampled daily, col-
lected in 15 mL pre-weighed Falcon tubes, and centrifuged at 14,000 x g for one 
hour. 

The supernatant was collected, filtered, and stored at -20°C for later analyses. 
The pellet was dried for 24 hours at 80°C and used to determine the total suspended 
solids. The concentrations of formate, acetate, propionate, n-butyrate (from here 
onwards defined as short-chain carboxylates, SCCs), L-malate and ethanol together 
with the concentrations of few selected PAC components (furfural, phenol, guaiacol, 
and o-, m-, p-cresol) were determined by a high-performance liquid chromatog-
raphy (HPLC) device run as described previously [295]. 
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The online determination of the fractions of CO, H2, CO2, N2, O2, and CH4 in 
the gas phase of the bioreactors was performed via gas chromatography (GC) using 
a GC-2010 Plus AT (Shimadzu, Japan) with a thermal conductivity detector 
equipped with a ShinCarbon ST 80/100 column (2 m × 0.53 mm ID, Restek, Ger-
many) and an Rtx-1 capillary column (1 µm, 30 m × 0.25 mm ID, Restek, Germany) 
with helium as carrier gas. Assuming N2 to be biologically inert and the inflowing 
gas composition constant throughout the whole fermentation period, it was possible 
to compute the molar consumption and production of gaseous substrates and prod-
ucts via the ideal gas law as explained in a previous work [148]. Electron mole (e-
mol) recovery was used to calculate the chemical fluxes in the process. The e-mol 
recovery is the ratio between the daily cumulated e-mol production of H2, CH4, for-
mate, acetate, propionate and butyrate and the daily e-mol fed into the bioreactors 
as syngas and PAC. Further details of the calculations are described in the Additional 
file 1. Table S3 in the Additional file 1 lists the metabolites and their conversion fac-
tors for the e-mol recoveries. All the other calculations are available in the Addi-
tional file 4. 

5.2.4 Microbial Community Analysis and Statistical Evaluation 

Every 20 days or before and after any inoculation event, technical duplicates 
of 2 mL of fermentation broth were sampled and centrifuged for 30 min at 17,000 x 
g. After discarding the supernatant, the pellet was re-suspended in 1 mL phosphate-
buffered saline solution (pH 7.4). The pellets from both samples were combined and 
centrifuged for another 30 min at 17,000 x g. The pellets were stored at -20°C. De-
tails on the procedures for DNA extraction, sample purification, PCR, and descrip-
tion of the amplification primers are described previously [136]. Amplicon sequenc-
ing of the 16S rRNA (region V3-V4) and mcrA genes was done using the Illumina 
MiSeq platform. Library preparation for the visualization of the microbial commu-
nity and elaboration of Spearman correlations was performed as described in an-
other work [125]. The raw sequence data without adapters used in this study has 
been deposited in the European Nucleotide Archive (ENA) under the study acces-
sion number PRJEB72504 (http://www.ebi.ac.uk/ena/data/view/PRJEB72504). 

5.2.5 Aspergillus oryzae Batch Fermentations 

At every increase in PAC loading, 50 mL broth were withdrawn from the bio-
reactors and centrifuged for 1 hour at 14,000 x g. The pH of the supernatant was 
corrected to 6.5 with 4 M NaOH solution. Nine milliliters of the supernatant to-
gether with 1 mL BA medium were poured into 100 mL baffled Erlenmeyer flasks 
and inoculated with 0.1 mL of A. oryzae conidia (spore concentration of 3 × 107 
spores/mL). The shaking flasks were incubated at 30°C and 100 rpm. The aqueous 
phase (0.2 mL) was sampled daily and controlled for pH; the concentrations of SCCs 
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and L-malate concentrations were determined with HPLC. All fermentations with 
A. oryzae were performed in triplicates.  

5.3 Results 

Initially, syngas and PAC were co-fermented by two mixed microbial cultures 
at 37°C and 55°C in semi-continuous STRs to test the carbon and energy recovery 
potential from the two pyrolysis process streams. Some samples of the supernatant 
of the fermentation broth from the bioreactors were inoculated with A. oryzae to 
produce L-malate from the carboxylates. 

5.3.1 Mesophilic co-fermentation of Syngas and PAC 

Overall, the mesophilic reactor showed stable performance throughout most 
of the fermentation period. Figure 1 reports the combined graphs of the relevant 
parameters for the mesophilic reactor treating syngas and PAC at increasing PAC 
loadings. CO consumption started ten days after the inoculation of the reactor. After 
peaking at 4.2 mM/h on day 15, CO consumption rates were about 3 mM/h until day 
145 (Figure 23a). Concomitantly, exogenous H2 consumption remained relatively 
stable at about 0.45 mM/h. No methane production was detected. The redox poten-
tial of the medium ranged between -360 to -380 mV (Additional file 4, Figure S1a). 
The partial pressures of CO and H2, together with redox potential and the pH of the 
medium are shown in the Additional file 4 (Figure S1b). From day 20 to day 145, CO 
partial pressure averaged to about 10 kPa while the H2 partial pressure did not ex-
ceed 3 kPa. Acetate and ethanol were the primary metabolites detected in the fer-
mentation broth (Figure 23b), with selectivities ranging between 44-92% and 2-
42%, respectively. From day 150 on, the acetate concentration increased to about 
350 mM within less than ten days. Small amounts of butyrate (up to 30 mM) were 
detected between days 120 and 150. Small amounts of propionate were also found. 
The concentrations of undissociated acids are shown in the Additional file 4 (Figure 
S1c). Acetic acid concentration never exceeded 60 mM while butyric acid concentra-
tion was always below 10 mM. Phenol, furfural and guaiacol removal reached effi-
cacies higher than 80% within the first 40 days of fermentation and remained stable 
until the end of the fermentation (Figure 23d). The cumulative removal of o-, m-, p-
cresols was negative. m- and p-cresols were produced, whereas o-cresol was the only 
cresol that showed consistent removal efficacy (Additional file 4, Figure S1c). Be-
tween day 10 and day 120, the mesophilic enrichment recovered on average about 
50% into SCCs and ethanol of the total e-mol of syngas and PAC fed daily (Figure 
23c). For the mesophilic process, the e-mol recovery accounts for SCCs only as prod-
ucts (H2 is a substrate), not including longer-chain carboxylates (with high electron 
equivalents) and biomass production. From about day 120, the e-mol recovery de-
creased to values close to 0 on day 145. Then, the CO consumption rates decreased 
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sharply concomitant with an increase of the redox potential to about –150 mV. This 
result suggests that the carboxydotrophic portion of the reactor microbiota (i.e., mi-
crobes contributing to CO consumption) underwent severe stress. Decreasing CO 
consumption rates were not accompanied by changes in the PAC components re-
moval, which remained somewhat constant. To recover syngas metabolism, the fer-
menter was re-inoculated with about 350 mL of inoculum (sufficient to reach at least 
12 gTSS/L) to increase biomass concentration and microbial diversity within the bi-
oreactor. About four days after the first re-inoculation event, CO consumption rates 
recovered. From day 150, the amount of VSS was maintained within 1 to 5.6 g/L by 
regular re-inoculations (Additional file 4, Figure S1d). After 195 days, CO and H2 
conversion rates dropped to zero and never recovered, suggesting that PAC loads of 
15.19 gCOD/L/d are too high to maintain carboxydotrophic activity.  

From day 20 to day 150, the reactor microbiota (Figure 23e) was dominated by 
five amplicon sequencing variants (ASVs) (ASV 002, 005, 010, 012 and 023) belong-
ing to Clostridium sensu stricto 12 (over 90% abundance), a genus that comprises 
acetogenic microorganisms such as Cl. ljungdahlii and Cl. autoethanogenum. Other 
microorganisms enriched during this period were belonging to the genera Anaero-
coccus (ASV 018) and Caproiciproducens (ASV 028). From about day 100, the cu-
mulative relative abundance of Anaerococcus and Caproiciproducens spp. in-
creased up to about 10% at the expense of Clostridium sensu stricto 12. At the same 
time, acetate and ethanol concentrations decreased whilst butyrate concentration 
increased.  

Increasing abundance of Anaerococcus and Caproiciproducens coincided with 
the decrease in e-mol recovery. From day 150, the abundance of Firmicutes 
DTU014, Limochordia MBA03, Caldicoprobacter (ASV 018) and two unclassified 
Limnochordia species (ASV 016 and 019) increased as results of the weekly re-inoc-
ulations. Similarly, Clostridium sensu stricto 12 and Caproiciproducens abundance 
recovered up to about 40% and about 5%, respectively. 
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Figure 23. Fermentation profile of the mesophilic process. Top x-axis marks the PAC loading, bottom x-axis 
shows the elapsed fermentation time (EFT). The red bar indicates the period of weekly re-inoculations. (a) Con-
sumption and production rates of gaseous compounds. Negative values indicate consumption. (b) Formate, ac-
etate, propionate and butyrate (SCCs) and ethanol concentrations in the fermentation broth. Acetatetheoretical,PAC 
is the theoretical acetate concentration from PAC. (c) Daily e-mol recovery into products from syngas and PAC 
fed; daily ratio of e-mol of PAC in the feed to total e-mol of syngas and PAC fed (brown). (d) Removal efficacies 
of selected PAC components. Negative efficacy values indicate production. (e) Relative abundance of the en-
riched microbial genera (based on 16S rRNA amplicon sequencing variants). 
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Figure 24. Spearman’s rank correlations between relative abundance of dominant am-
plicon sequencing variants (ASVs) and process parameters for the mesophilic semi-con-
tinuous STR enrichment. The strength of the correlation is represented by the size of the 
circle and intensity of the color. Blue circles indicate positive correlations. Red circles 
indicate negative correlations. p values are shown for non-significant correlations 
(p>0.05). 

Significant correlations (p<0.05) (Figure 24) suggest that ASV 002, a close rel-
ative of Clostridium autoethanogenum (and consequently of its relatives: Cl. rags-
dalei, Cl. coskatii, and Cl. ljungdahlii), represents the primary carboxydotroph con-
verting syngas into acetate and ethanol. Two members of Clostridium luticellarii 
(ASV 005 and 010) and other ASVs assigned to the genera Caproiciproducens (ASV 
028) and Clostridium sensu stricto 12 (ASV 012 and 023) likely contributed to bu-
tyrate production. Abundance of Clostridium autoethanogenum ASV 002 was neg-
atively correlated to cresol removal, whereas members of Firmicutes DTU014 (ASV 
003), Caldicoprobacter (ASV 017) and an unclassified Limnochordia sp. (ASV 019) 
showed significant correlations to cresol removal (p < 0.05). 
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5.3.2 Thermophilic co-fermentation of Syngas and PAC 

During the thermophilic co-fermentation, CO consumption was detected 
within the first five days after inoculation. The conversion of syngas followed the 
stoichiometry of the water-gas shift reaction and of hydrogenotrophic methanogen-
esis. CO was primarily converted to CO2, H2 and CH4 (Figure 25a). The carbon equiv-
alents in CO2 and CH4 accounted on average for 84% of the total carbon equivalents 
from syngas. Similarly, the electron equivalents in H2 and CH4 accounted for about 
86% of the total electron equivalents from syngas. CO was metabolized at an average 
rate of 3.1 ± 0.5 mM/h until day 140. Between days 145 and 186, the CO uptake rates 
increased by 20% to 3.8 ± 0.3 mM/h. H2 conversion rates alternated between pro-
duction and consumption depending on the extent of inhibition of methanogenesis. 
The CO partial pressures mostly fluctuated around 10 kPa to decrease to about 5 kPa 
between days 145 and 186. H2 partial pressures ranged from 0.4 to 11.9 kPa (Addi-
tional file 4, Figure S3b). The redox potential oscillated between -480 mV and -350 
mV (Additional file 4, Figure S3a). Acetate was the primary SCC produced (with se-
lectivity on average higher than 80% during the whole fermentation period) fol-
lowed by small concentrations of butyrate, propionate and ethanol (all never exceed-
ing 20 mM throughout the fermentation period). For the first 40 days, acetate con-
centration remained constant at about 50 mM but later increased up to 118 mM after 
70 days. Profiles of the concentrations of the undissociated acids are available in the 
Additional file 4 (Figure S2c). Around day 73, the pH was temporarily increased 
from 5.5 to 6.7 to test the effect on methanogenesis (Additional file 4, Figure S2a). 
CH4 production rates spiked up to 3.6 mM/h for few days until the acetate was com-
pletely consumed and the pH was adjusted back to 5.5. From day 77 onwards, ace-
tate concentration steadily increased up to about 130 mM on day 119. Afterwards, it 
oscillated between 125.1 mM and 68.2 mM until the end of the fermentation period. 
Phenol, furfural and guaiacol were removed with high efficacies (Figure 3d). The 
cumulative removal of the cresols, after being produced during the first 26 days of 
fermentation, increased to on average 22.5% for the rest of the fermentation period. 
The removal efficacy of each cresol isomer is reported in the Additional file 4 (Figure 
S2d). The e-mol recovery reached 100% during the first ten fermentation days but 
later decreased to about 50%, regardless of the increasing e-mol loading from PAC. 
From day 145 on, the e-mol recovery increased due to the higher CO uptake rates 
(Figure 1c). Methane was the primary e-mol acceptor for the e-mol from syngas and 
PAC fed into the system.  

After the daily feeding events on days 43, 72 and 101 (corresponding to PAC 
loadings of 3% and 4% v/v), the CO consumption exhibited a sharp decline. CO up-
take rates decreased below 0.5 mM/h, within few hours from feeding (zoomed-in 
profiles of CO, H2 and CH4 production rates around days 43, 72, 101 are available in 
the Additional file 4, Figure S4). Simultaneously, the redox potential increased to 
values higher than -100 mV while the VSS were estimated to have fallen below 1 g/L 
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(Additional file 4, Figure S2e). No air contamination was detected. Similarly, an 
erroneous addition of about 6 mL of PAC on day 10 caused the CO consumption rate 
to fall. From about day 40, the removal of phenol, furfural and guaiacol decreased 
for a few days from 90% to about 54%, 64% and 47%, respectively. Decreasing re-
moval of PAC components was not detected again. Decreasing CH4 production rates 
and increasing H2 partial pressures forwent the decrease of CO uptake rates. On the 
days following the decrease of CO consumption rate, the bioreactor was inoculated 
(indicated by red arrows in Figure 25a), resulting in a quick recovery of CO con-
sumption rate. Given the success of the re-inoculation, from day 101 onwards, the 
fermenter was re-inoculated weekly, to maintain high biomass concentrations (the 
VSS ranged between 6.5 g/L to 1.5 g/L averaging at 3.3 ± 1.0 g/L). The weekly re-
inoculation strategy stabilized the reactor performance as no major disturbances of 
syngas conversion were observed for the following 90 days.  

The microbial community analysis showed that Limnochordia MBA03, 
Firmicutes DTU014, a Lentimicrobium sp. and an unclassified Limnochordia 
species abounded after each inoculation but were progressively washed out after 43, 
72 and 101 days (Figure 25e). On the contrary, bacteria identified as members of 
Symbiobacteriales, Acinetobacter, Thermoanaerobacterium, Rummeliibacillus, 
Corynebacterium, Syntrophaceticus and unclassified Veillonellales-Selenmona-
dales were enriched during stable operations. Amplicon sequencing of mcrA genes 
indicated that thermophilic conditions favoured the enrichment of 
Methanothermobacter. Methanosarcina spp. and Methanoculleus were methano-
gens abundant in the inoculum but did not perform well in the reactor (Additional 
file 4, Figure S2f). Weekly re-inoculation of the bioreactor helped also maintain a 
highly diverse microbiome. From day 101 onwards, the most abundant taxa were 
Limnochordia MBA03, Symbiobacteriales, Acinetobacter, Thermoanaerobacte-
rium, Corynebacterium and Firmicutes DTU014. Between days 145 and 186, a close 
relative to Moorella thermoacetica was enriched up to 50% abundance, coinciding 
with higher CO uptake rates. Methanothermobacter was consistently enriched also 
during the re-inoculation phase but its abundance progressively lowered from about 
75% after 115 days to about 25% after 213 days in favour of Methanosarcina 
(Additional file 4, Figure S2f). 
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Figure 25. Fermentation profile of the thermophilic process. Top x-axis marks the PAC loading, bottom x-axis 
shows the elapsed fermentation time (EFT). Red arrows point to re-inoculation events, the red bar indicate the 
period of weekly re-inoculations. (a) Consumption and production rates of gaseous compounds. Negative values 
indicate consumption. (b) Formate, acetate, propionate and butyrate (SCCs) and ethanol concentrations in the 
fermentation broth. Acetatetheoretical,PAC is the theoretical acetate concentration from PAC. (c) Daily e-mol re-
covery into SCCs from syngas and PAC fed (green); daily ratio of e-mol of PAC in the feed to total e-mol of syngas 
and PAC fed (gray). (d) Removal efficacies of selected PAC components. Negative efficacy values indicate produc-
tion. (e) Relative abundance of the enriched microbial genera (based on 16S rRNA amplicon sequencing variants). 
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Figure 26. Spearman’s rank correlations between relative abundance of amplicon 
sequencing variants (ASVs) and process parameters for the thermophilic semi-con-
tinuous STR enrichment. The strength of the correlation is represented by the size 
of the circle and intensity of the color. Blue circles indicate positive correlations. 
Red circles indicate negative correlations. p values are shown for non-significant 
correlations (p>0.05). 

Moorella thermoacetica ASV 008 was the only ASV that showed a strong 
correlation to CO uptake (albeit with high p-value of 0.07). Symbiobacteriales ASV 
004 and Syntrophaceticus ASV 020 showed significant correlations to hydrogen 
production (Figure 26). Two Methanothermobacter species (ASVs 001 and 002) 
showed significant correlation to H2 production (p<0.05) while Methanosarcina 
thermophila ASV 003 showed significant correlation to H2 consumption (p<0.05) 
(Additional file 4, Figure S3). 
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5.3.3 L-malate production from SCCs with A. oryzae 

To assess the overall detoxification process of PAC and explore the potential 
for carboxylate valorization, the effluent originating from both mesophilic and ther-
mophilic fermentations was used as fermentation medium in subsequent aerobic 
fermentations. Specifically, 50 mL of reactor broth were collected prior to each in-
crement in PAC loading and underwent centrifugation as described in Materials and 
Methods. Subsequently, the resulting supernatant was inoculated with A. oryzae co-
nidia. The A. oryzae fermentations were categorized based on the origin of the reac-
tor effluent (whether from the mesophilic or thermophilic process) and the specific 
PAC loading within the reactor at the time of sampling (Figure 27). 

 

Figure 27. L-malate yields calculated for the highest L-malate con-
centrations per SCCs consumed. Bars represent mean values with 
standard deviations (n=3). 

Growth of A. oryzae was observed in all batch fermentations but one. A. oryzae 
effectively consumed all the SCCs generated during mesophilic and thermophilic 
syngas and PAC co-fermentations. An exception was detected with the final sample 
collected from the mesophilic fermenter where no A. oryzae growth nor L-malate 
production were recorded (Additional file 4, Figure S5). The highest L-malate titer 
observed was 33.0 ± 0.8 mM, produced by A. oryzae from the acetate, propionate 
and butyrate present in the effluent collected from the mesophilic bioreactor after 
80 days (Additional file 4, Table S4 and Figure S6). In contrast, the thermophilic 
reactor produced a maximum of 13.9 ± 1.7 mM of L-malate from sample collected at 
120 days, with a 4% PAC loading (Additional file 4, Table S5 and Figure S7). The 
highest L-malate yield of all A. oryzae fermentations, amounting to 25.8 ± 2.2 
mol/mol%, was achieved with the medium collected from the mesophilic bioreactor 
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at 116 days. Overall, the L-malate yields exhibited a decreasing trend as the PAC 
loading increased in the medium from both reactors. 

5.4 Discussion 

5.4.1 Reactor microbiomes and performances of the mesophilic and the thermo-
philic process 

The high abundance of Clostridium sensu stricto 12 in the mesophilic process 
suggests the central role they played during the mesophilic syngas and PAC co-fer-
mentation. The dominant ASV 002 was assigned to Cl. autoethanogenum, a well-
studied carboxydotrophic acetogen known for its application in companies special-
izing in syngas fermentation [335]. This specie is known to consume CO and 
H2/CO2, yielding acetate and ethanol. The enrichment Cl. autoethanogenum was 
possibly influenced by the reactor design and feed composition. Syngas accounted 
for over 90% of the total e-mol for the first 40 days of the fermentation.  

Although no significant correlation was identified between Clostridium sensu 
stricto 12 and aromatics removal in this work, prior research indicated that Clos-
tridium sensu stricto participated in the anaerobic digestion of aromatics-rich 
wastewaters [336]–[339]. Examples include also the enrichment of Clostridium 
sensu stricto (up to 17.5%) during the degradation of tars from rice husk gasification, 
where biochar facilitated syntrophic relations with Methanosaeta [95]. Another 
study documented the enrichment of Clostridium sensu stricto 1 and 12 up to 5% 
abundance during the co-fermentation of syngas and PAC in a packed biochar reac-
tor [100]. Similarly, during the anaerobic digestion of phenol-rich coal gasification 
wastewater with addition of graphene, about 10% of the rector microbiota was com-
posed of Clostridium sensu stricto 5 and Clostridium sensu stricto 1 [340]. 

Here, Clostridium sensu stricto 12 may have also been involved in the produc-
tion of cresol. Even though, some studies reported anaerobic cresol removal, not all 
cresols exhibit similar removal efficiency [84], [295]. Some other studies described 
cresol production during the anaerobic digestion of corn straw and within the hu-
man intestinal tract [341]–[343]. A screening of 153 human intestinal bacterial spe-
cies grown on tyrosine showed that 36 species were able to produce phenol while 55 
produced p-cresol. Four strains belonging to Clostridium sensu stricto 11 and 14a 
produced 100 mM of p-cresol while one strain of Anaerococcus produced up to 100 
mM p-cresol [342]. Although Firmicutes DTU014 and Limnochordia MBA03 were 
correlated with cresol removal in this study, there is no evidence supporting it. Their 
persistence in the system was not stable, as they were gradually washed out of the 
reactor. Firmicutes DTU014, Limnochordia MBA03 are slow-growing syntrophic 
electroactive bacteria commonly found in industrial anaerobic digesters [115], 
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[344]. They have been observed during the thermophilic anaerobic digestion of phe-
nyl acids [345] and during the anaerobic digestion of the aqueous phase of hydro-
thermal liquefaction [99], but their function still remains unclear. 

Other clostridial ASVs affiliated to Cl. luticellarii, Caproiciproducens and 
Clostridium sensu stricto 12 may have contributed to butyrate production. Cl. luti-
cellarii is an acetogenic bacterium that can also produce n-butyrate and iso-butyr-
ate. Mildly acidic pH (5.5) and 50 mM acetate stimulated n-butyrate and iso-butyr-
ate production to a selectivity of about 42% [346]. Cl. luticellarii was also considered 
the main candidate for methanol and propionate conversion into valerate in a an-
aerobic chain elongation open-culture reactor [224]. Similarly, Caproiciproducens, 
a genus commonly found in chain-elongating microbial communities, produces bu-
tyrate and caproate [114], [347], [348]. The production of longer-chain carboxylic 
acids, such as valerate and caproate, has been previously documented in the co-fer-
mentation of syngas and PAC at 30°C [100]. Anaerococcus, enriched concurrently 
with Caproiciproducens, can ferment a wide range of carbohydrates, peptone or 
amino acids to produce carboxylic acids [349] and it has been previously correlated 
with iso-butyrate production in syngas reactors [199]. Only few works have reported 
the enrichment of Anaerococcus during the anaerobic digestion of food waste and 
swine manure and their function within anaerobic mixed cultures is not clear [341], 
[350]–[352]. The conversion of SCCs and electron donors into non–monitored 
longer-chain carboxylates, may have contributed to the reduction in e-mol recover-
ies. Alternatively, or possibly in conjunction, the diminishing e-mol recovery may be 
linked to a concurrent decrease in the degradation rates of PAC components. A de-
crease in degradation could lead to lower SCCs production rates and increasing tox-
icant concentrations, which could ultimately cause also a cessation of CO uptake. 

The elevated concentrations of undissociated acids, reaching about 30 mM 
(about 1.9 g/L) of acetic acid (within the first 20 days) together with the slow estab-
lishment of carboxydotrophic activity (over 10 days of CO partial pressures of 20 
kPa) and the toxicity of PAC compounds may have hindered methanogens causing 
their gradual washout in favor of acetogenic Clostridia. Acetic acid (i.e., the undis-
sociated form of acetate) concentrations of 0.3 and 2.4 g/L inhibited specific meth-
anogenic activity by 50% and 90%, respectively, during mesophilic mixed culture 
fermentations of H2/CO2 [139]. Similarly, a previous work showed how an increase 
in CO partial pressure from 0.1 to 0.2 atm at 35°C induced a four-fold decrease in 
CO methanation yield, while simultaneously elevating specific CO uptake rates and 
favoring hydrogenogenesis [116]. Other studies reported methanogenesis inhibition 
during the co-fermentation of PAC and syngas. At 30°C and pH 6, methanogenesis 
was severely inhibited, and acetate, butyrate, and other carboxylic acids up to ca-
proate accumulated in the fermentation broth [100]. Although that system was not 
optimized for gas fermentation, 46% of the CO fed into the system was metabolized 
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throughout the whole experimental period [100]. In another work, syngas and PAC 
were co-fermented in shaking flasks under mesophilic and thermophilic conditions. 
There, lower initial PAC loadings completely inhibited methanogenesis before car-
boxydotrophic activity and PAC degradation, leading to the accumulation of acetate 
and other SCCs [295]. 

Conversely, despite starting under similar conditions to the mesophilic process 
(in terms of PAC, pH, HRT and gas partial pressures), the thermophilic process pro-
duced methane concomitantly with the start of carboxydotrophic activity. The 
higher favorability of hydrogenogenic reactions at higher temperatures [128], the 
quick decrease of CO below 10 kPa, and the low undissociated carboxylates concen-
trations, all contributed to the enrichment of Methanosarcina and Methanother-
mobacter. Methanosarcina is a versatile methanogen able to perform acetoclastic, 
methylotrophic and hydrogenotrophic methanogenesis [353] and may have been re-
sponsible for methanogenesis up to the very end of the fermentation. Methanother-
mobacter species such as Methanothermobacter thermoautotrophicus or Methan-
othermobacter marburgensis are carboxydotrophic methanogens able to oxidize 
CO to produce H2 and CO2 and later convert them to CH4 [354]. For instance, Mb. 
marburgensis is able to grow under up to 50 kPa CO and to produce methane and 
even traces of acetate [355]. Here, Mb. marburgensis may have been the major car-
boxydotrophic microorganism in the thermophilic system up to the enrichment of 
Mo. thermoacetica. Mo. thermoacetica is a well-known thermophilic acetogenic mi-
croorganism with a versatile metabolism, capable of utilizing various substrates 
such as sugars [356] as well as CO or H2/CO2 [357][358]. Previous studies have in-
dicated its ability to degrade lignin-derived products, including furfural, guaiacol, 
vanillin, and syringol, ultimately producing acetate [359]. Furthermore, Mo. ther-
moacetica has been reported to possess an inducible CO-dependent O-demethylat-
ing capability for the degradation of methylated aromatics, which facilitates the in-
tegration of O-methyl groups into the acetyl-CoA pathway [360]. However, no evi-
dence suggests that here Mo. thermoacetica participated to PAC components re-
moval. Thermoanaerobacterium thermosaccharolyticum is an anaerobic thermo-
philic bacterium that can ferment cellulose and hemicellulose and other cellulosic 
sugars into H2, acetate, lactate, ethanol, butyrate and butanol. Thermophilic syn-
thetic co-cultures of T. thermosaccharolyticum and Clostridium thermocellum con-
verted untreated lignocellulose waste into bioethanol [361]. Solventogenic cells of T. 
thermosaccharolyticum were even reported to degrade paraffin oil, a mixture of sat-
urated hydrocarbons, to produce ethanol and butanol [362]. Thermoanaerobacte-
rium and Syntrophaceticus were the main genera enriched during several thermo-
philic anaerobic processes at high loads of different intermediates of lignin degra-
dation [363]. Similarly, Syntrophaceticus was enriched during the thermophilic 
degradation of phenyl acids and was considered a primary acetate oxidizer in asso-
ciation with hydrogenotrophic methanogens [364]. Syntrophic acetate oxidizer like 
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Syntrophaceticus can convert acetate into H2 and CO2 via the oxidative Wood-
Ljungdahl pathway [126] only at low H2 partial pressures, thus forcing syntrophic 
acetate oxidizers to grow dependently on hydrogenotrophic methanogens [40]. 

Here, it is possible that Symbiobacteriales, Thermoanaerobacterium and 
other acidogenic microorganisms degraded some PAC components into primarily 
acetate while Syntrophaceticus oxidized the acetate into CO2 and H2. Then Methan-
othermobacter, Methanosarcina and Methanoculleus converted acetate and 
H2/CO2 into CH4. Another work reported similar associations during the thermo-
philic conversion of phenol into CH4 in an anaerobic membrane bioreactor [68]. 
There, Clostridium sensu stricto degraded phenol to acetate via benzoate, while 
syntrophic acetate oxidizers and Methanothermobacter associations were essential 
to maintain a thermodynamically favorable process. Syntrophaceticus and other 
syntrophic bacteria oxidized the acetate from phenol into CO2 and H2 whilst Meth-
anothermobacter produced CH4 via hydrogenotrophic methanation. An impaired 
methanogenic population lead to increasing H2 partial pressure inhibiting 
syntrophic acetate oxidizing bacteria and reducing the thermodynamic feasibility of 
phenol conversion [68]. Here, the accumulation of untreated PAC components or 
metabolic intermediates of PAC components degradation could have resulted in the 
inhibition and subsequent wash-out of hydrogenotrophic methanogens such as 
Methanosarcina and Methanoculleus, leading to increasing H2 partial pressure. 
Higher H2 partial pressure inhibited syntrophic acetate oxidation [40], altering the 
overall community dynamics and the bioenergetics involved in the degradation of 
some PAC components. An already weakened Methanothermobacter population, 
compounded by slow CO growth kinetics [354] and increasing toxicant concentra-
tions in the fermentation broth, might have resulted in the abrupt decrease of car-
boxydotrophic activity. 

The enrichment of Corynebacterium and Acinetobacter may suggest for some 
occasional air intrusions. Even though, Corynebacteria and Acinetobacter have 
been reported to be mainly active in aerobic environments, they can grow also in 
anaerobic ones [220], [347], [365]–[369]. In another work, low air contamination 
below detection limit (but quantified to a daily contamination rate of 220 ± 33 
mLO2/L/d) provided competitive advantage to Actinobacteria and Coriobacteriia 
over the anaerobic community members but did not completely inhibit methano-
genesis during lactate and H2/CO2 elongation to medium-chain carboxylates [370]. 
Similarly, minimal air exposure (5-8% in the reactor headspace) did not affect meth-
anogenesis during the thermophilic anaerobic digestion or switch grass [371]. Fac-
ultative anaerobic and aerobic microorganisms can consume the O2 in the air con-
tamination limiting the strictly anaerobic members of the community to O2 expo-
sure [372]. The efficacy of this protective mechanism is affected on the composition 
of the microbial community and the extent of oxygen contamination [373]. Here, 
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Corynebacterium and Acinetobacter may have consumed the oxygen available and 
possibly mitigated the effects on the bioreactor performances. Despite their enrich-
ment, no significant correlation emerged between low CO uptake rates and the pres-
ence of Corynebacterium and Acinetobacter. Occasional air contamination may 
have contributed to further weaken the anaerobic microorganisms (already inhib-
ited by PAC components) but there is no evidence that it was the primary cause of 
lower CO conversion rates. On the other hand, the ability of Corynebacterium and 
Acinetobacter to degrade aromatic compounds [86], [374]–[380] may have im-
proved overall reactor performances. Some Acinetobacter spp. possess genes encod-
ing a CO dehydrogenase and can grow on CO, although aerobically, as sole carbon 
and energy source [381], [382], but there is no experimental evidence in this work. 

There are numerous documented instances of PAC component degradation 
during anaerobic digestion of PAC, albeit with varying removal rates and COD re-
coveries [67]–[70]. These differences can be attributed to the composition of PAC 
since the degradation of specific PAC components can be significantly influenced by 
the presence of other toxic compounds [79]–[82]. Nevertheless, some works have 
attempted to elucidate the degradation pathways of PAC components such as phe-
nol, furfural guaiacol and cresol reporting for the production of short chain carbox-
ylates or methane. For instance, benzoyl-CoA was reported to be a central interme-
diate during the anaerobic degradation of phenol via 4-hydroxybenzoate. Benzoyl-
CoA is subsequently converted via β-oxidation ring opening into three molecules of 
acetyl-CoA, which are further transformed into acetate [76], [83]. Furfural was re-
ported to be converted into furoic acid via furfuryl alcohol, ultimately leading to the 
production of acetate [76]. Similarly, the anaerobic degradation of guaiacol gener-
ates acetate via demethylation of guaiacol to catechol [359]. The anaerobic degrada-
bility of cresols, on the other hand, depends on the position of the hydroxyl group. 
For example, m-cresol, is generally considered the most recalcitrant to anaerobic 
degradation [84]. Nonetheless, during m-cresol degradation, fumarate is added to 
the methyl group of m-cresol to form 3-hydroxybenzyl succinate. Activation and β-
oxidation lead to succinyl-CoA and 3-hydroxybenzoyl-CoA [80]. 

5.4.2 Process stability and re-inoculations 

The carboxydotrophic activity in thermophilic system, as for the mesophilic 
one, was influenced by the interplay of factors such as PAC loading, biomass con-
centration and microbial diversity. Temperature likely played a critical role deter-
mining the stability of syngas and PAC co-fermentation. Some works assessing the 
effects of temperature on the anaerobic digestion of phenolic compounds or of the 
aqueous phase generated from hydrothermal liquefaction of cornstalk reported 
higher removal of aromatic compounds at mesophilic conditions and accumulation 
of untreated compounds at thermophilic conditions [67], [383]. Other factors such 
as inoculum origin and diversity, process operations and reactor design play critical 
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roles in the successful establishment of functional microbial cultures for wastewater 
detoxification [384]. Here, PAC loading potentially led to diminished functionality 
and diversity within both reactor microbiomes, increasing the toxicant level and re-
sulting ultimately in the decline of CO conversion rates. Anaerobic carboxydotrophic 
microorganisms rely on carbon monoxide dehydrogenase to catalyze CO conversion 
into H2 and CO2 [385]. This may render CO uptake a rather fragile process when 
exposed to toxic and very complex wastewaters such as PAC.  

The selective pressure exerted by toxic components or other process parame-
ters could enhance tolerance, reducing adaptation time and improving the biodeg-
radation capabilities of the enriched culture [380]. However, a diminishing commu-
nity richness poses a risk of losing critical functionality vital for the success of the 
process [340]. Even a minor alteration in a crucial parameter may inhibit a highly 
specialized microbial consortium [47]. Similarly to bioaugmentation, a strategy 
commonly employed to recover inhibited anaerobic digestion and other biopro-
cesses [41], [312], [386]–[389], re-inoculating the reactors resulted in high removal 
efficacies of PAC components and in sustained carboxydotrophic activity even under 
higher PAC loads. Re-inoculations bolstered both biomass concentration and mi-
crobial diversity, allowing for quick recovery (consistently within one day) and ex-
tending significantly the process time. Another work proved how co-digesting PAC 
and manure (as source of organics and active cells) improved both methane yields 
and the maximum PAC loading by diluting toxic compounds [85]. Here, higher mul-
tifunctional activity persisted for over 50 and 90 days for the mesophilic and the 
thermophilic process, respectively, up to 6% v/v (0.8 gCOD/L/d). Here, this PAC 
loading level was the maximum achievable, maintaining an average VSS concentra-
tion of approximately 3 g/L. Cell retention systems or immobilization technologies 
may offer alternative approaches for retaining microorganisms within the system. 
Cell retention, for instance, is a technology employed to improve cell concentrations 
by preventing cell washout, especially during continuous bioprocesses characterized 
by low cell densities, such as anaerobic syngas fermentation [143], [390]. Alterna-
tively, packed reactors have been also employed for mixed cultures syngas fermen-
tation processes [391], [392]. Numerous studies have highlighted the advantageous 
effects of biochar as amendment and packing material during the anaerobic diges-
tion of PAC. There, biochar provided structural support for microbial growth and 
facilitated interactions among microorganisms, thereby enhancing process perfor-
mance [20], [24], [93]–[99], [72], [73], [84], [85], [89]–[92]. 

5.4.3 L-malate production 

Both mesophilic and thermophilic mixed cultures degraded PAC components 
to a level that allowed A. oryzae to grow (up to PAC loading of 6 v/v %) and to con-
vert SCCs into fungal biomass and L-malate. Among the compounds contained in 
the bio-oil generated from the pyrolysis of wheat straw, phenol, furfural, guaiacol, 
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2-cyclopentenone and cresol were severely inhibiting the growth and L-malate pro-
duction of A. oryzae [166]. In a previous work, 2.5 v/v % of the same PAC as used in 
this study proved to be inhibitory and impeded the growth of A. oryzae [295]. Here, 
the growth of A. oryzae was minimal and none in two flasks only with the effluent 
from the mesophilic process collected on day 116 (4% v/v) and day 213, respectively. 
These results were likely linked to the accumulation of untreated PAC components, 
or accumulation of by-products from the degradation of PAC components, as the 
decreasing e-mol recovery indicated. 

Even though process optimization was not the scope of this work, the highest 
yields achieved in this study are similar to what was described in other works. When 
grown in shaking flasks on acetate, A. oryzae yielded up to 21 % gL-malate/gacetate but 
the production was highly dependent upon the initial acetate concentration [161]. In 
bioreactor experiments optimized for L-malate production from acetate, A. oryzae 
produced about 29 g/L L-malate corresponding to a 29 % gL-malate/gacetate L-malate 
yield [156]. During the cultivation of A. oryzae with acetate and acetol from a detox-
ified PAC, L-malate was produced up to 7.3 ± 0.3 g/L (corresponding to a yield of 
20 ± 0.01 gL-malate/gsubstrattes) [167]. In a sequential syngas to L-malate fermentation 
process (with Cl. ljungdahlii and A. oryzae as microbial catalysts), the fermentation 
medium rich in acetate from stage one was fed directly to A. oryzae. L-malate pro-
duction with acetate from the syngas fermentation as sole carbon source reached 
yields of 28 w/w %. The presence of macro- and micronutrients in the fermentation 
broth from the first stage syngas fermentation was highlighted to have major posi-
tive effects on A. oryzae growth and improved L-malate yields [148]. Similar syner-
gies may have occurred here.  

5.5 Conclusions 

This study demonstrates the ability of mesophilic and thermophilic mixed cul-
tures to recover carbon and energy simultaneously from syngas sequestration and 
PAC components degradation into CH4, acetate and other short-chain carboxylates. 
The carboxylates generated during syngas and PAC co-fermentation were subse-
quently converted to L-malate by Aspergillus oryzae in a second-stage fermenta-
tion, increasing the overall process selectivity. The findings highlight the diversity 
of process regimes that can be achieved by simply changing the operating tempera-
ture. The mesophilic process was stable, non-methanogenic and short-chain carbox-
ylates accumulated in the medium. The enrichment of Caproiciproducens suggests 
the potential of the mesophilic process for the production of medium-chain carbox-
ylates. Conversely, the thermophilic process converted syngas and PAC into primar-
ily methane but suffered from unstable CO conversion, potentially due to unfavora-
ble process conditions. The instability was addressed through the regular injection 
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of fresh inoculum. Integrating animal manure as a substrate during thermophilic 
conversion of syngas and PAC may resolve possible instability. 

This work represents a successful effort in demonstrating the potential of a 
two-stage process for producing platform chemicals from gaseous and toxic sub-
strates. It identifies critical parameters essential for the co-fermentation of syngas 
and PAC, thereby laying the groundwork for further advancements in this field. Key 
areas requiring attention include the optimization of operational parameters, biore-
actor design, and the implementation of a two-stage continuous fermentation with 
particular focus on syngas and PAC flows based on a real pyrolysis process. Address-
ing these aspects will be crucial in advancing the readiness of this technology for 
practical applications. 
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Additional file 4: Table S1. GC-MS characterization of the aqueous condensate de-
riving from the fast pyrolysis of Miscanthus was performed by the Thünen Institute 
of Wood Research, (Hamburg, Germany). Table S2. Composition in gCOD/Ld and 
electron moles (e-mM/d) of the feed (for both syngas and PAC) for both the meso-
philic and the thermophilic semi-continuous fermentations. Table S3. Conversion 
factors for electron balances. Figure S1. Fermentation profile of the mesophilic pro-
cess. Top x-axis shows increases in PAC loading, bottom x-axis shows the elapsed 
fermentation time. The red bar indicate the period of weekly re-inoculations. (a) pH 
and redox potential. (b) Partial pressures of CO and H2. (c) Concentration of undis-
sociated carboxylates. (d) Removal efficacy of each cresol isomer. Negative values 
indicate production. (e) Concentrations of total (TSS) and volatile suspended solids 
(VSS). Figure S2. Fermentation profile of the thermophilic process. Top x-axis 
shows increases in PAC loading, bottom x-axis shows the elapsed fermentation time. 
Red arrows point to re-inoculation events, the red bar indicate the period of weekly 
re-inoculations. (a) pH and redox potential. (b) Partial pressures of CO and H2. (c) 
Concentration of undissociated carboxylates. (d) Removal efficacy of each cresol iso-
mer. Negative values indicate production. (e) Concentrations of total and volatile 
suspended solids. (f) Relative abundance of the enriched archaeal genera (based on 
mcrA gene amplicon sequencing variants). Others include all microbial genera with 
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abundance lower than 1%. Figure S3. Spearman’s rank correlations between relative 
abundance of methanogens (based on mcrA gene amplicon sequencing variants) 
and process parameters for the thermophilic semi-continuous STR enrichment. The 
strength of the correlation is represented by the size of the circle and intensity of the 
color. Blue circles indicate positive correlations. Red circles indicate negative corre-
lations. p values are shown for non-significant correlations (p<0.05). Figure S4. CO, 
H2, CH4 production rates during the decrease in CO uptake rates for the thermo-
philic syngas and PAC co-fermentation. Table S4. L-malate and SCCs concentra-
tions over time and L-malate highest yields per SCCs consumed. Numbers are mean 
values with standard deviations calculated from three replicates. The medium was 
the supernatant of the fermentation broth collected from the mesophilic reactor. Ta-
ble S5. L-malate and SCCs concentrations over time and L-malate highest yields per 
SCCs consumed. Numbers are mean values with standard deviations calculated 
from three replicates. The medium was the supernatant of the fermentation broth 
collected from the thermophilic reactor. Figure S5. Photos depicting A. oryzae 
growth for all aerobic flask fermentations after 72 hours. The pictures labelled with 
6% PAC were recorded from cultivations with the supernatant collected after 207 
days of fermentation for both mesophilic and thermophilic process. Pictures la-
belled with 6% PAC END were recorded from cultivations with the supernatant col-
lected after 213 days of fermentation for both mesophilic and thermophilic process.  



 

 

6. Final conclusions and outlook 

In this work, the potential of hybrid thermochemical and biological processes in 
waste management has emerged as viable technology to maximise energy recovery 
and minimize environmental impacts by reducing greenhouse gas emissions and 
detoxifying pyrolysis wastewater. The biological component relies on the capability 
of mixotrophic anaerobic communities to simultaneously ferment syngas and PAC, 
converting them into biofuels or carboxylates. Additionally, the biological part was 
further extended by coupling it with a secondary aerobic fermentative stage, forming 
a two-stage process where the carboxylates product of syngas and PAC co-fermen-
tation were converted into to high-value platform chemicals such as L-malate to en-
hance process selectivity. 

The research began by evaluating the effects of acetate, a model compound of PAC 
on syngas fermentation. Experiments were conducted in serum bottles under vary-
ing pH levels (6.7 and 5.5), temperatures (37°C and 55°C) and increasing acetate 
loads (from 0 to 64 g/L). Mixed cultures proved to be able to undertake syngas fer-
mentation even at high acetate concentrations and acidic pH levels, conditions not 
previously reported. Secondly, the microbial diversity of mixed cultures allowed for 
a highly flexible and resilient metabolism capable of adapting to changing environ-
mental conditions. Manipulating process conditions and acetate loads allowed for 
steering the metabolism of the mixed culture, promoting favourable reactions while 
inhibiting others. Specifically, a pH of 6.7 promoted methanogenic reactions, while 
lowering the pH to 5.5 intensified the toxicity of undissociated acetic acid, thereby 
inhibiting methanogenesis at lower acetate loads. Under non-methanogenic condi-
tions, acetate stimulated hydrogenogenesis and the production of various carbox-
ylates, including n-valerate, depending on temperature. Acetic acid, the undissoci-
ated form of acetate, emerged as the primary inhibitor of methanogenesis, yet un-
expectedly, high acetate concentrations promoted CO consumption rates by provid-
ing additional carbon and energy to carboxydotrophic and chain-elongating micro-
organisms. While species belonging to Methanobacterium, Methanosarcina and 
Methanothermobacter may have been involved in CO biomethanation, the bacterial 
species responsible for CO conversion in non-methanogenic experiments remain 
unclear. One possible candidate for carboxydotrophic bacteria is Thermoanaero-
bacterium, while a possible candidate for n-valerate production was identified in 
Oscillibacter. Acetate contained in PAC proved to be an ideal candidate for process 
control and an additional substrate.  

Three types of PAC derived from the pyrolysis of different feedstock such as ligno-
cellulose, sewage sludge and mixed polyethylene plastics were tested as co-substrate 
in serum bottles under varying temperatures (37°C and 55°C). Once again, mixed 
cultures demonstrated their versatility as biocatalysts.  They proved to be capable of 
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simultaneously sequestering syngas and degrading PAC components, thereby de-
toxifying and recovering energy from both substrates. The products of syngas fer-
mentation and PAC degradation included CH4, H2 or carboxylates, with products 
pool and selectivity depending on the temperature. However, microbial kinetics and 
energy recovery potential were significantly influenced by the origin and composi-
tion of the PAC, leading also to varying levels of toxicity and inhibition. While even 
small concentrations of lignocellulose and polyethylene PACs were severely toxic 
and inhibited carboxydotrophic reactions and PAC components removal, sewage 
sludge PAC showed both the least toxicity and relative energy recovery when com-
pared to the other PACs. It appears that PAC’s toxicity is not result of the presence 
of individual toxic compounds but rather of the synergistic effect of the mix of sev-
eral compounds, although some of which indeed toxic.  

Moreover, PAC composition significantly affected both PAC components degrada-
tion and energy recovery. Some PAC components showed greater bioconversion po-
tential than others. The resistance of N-heterocycles to biodegradation, for instance, 
likely hindered energy recovery of sewage sludge PAC. Conversely, despite the 
higher toxicity of lignocellulose and polyethylene PAC, some of their components 
exhibited great bioconversion potential, enabling high energy recoveries. Further-
more, while compounds like phenol are present in all PAC samples, their removal 
efficiency varies among different PACs. This differences can be attributed to how the 
diverse mixtures affect the degradation potential of each compound. Extending in-
cubation time likely enhances energy recovery by allowing for extended reaction pe-
riods, increasing degradation and energy recovery, as observed in lignocellulose 
PAC.  

Both carboxydotrophic and PAC components degradation reactions showed higher 
resilience to PAC toxicity compared to other reactions, particularly methanogenic 
ones. These findings are pivotal and lay the necessary groundwork for advancing the 
development of the two-stage process. Methanogenesis represents a competing 
pathway for the accumulation of carboxylates in the fermentation medium, and di-
verting carbon and electron equivalents towards CH4 instead of carboxylates would 
contradict the objectives of the two-stage system. Similarly, PAC detoxification is 
indispensable for the valorization of carboxylates in the effluents from stage one. 
Like many microorganisms, A. oryzae is highly sensitive to PAC’s toxicity, with lig-
nocellulose PAC concentrations of 2.5% proving inhibitory to its growth. A. oryzae 
thrived in effluents containing originally 7.5% lignocellulose PAC, confirming that 
lignocellulose PAC degradation occurred below inhibitory levels, further demon-
strating the feasibility of the two-stage process. The carboxylates in the effluent of 
stage one allowed to achieve L-malate yields comparable to those found in literature, 
further confirming the potential of the two-stage process.  
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What learned from the bottles experiments was used to design and operate long-
term cultivations with syngas and lignocellulose PAC as substrates. Conducting ex-
periments with two identical stirred tank reactors, each operated at pH 5.5 under 
mesophilic and thermophilic conditions with syngas and increasing concentrations 
of lignocellulose PAC, provided valuable insights into how process parameters affect 
microbial community structure and process stability.  

Operating at acidic pH emerged as a successful strategy for inhibiting methanogenic 
pathways, particularly evident in the mesophilic reactor, where the accumulation of 
undissociated acetic acid within the fermentation medium acted as the primary in-
hibitor of methanogenesis. Conversely, under thermophilic conditions, where con-
centrations of undissociated acetic acid were notably lower, syngas and PAC were 
predominantly converted into methane. These results corroborate our prior findings 
indicating that undissociated acetic acid concentrations exceeding 2.7 g/L are suffi-
cient to inhibit methanogenesis. Since acetate was generated from syngas and PAC 
components metabolism, this strategy may presents an economically viable alterna-
tive to the use of costly and non-recoverable chemical methanogenic inhibitors like 
2-BES. 

Different operating temperatures, however, resulted in the selection of distinct re-
actors’ microbiota, affecting the stability of carboxydotrophic activity within each 
reactor. The mesophilic process exhibited remarkable stability over a duration ex-
ceeding 150 days up to lignocellulose PAC loads of 5%. Clostridium sensu stricto 12, 
a cluster comprising known carboxydotrophic microorganisms, dominated the mes-
ophilic microbiota and was significantly correlated to CO consumption, highlighting 
their relevance in the mesophilic process. However, while certain PAC components 
were consistently removed from the fermentation broth, the precise contribution of 
Clostridium sensu stricto 12 to this removal remains ambiguous. It is plausible that 
these microorganisms are resilient to PAC components or intermediate degradation 
products, potentially mitigating the toxicity. Additionally, the enrichment of Capro-
iciproducens within the mesophilic process hints at its potential for the production 
of medium-chain carboxylates.  

Conversely, the thermophilic process suffered from unstable CO conversion, poten-
tially due to unfavourable process conditions. Noteworthy microbial players in this 
process included Symbiobacteriales, Syntrophaceticus, Thermoanaerobacterium, 
Methanothermobacter and Methanosarcina contributing to aromatics degradation 
and methanogenesis, respectively. Moorella thermoacetica and Methanothermo-
bacter marburgensis were the predominant carboxydotrophs. Unstable CO conver-
sion likely resulted from a chain of interconnected events originating from the wash-
out of functional microorganisms form the system. As found in our previous works, 
methanogens are more susceptible to PAC toxicity and where likely inhibited first. 
However, methanogenesis inhibition may have altered the overall bioenergetics of 
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PAC components degradation, increasing toxicants concentrations and culminating 
in the inhibition of carboxydotrophic rates. Given that anaerobic carboxydotrophic 
microorganisms employ one specific enzyme, the carbon monoxide dehydrogenase, 
to catalyse CO conversion into H2 and CO2, some PAC components or their accumu-
lation above a certain threshold may have hindered carbon monoxide dehydrogen-
ase activity, thereby reducing CO uptake rates. 

Since the purpose of this work was to develop multifunctional processes, regular 
injection of fresh inoculum was identified as optimal strategy to address process re-
covery and instability. Re-inoculations significantly enhanced biomass concentra-
tion and microbial diversity, facilitating rapid recovery (typically within one day) 
and substantially prolonging the process duration. However, the necessity for re-
inoculations underscores the potential benefits of implementing cell retention or 
immobilization technologies, or integrating the process with other organic waste 
streams, such as manure, to enhance process stability and efficiency.  

The findings from these long-term cultivations may outline the potential for two dis-
tinct hybrid thermochemical-biological processes. Mesophilic conditions appear op-
timal for carboxylates production and the further development of a two-stage pro-
cess for treating syngas and PAC. In contrast, thermophilic conditions, given the 
lower carboxylates production rates, may be more suitable for methane production. 
Syngas, PAC and biochar (as immobilization matrix) could be integrated into ther-
mophilic anaerobic digesters for biogas production.  

The foundational knowledge gained in this work lays the groundwork for the future 
development of biotechnologies centered on the co-fermentation of syngas and toxic 
wastewaters, such as PAC, into economically viable and sustainable bioprocesses. 
Such technologies offer the potential to maximize carbon and energy recovery from 
waste streams, thereby reducing greenhouse gas emissions and wastewater produc-
tion. However, substantial work remains to be done, particularly in optimizing op-
erational parameters, reactor design and implementing the first stage continuous 
fermentation system tailored to syngas and PAC flows derived from real pyrolysis 
processes. 
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Additional file 1 

Fermentation medium  

For each liter of modified BA medium were added: 100 mL of mineral salt solution, 
800 mL of phosphate buffer solution, 10 mL of vitamin solution, 10 mL of trace el-
ements solution, 5 mL of resazurin solution and 3 mL of reducing agent solution. 

The mineral salt solution was prepared with the following salt concentrations: 
NH4Cl, 161.2 g/L; MgCl2 × 6H2O, 5.4 g/L; CaCl2 × 2H2O 6.5 g/L, NaCl, 30 g/L. 

The phosphate buffer solution was prepared with 136 g/L KH2PO4. 

The vitamin solution was composed of: biotin, 0.002 g/L; folic acid, 0.002 g/L; pyr-
idoxin, 0.01 g/L; thiamin, 0.005 g/L; riboflavin, 0.005 g/L; nicotinic acid, 0.005 
g/L; Ca-pantothenate, 0.005 g/L; vitamin B12, 0.005 g/L; aminobenzoic acid, 
0.005 g/L; liponic acid, 0.005 g/L). 

Trace elements solution contained the following compounds: FeCl2 × 4H2O, 1.5 g/L; 
MnCl2, 0.1 g/L; CoCl2 × 6H2O, 0.19 g/L; ZnCl2, 0.07 g/L; CuCl2 × 2H2O, 0.002 g/L; 
NiCl2 × 6H2O, 0.024 g/L; Na2MoO4 × 2H2O, 0.036 g/L; H3BO3, 0.006 g/L; Na2SeO3 
× 5H2O, 0.003 g/L; Na2WO4 × 2H2O, 0.02 g/L. 

The reducing agent solution contained 100 g/L of L-cysteine. 

The resazurin solution contained 1 g/L resazurin sodium salt.  

E-mol balances 
Table S1. Conversion factors for electron balances. 

Compound Chemical Formula Molecular Weight  mol e- /mol 

Formate CH2O2 46.1 2.0 
Acetate C2H4O2 60.0 8.0 
Ethanol C2H6O 46.0 12.0 
Propionate C3H6O2 74.0 14.0 
Butyrate C4H8O2 88.1 20.0 
Valerate C5H10O2 102.1 26 
Hydrogen H2 2.0 2.0 
Carbon Monoxide CO 28.0 2.0 
Carbon Dioxide CO2 44.0 0.0 
Methane CH4 16.0 8.0 
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Figure S1. Carbon balancing between substrates (CO and acetate if consumed) and 
products (CH4, CO2, formate, ethanol, propionate, butyrate and valerate and H2, 
acetate if produced) at different process conditions and increasing acetate 
concentrations. Error bars represent standard deviation among replicates (n=3). 
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Figure S2. Kinetics of consumption and formation of syngas components (CO, H2, CO2 
and CH4) and some short-chain carboxylates (formate, acetate, propionate, butyrate 
and valerate) and ethanol at different process conditions and increasing acetate 
concentrations. Negative values indicate consumption. Error bars represent standard 
deviation among replicates (n=3). 
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Figure S3. Consumption of CO over time.  Error bars represent standard deviation among replicates (n=3). 
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Figure S4.  Production of CH4 over time. Error bars represent standard deviation among replicates (n=3). 

 

Figure S5. Production of H2 over time. Negative values indicate consumption. Error bars represent standard 
deviation among replicates (n=3). 
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Figure S6. Average H2 partial pressure throughout the whole fermentation time. Val-
ues were determined from H2 concentrations in the headspace of the bottles at sam-
pling time. 
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Figure S7. Spearman’s rank correlations between relative abundance of dominant amplicon sequencing 
variants (ASVs) based on 16s rRNA gene and process parameters. The strength of the correlation is 
represented by the size of the circle and intensity of the color. Blue circles indicate positive correlations. 
Red circles indicate negative correlations. p values are shown for non-significant correlations (p>0.05). 
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Figure S8. Spearman’s rank correlations between relative abundance of dominant 
amplicon sequencing variants (ASVs) based on mcrA gene and process 
parameters. The strength of the correlation is represented by the size of the circle 
and intensity of the color. Blue circles indicate positive correlations. Red circles 
indicate negative correlations. p values are shown for non-significant correlations 
(p>0.05). 
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Additional file 2 

Table S1.Conversion factors for carbon and electron balances. 

 

Table S2. Productivities (mM/d) of selected metabolites calculated at 39 days EFT for bottles of the control 
experiments M-CTRL, T-CTRL, M-BES, T-BES. Gas productivities are the mean value of the productivities cal-
culated between each sampling interval. C2-C6 metabolites productivities were calculated by dividing the net 
metabolite accumulation (mM) at the end of the fermentation by the total fermentative time. Not detected (nd). 

 

 

 

Compound Chemical Formula  (g/mol) mol C/mol mol e- /mol 

Acetate C2H4O2 60.0 2.0 8.0 
Propionate C3H6O2 74.0 3.0 14.0 
Lactate C3H6O3 90.0 3.0 12.0 
L-Malate C4H6O5 134.1 4.0 12.0 
n-Butyrate C4H8O2 88.0 4.0 20.0 
n-Valerate C5H10O2 102.1 5.0 26.0 
n-Caproate C6H12O2 116.1 6.0 32.0 
Heptanoate C7H14O2 130.2 7.0 38.0 
Ethanol C2H6O 46.0 2.0 12.0 
Propanol C₃H₈O 60.1 3.0 18.0 
Butanol C4H10O 74.0 4.0 24.0 
Hydrogen H2 2.0 0.0 2.0 
Carbon Monoxide CO 28.0 1.0 2.0 
Carbon Dioxide CO2 44.0 1.0 0.0 
Methane CH4 16.0 1.0 8.0 

Compound 
[mM/d] 

M-CTRL T-CTRL M-BES T-BES 
Av. St.Dev. Av. St.Dev. Av. St.Dev. Av. St.Dev. 

CO -8.17 0.45 -34.30 1.02 -7.68 0.59 -28.70 1.60 
CH4 4.03 0.18 11.98 0.36 nd nd nd nd 
H2 -7.10 0.54 -12.77 0.40 -0.76 0.18 29.00 1.59 
CO2 -1.13 0.06 23.11 0.94 2.16 0.20 27.36 1.38 
Lactate nd nd 0.01 0.01 0.01 0.00 0.01 0.01 
Acetate 0.33 0.05 0.23 0.07 0.95 0.04 0.67 0.09 
Propionate 0.03 0.02 0.07 0.03 0.20 0.04 nd nd 
n-Butyrate 0.01 0.01 0.05 0.03 0.18 0.01 0.01 0.01 
n-Valerate nd nd nd nd 0.09 0.03 nd nd 
n-Caproate nd nd nd nd 0.05 0.01 nd nd 
Ethanol 0.03 0.01 0.04 0.02 0.06 0.02 0.15 0.01 
Propanol nd nd nd nd 0.02 0.016 nd nd 
Butanol nd nd nd nd 0.02 0.015 nd nd 
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Table S3. Acetate, propionate and n-butyrate productivities for all bottles of M-PAC and T-PAC experiments. The 
productivities were calculated by dividing the net metabolite accumulation (mM) at the end of the fermentations by 
the total fermentative time (39 d). 

 M-PAC T-PAC 

PAC [%] Acetate 
[mM/d] 

Propionate 
[mM/d] 

n-Butyrate 
[mM/d] 

Acetate 
[mM/d] 

Propionate 
[mM/d] 

n-Butyrate 
[mM/d] 

0.5 0.93 0.18 0.15 0.17 0.08 0.08 
1 0.85 0.23 0.06 0.05 0.12 0.05 
1.5 0.87 0.22 0.32 0.63 0.13 0.21 
2 0.73 0.47 0.24 1.68 0.04 0.04 
2.5 0.85 0.18 0.06 1.67 0.10 0.15 
3 0.73 0.23 0.31 1.48 0.04 0.01 
3.5 0.89 0.11 0.11 2.33 0.08 0.01 
4 0.92 0.07 0.13 1.68 0.09 0.07 
5 0.90 0.18 0.13 1.17 0.07 0.03 
7.5 0.80 0.14 0.03 0.69 0.11 0.00 
10 0.25 0.05 0.02 0.23 0.00 0.03 
15 0.06 0.00 0.03 0.06 0.00 0.00 
20 0.00 0.00 0.00 0.00 0.00 0.02 
30 0.03 0.00 0.00 0.00 0.00 0.00 
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Table S4. Productivities of CO, CH4, H2, CO2 and VFAs in mM/d at increasing PAC concentrations and different temperatures. Negative productivity indicates consumption. 
Gas productivities are the mean value of the productivities calculated between each sampling interval. The VFAs productivities were calculated by dividing the net metabolite 
accumulation (mM) at the end of the fermentations by the total fermentative time. 

PAC [%] 0.5 1 1.5 2 2.5 3 3.5 4 5 7.5 10 15 20 30 

Mesophilic PAC Fermentations (M-PAC) 

CO [mM/d] -23.59 -17.77 -15.33 -4.43 -1.87 -1.22 -1.24 -1.56 -0.94 -1.35 -0.39 -0.40 -0.38 -0.34 
CH4 [mM/d] 5.73 3.97 2.09 0.13 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H2 [mM/d] -8.52 -6.08 -6.12 -0.80 -0.21 -0.11 -0.47 -0.29 -0.14 -0.21 -0.11 -0.11 -0.09 -0.07 
CO2 [mM/d] 8.81 6.50 3.95 1.65 0.88 0.62 0.65 0.67 0.72 0.76 0.28 0.27 0.22 0.35 
VFAs p [mM/d] 1.26 1.15 1.40 1.44 1.10 1.27 1.11 1.12 1.21 0.97 0.32 0.10 0.00 0.033 
CO/M-CTRL [%] 231.5 151.3 141.1 50.15 23.91 16.03 15.74 18.95 15.74 8.45 4.37 4.37 4.96 3.79 
C-mol balance [%] 76.7 82.5 75.0 131.6 246.1 293.2 246.2 207.7 270.4 265.4 297.1 163.2 146.4 151.4 
e-mol balance [%] 94.5 99.5 93.1 173.7 384.6 477.0 290.0 286.8 473.6 292.2 308.6 124.6 - - 

Thermophilic PAC Fermentations (T-PAC) 

CO [mM/d] -33.57 -34.8 -36.1 -14.74 -12.21 -12.33 -9.10 -9.02 -3.83 -0.59 -0.36 -0.36 -0.38 -0.15 
CH4 [mM/d] 10.37 12.59 12.33 2.03 0.12 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H2 [mM/d] -12.44 -12.66 -12.68 4.99 4.79 13.09 8.22 9.18 3.82 0.44 0.28 0.20 0.13 0.05 
CO2 [mM/d] 22.18 24.51 25.10 10.01 8.50 12.69 8.31 8.71 3.83 0.94 0.53 0.42 0.38 0.16 
VFAs p [mM/d] 0.33 0.22 0.96 1.76 1.91 1.53 2.42 1.84 1.27 0.80 0.26 0.06 0.02 0.00 
CO/M-CTRL [%] 97.56 101.3 104.8 36.70 34.80 35.48 26.00 27.15 15.03 1.56 1.02 0.81 1.22 0.41 
C-mol balance [%] 100.0 108.3 109.9 109.7 102.2 122.5 140.3 134.5 142.4 436.0 279.4 147.8 111.6 113.5 
e-mol balance [%] 96.1 109.7 115.3 121.3 89.5 126.8 141.4 138.3 189.1 618.5 365.2 122.8 - - 
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Figure S1. Cumulative CO uptake in mmol for experiments M-BES, M-CTRL and M-PAC.  

 

Figure S2. Cumulative H2 uptake in mmol for experiments M-BES, M-CTRL and M-PAC.  
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Figure S3. Cumulative CO2 production in mmol for experiments M-BES, M-CTRL and M-PAC. Nega-
tive values mean consumption. 

 

Figure S4. Cumulative CH4 production in mmol for experiments M-BES, M-CTRL and M-PAC. 
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Figure S5.  Cumulative CO uptake in mmol for experiments T-BES, T-CTRL and T-PAC. 

 

Figure S6.  Cumulative H2 uptake in mmol for experiments T-BES, T-CTRL and T-PAC. Nega-
tive values mean consumption. 
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Figure S7. Cumulative CO2 production in mmol for experiments T-BES, T-CTRL and T-PAC. 

 

Figure S8. Cumulative CH4 production in mmol for experiments T-BES, T-CTRL and T-PAC. 
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Additional file 3 

Mass balance of the pyrolysis of sewage sludge and mixed PE plastics 
Table S1. Mass balances of the pyrolysis of sewage sludge and HDPE, LDPE plastics. 

Sample  Dry SS SS SS Av. HDPE LDPE Av. PE 

Waste Flow g/h 1200 1200 1200 1000 1000 1000 
PAC g/h 155.8 371.8 263.8 66.8 55.2 61 
Syngas  g/h 236.2 241 238.6 266.4 250.2 258.3 
YieldPAC+Syngas % 32.7 51.1 41.9 33.3 30.5 31.9 

        

Characterization of the sewage sludge PAC and the mixed PE plastics PAC 
Table S2. Anions and cations concentration for sewage sludge PAC and the mixed PE plastics PAC. 

Parameter Concentration Sewage Sludge PAC PE Plastics PAC 

Fluoride mg/l n.b. n.b. 
Chloride mg/l < 100 1720 
Nitrite mg/l < 5.0 n.b. 
Bromide mg/l n.b. < 5.0 
Nitrate mg/l 448 5.87 
Phosphate  mg/l < 10 < 10 
Sulfate mg/l 1940 168 
Aluminium mg/l 1.8 1.6 
Arsenic mg/l 3.7 < 0.1 
Barium mg/l 0.11 < 0.1 
Calcium mg/l 15 6.2 
Cadmium mg/l < 0.1 < 0.1 
Cobalt mg/l 0.22 < 0.1 
Chrome  mg/l 5.9 3.7 
Copper mg/l < 0.1 < 0.1 
Iron mg/l 47 26 
Magnesium mg/l 1.6 0.23 
Manganese mg/l < 0,1 0.32 
Nickel mg/l 13 3.3 
Phosphor mg/l 4.3 0.12 
Lead mg/l < 0.1 < 0.1 
Antimony mg/l 3.7 < 0.2 
Silicium mg/l 128 29 
Tin mg/l 0.67 0.63 
Thallium mg/l < 0.1 < 0.1 
Zinc mg/l 0.11 1.2 

 

 
Table S3. HPLC and GC-MS characterization of the raw aqueous condensate deriving from the fast pyrolysis 
of sewage sludge. The GC-MS characterization was performed by the Thünen Institute of Wood Research, 
(Hamburg, Germany). The total GC-MS chromatogram area: 1.06E+08. Area of 12 identified peaks = 
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9.30E+07 (88%). Area of unknown peaks = 1.27E+07 (12%). Error bars represent standard deviation among 
replicates (n=2). 

Compound  Concentration g/L 

  Average St.Dev. 
Acetate HPLC 9.9 0.02 
Propionate HPLC 3.73 0.05 
Butyrate HPLC 1.85 0.01 
Phenol HPLC 0.53 0.02 
Guaiacol HPLC 0.62 0.01 
p-Cresol HPLC 0.49 0.02 
m-Cresol HPLC 3.46 0.24 
Pyridine HPLC 3.1 0.02 
4-Penten-2-one, 4-methyl- (NIST MQ 92) GC-MS 2.46 0.12 
3-Penten-2-one, 4-methyl- (NIST MQ 92) GC-MS 5.69 0.22 
2-Pentanone, 4-amino-4-methyl- (NIST MQ 86) GC-MS 27.69 0.42 
Acetamide (NIST MQ 94) GC-MS 1.18 0.1 
unknown N-Compound (no NIST spectrum found) GC-MS 41.11 0.93 
unknown N-Compound (no NIST spectrum found) GC-MS 1.06 0.03 
unknown N-Compound (no NIST spectrum found) GC-MS 1.38 0.02 
Triacetoneamine (NIST MQ 87) GC-MS 32.55 0.01 
2-Pyrrolidinone (NIST MQ 94) GC-MS 1.59 0.03 
unknown N-Compound (no NIST spectrum found) GC-MS 0.60 0.02 

 

Table S4. HPLC and GC-MS characterization of the raw aqueous condensate deriving from the fast pyrolysis 
of mixed PE plastics. The GC-MS characterization was performed by the Thunen Institute of Wood Research, 
(Hamburg, Germany). The total GC-MS chromatogram area: 2.89E+07. Area of 11 identified peaks = 
2.22E+07 (76.8%). Area of unknown peaks = 6.70E+06 (23.2%). Error bars represent standard deviation 
among replicates (n=2). 

Compound  Concentration g/L 

  Average St.Dev. 
Acetate HPLC 14.26 0.26 
Propionate HPLC 2.73 0.01 
Butyrate HPLC 0.62 0.07 
p-Cresol HPLC 0.37 0.02 
Benzene HPLC 0.58 0.03 
Butanol, 1- GC-MS 0.39 0.01 
Acetol (Hydroxyacetone) GC-MS 8.93 0.21 
Cyclopentanone GC-MS 1.21 0.24 
Phenol GC-MS 9.62 0.08 
m-Cresol GC-MS 1.24 0.12 
Benzonitrile (NIST MQ 84) GC-MS 1.14 0.01 
1,3-Dioxolane, 2,2-dimethyl- GC-MS 0.20 0.02 
1,4-Dioxane (NIST MQ 83) GC-MS 0.16 0.01 
2-Chloroethanol (NIST MQ 86) GC-MS 0.55 0.004 
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Table S5. Conversion factors for electron balances. 

 

Syngas and Sewage Sludge PAC co-fermentation 

 
Figure S1. Total ammonium nitrogen (TAN), free ammonia nitrogen (FAN), and nitrate concentrations [mM] at 
inoculation conditions for M-SS-PAC and T-SS-PAC experiments. Error bars represent standard deviation 
among replicates (n=3). 

 
Figure S2. Final average pH from fermentation at increasing sewage sludge PAC loadings. Error bars represent 
standard deviation among replicates (n=3). 

Compound Chemical Formula Molecular Weight  mol e- /mol 

Formate CH2O2 46.1 2.0 
Acetate C2H4O2 60.0 8.0 
Propionate C3H6O2 74.0 14.0 
Butyrate C4H8O2 88.1 20 
Hydrogen H2 2.0 2.0 
Carbon Monoxide CO 28.0 2.0 
Carbon Dioxide CO2 44.0 0.0 
Methane CH4 16.0 8.0 
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Figure S3. e-mol recoveries from SS-PAC calculated as described in Eq.2 for M-SS-PAC and T-SS-PAC experi-
ments. Error bars represent standard deviation among replicates (n=3). 

Figure S4. The graphs a and b show the e-equivalents balance [e-molproducts/e-molsyngas,fixed] for each load of SS-
PAC. Values above 100% indicate that the sum of the e-mol in the products is higher than the e-mol consumed 
from syngas. Error bars represent standard deviation among replicates (n=3). 
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Syngas and HDPE/LDPE PAC co-fermentation 

Figure S5. The graphs a and b show the e-equivalents balance [e-molproducts/e-molsyngas,fixed] for each 
load of PE-PAC. Values above one indicate that the sum of the e-mol in the products is higher than the 
e-mol consumed from syngas. Error bars represent standard deviation among replicates (n=3). 

Figure S6. Final average pH from fermentation at increasing mixed PE plastics PAC loadings. Error 
bars represent standard deviation among replicates (n=3). 

Figure S7. e-mol recoveries from SS-PAC calculated as described in Eq.2 for M-SS-PAC and T-SS-PAC experi-
ments. Error bars represent standard deviation among replicates (n=3). 
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Additional file 4 

Characterization of the Miscanthus Pyrolysis Aqueous Condensate 
 

Table S1. GC-MS characterization of the aqueous condensate deriving from the fast pyrolysis of Miscanthus was 
performed by the Thünen Institute of Wood Research, (Hamburg, Germany). 

Compound wt.% wet 

 Average St.Dev. 
Water Content 81.700 1.744 
Acetic acid 3.406 0.790 
Propionic acid 0.508 0.080 
Butyric acid 0.050 0.000 
Acetic acid 2-hydroxyethyl ester 0.040 0.004 
Propanoic acid methyl ester 0.013 0.007 
Ethylene glycol 1.541 0.861 
2-Propen-1-ol   (NIST MQ 84) 0.050 0.010 
Acetaldehyde, hydroxy- 0.496 0.079 
Propionaldehyde, 3-hydroxy 0.087 0.007 
Butyraldehyde 0.018 0.002 
Crotonaldehyde, cis 0.156 0.004 
Crotonaldehyde, trans 0.043 0.004 
2-Butenal, 2-methyl-   (NIST MQ 92) 0.011 0.002 
poss: 2-Pentenal, (E)-   (NIST MQ 89) 0.012 0.002 
Butanedial or Propanal  (NIST MQ 88) 0.037 0.015 
Acetol (Hydroxypropanone) 2.704 0.616 
Acetonylacetone (Hexandione, 2,5-) 0.006  
Butanone, 2- 0.128 0.006 
Butanone, 1-hydroxy-2- 0.288 0.042 
Butandione, 2,3-  (Diacetyl) 0.364 0.012 
Acetoin (Hydroxy-2-butanone, 3-) 0.041 0.009 
Propan-2-one, 1-acetyloxy- 0.062 0.020 
Cyclopentanone 0.083 0.003 
Cyclopenten-1-one, 2- 0.145 0.029 
Cyclopenten-1-one, 2,3-dimethyl-2- 0.009 0.003 
Cyclopenten-1-one, 2-methyl-2- 0.051 0.009 
Cyclopenten-1-one, 3-methyl-2- 0.022 0.004 
Cyclopenten-1-one, 2-hydroxy-2- 0.010 0.002 
Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 0.062 0.007 
Cyclohexen-1-one, 2- 0.004 0.001 
Methyl vinyl ketone = 2-Butenone   (NIST MQ 90) 0.013 0.004 
poss: 2-Butanone, 3-methyl-   (NIST MQ 88) 0.031 0.006 
3-Buten-2-one, 3-methyl-   (NIST MQ 88) 0.031 0.002 
2,3-Pentanedione 0.068 0.007 
3-Penten-2-one   (NIST MQ 84) 0.036 0.004 
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2-Butanone, 4-hydroxy-   (NIST MQ 84) 0.021 0.003 
poss: 2-Pentanone, 4-hydroxy-   (NIST MQ 82) 0.017 0.004 
Isomere of  2-Cyclopenten-1-one, 3-methyl- 0.011 0.002 
2-Butanone, 1-hydroxy-3-methyl-   (NIST MQ 78) 0.009 0.002 
2-Cyclopenten-1-one, 3,4-dimethyl- 0.013 0.002 
4-Cyclopentene-1,3-dione   (NIST MQ 86) 0.009  
2-Cyclopenten-1-one, 2,3,4-trimethyl- (NIST MQ 88) 0.005 0.002 
Isomere of Cyclopenten-1-one, 2,3-dimethyl-2- 0.020  
Furanone, 2(5H)- 0.073 0.020 
Furaldehyde, 2- 0.399 0.067 
Furaldehyde, 3- 0.026 0.006 
Furaldehyde, 5-methyl-2- 0.018 0.005 
Ethanone, 1-(2-furanyl)- 0.021 0.003 
Furan-2-one, 5-methyl-, (5H)- 0.018 0.001 
Furan-2-one, 3-methyl-, (5H)- 0.016 0.008 
Furan-2-one, 2,5-dihydro-3,5-dimethyl- 0.023 0.007 
Butyrolactone, γ- 0.030 0.008 
Furan, tetrahydro-2-methoxy-   (NIST MQ (/) 0.005  
Furan-2-one, 4-methyl-(5H)-   (NIST MQ 88) 0.008 0.004 
Benzene, 1-methoxy-3-methyl- 0.003  
Benzene, 1-methoxy-4-methyl- 0.006  
Benzaldehyde 0.005 0.001 
poss: Benzaldehyde, 2-hydroxy- 0.008 0.002 
Phenol 0.056 0.010 
Cresol, o- 0.028 0.005 
Cresol, p- 0.027 0.005 
Cresol, m- 0.016 0.002 
Phenol, 2,5-dimethyl- 0.007 0.000 
Phenol, 2,4-dimethyl- 0.005 0.002 
Phenol, 2,6-dimethyl- 0.004 0.001 
Phenol, 4-ethyl- 0.036 0.013 
Phenol, ethyl-methyl- 0.004 0.001 
Guaiacol 0.072 0.016 
Guaiacol, 4-methyl- 0.033 0.009 
Guaiacol, 4-ethyl- 0.015 0.004 
Guaiacol, 4-allyl- (Eugenol) 0.007 0.002 
Guaiacol, 4-propyl- 0.002 0.001 
Guaiacol, 4-propenyl- cis (Isoeugenol) 0.007 0.003 
Vanillin 0.019  
Syringol 0.010 0.003 
Syringol, 4-methyl- 0.003 0.001 
2-Acetyl-5-norbornene   (NIST MQ 92) 0.005 0.001 
1,3-Dioxolane, 2-methyl-   (NIST MQ 62) 0.019 0.007 
1,3-Dioxolane, 2-ethyl- 0.003 0.001 
poss: 1,4-Dioxin, 2,3-dihydro- 0.012 0.003 
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 2,2'-Bi-1,3-dioxolane  (NIST MQ 87) 0.018 0.003 

Fermentation medium  

The modified BA medium was composed as follows. For each liter of medium 
added: 100 mL of mineral salt solution, 800 mL of phosphate buffer solution, 10 mL 
of vitamin solution, 10 mL of trace elements solution, 5 mL of resazurin solution and 
3 mL of reducing agent solution. The mineral salt solution was prepared with the 
following salt concentrations: NH4Cl, 161.2 g/L; MgCl2 × 6H2O, 5.4 g/L; CaCl2 × 
2H2O 6.5 g/L, NaCl, 30 g/L. The phosphate buffer solution was prepared with 136 
g/L KH2PO4. The vitamin solution was composed of: biotin, 0.002 g/L; folic acid, 
0.002 g/L; pyridoxin, 0.01 g/L; thiamin, 0.005 g/L; riboflavin, 0.005 g/L; nicotinic 
acid, 0.005 g/L; Ca-pantothenate, 0.005 g/L; vitamin B12, 0.005 g/L; aminoben-
zoic acid, 0.005 g/L; liponic acid, 0.005 g/L). The trace elements solution contained 
the following compounds: FeCl2 × 4H2O, 1.5 g/L; MnCl2, 0.1 g/L; CoCl2 × 6H2O, 0.19 
g/L; ZnCl2, 0.07 g/L; CuCl2 × 2H2O, 0.002 g/L; NiCl2 × 6H2O, 0.024 g/L; 
Na2MoO4 × 2H2O, 0.036 g/L; H3BO3, 0.006 g/L; Na2SeO3 × 5H2O, 0.003 g/L; 
Na2WO4 × 2H2O, 0.02 g/L. The reducing agent solution contained 100 g/L of L-
cysteine. The resazurin solution contained 1 g/L resazurin sodium salt. All reagent-
grade chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany) or 
Carl Roth (Karlsruhe, Germany). 

Syngas and PAC load composition 
 

Table S2. Composition in gCOD/Ld and electron moles (e-mM/d) of the feed (for both syngas and PAC) 
for both the mesophilic and the thermophilic semi-continuous fermentations. 

PAC load 1 % v/v 2 % v/v 3 % v/v 4 % v/v 5 % v/v 6 % v/v 

gCODPAC/Ld 0.13 0.25 0.38 0.51 0.63 0.76 
gCODSyngas/Ld 2.6 2.6 2.6 2.6 2.6 2.6 
gCODTotal/Ld 2.73 2.85 3.0 3.1 3.2 3.3 
e-molPAC/Ld 15.8 31.7 47.5 63.3 79.1 95.0 
e-molSyngas/Ld 326.3 326.3 326.3 326.3 326.3 326.3 
e-molSubstrates/Ld 342.1 358.0 373.8 389.6 405.5 421.3 

Equations 

Estimation of VSS concentration 

Between each re-inoculation event, the concentration of volatile suspended solids 
(VSS) at time t=j was determined as described by Eq. S1.  

VSSEst,j = TSSj − TFSRes,j [g/L]                     Eq.S1 

Where TSSj was determined experimentally at time t=j. As mentioned in the mate-
rials and methods section, the weight of the dried pellet was measured and assumed 
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to be representative of the suspended fraction (TSS) of the total solids (TS). The re-
sidual amount of the total fixed solids (TFSRef,j) was calculated using the following 
equation: 

TFSRes,j = TFSRes,j−1 − TFSRes,j−1 ∗
1

HRT
 [g/L]         Eq.S2 

TFSRes,j-1 is the residual amount of the total fixed solids determined at time t=j-1. 
HRT is the hydraulic retention time and was HRT = 20 d in this study. The initial 
TFS was determined by multiplying the TFS of the inoculum by the dilution factor 
of the inoculation. 

PAC components removal 

The concentration of each selected PAC component in the fermentation medium was 
determined via HPLC analysis of a solution composed of BA medium with PAC con-
centrations similar to those reported in Table S2. The removal efficacy of a selected 
PAC component i at time t=j was calculated with the following equation: 

Removal Efficacym,j = Cm,j

CTh.Broth,m,j
∗ 100 [%]         Eq.S3 

Where Cm,j is the concentration of compound i at time t=j determined experimen-
tally via HPLC and CTh.Broth,m,j is the theoretical concentration of the compound i at 
time t=j in the fermentation broth considering an accumulation in an abiotic system, 
as shown in equation Eq.S4. 

CTh.Broth,i,j = CTh.Broth,i,j−1 + d ∗ (CFeed,i − CTh.Broth,i,j−1) [g/L]       Eq.S4 

Where CTh.Broth,m,j is the theoretical concentration of the compound i at time t=j-1; 
CFeed,m is the determined concentration of the compound i in the feed and d is the 
dilution rate of the system. The volume of the broth is considered constant and equal 
to 1.5 L and constant are considered to be also the daily feed and removal (0.075 
L/d) of the fermentation broth. 

E-mol balances 

The daily e-mol recovery was calculated as described by Eq. 5 to determine the daily 
load of e-mol from PAC.  

e-mol Recoveryj = ∑e-molProducts
∑e-molSubstrates

∗ 100 [%]         Eq.S5 

The ∑e-molSubstrates is the sum of the daily e-mol from syngas and from PAC per broth 
volume fed into the bioreactors. The volume of the broth is considered constant and 
equal to 1.5 L. Hydrogen is considered a substrate only when it was consumed, oth-
erwise a product and was accounted as such. 

e-mol̇ Syngas = ṅCO ∗ eeqCO + ṅH2 ∗ eeqH2 [e-M/d]        Eq.S6 

e-mol̇ PAC = ṁCOD,PAC
eeqPAC

 [e-M/d]           Eq.S7 
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Where �̇�𝑛 of CO and H2 are the daily uptake rates determined as described in another 
work [148]. �̇�𝑚COD,PAC is the daily flow rate of gCOD of PAC in the feed. We assumed 
that 1 mol of electron equivalents is equal to 8 gCOD. Considering that the COD 
(Chemical oxygen demand) is the oxygen required to completely oxidize the carbo-
naceous fraction of organic compounds and that 1 eeq. is released upon complete 
oxidation of carbonaceous compounds, then from the half reaction R.S1, is can as-
sumed that 1/4 mol of O2 (8 g) would be consumed in accepting the 1 e-mol. 

1 2⁄ H2O =  1 4⁄ O2 + H+ + e−             R.S1 

The e-molProducts the sum of the daily production rate in e-mol of methane, H2 (when 
produced), formate, acetate, ethanol, propionate and butyrate. It was calculated as 
described in equation Eq.S8. Negative productivities were not accounted. 

e-mol̇ i,j = e-Mi,j−1 ∗ d + e-Mi,j − e-Mi,j−1          Eq.S8 

For compounds like acetate and propionate, which have a significant concentration 
in the PAC, the daily acetate e-mol feed was subtracted to the value calculated with 
Eq.S8. 

Table S3. Conversion factors for electron balances. 

 

Compound Chemical Formula Molecular Weight  mol e- /mol 

Formate CH2O2 46.1 2.0 
Acetate C2H4O2 60.0 8.0 
Propionate C3H6O2 74.0 14.0 
Butyrate C4H8O2 88.1 20.0 
Ethanol C2H6O 46.0 12.0 
Hydrogen H2 2.0 2.0 
Carbon monoxide CO 28.0 2.0 
Carbon dioxide CO2 44.0 0.0 
Methane CH4 16.0 8.0 
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Mesophilic process 

 

Figure S1. Fermentation profile of the mesophilic process. Top x-axis shows increases in PAC 
loading, bottom x-axis shows the elapsed fermentation time. The red bar indicate the period of 
weekly re-inoculations. (a) pH and redox potential. (b) Partial pressures of CO and H2. (c) Con-
centration of undissociated carboxylates. (d) Removal efficacy of each cresol isomer. Negative 
values indicate production. (e) Concentrations of total (TSS) and volatile suspended solids (VSS). 
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Thermophilic process 

 

Figure S2. Fermentation profile of the thermophilic process. Top x-axis shows increases in PAC 
loading, bottom x-axis shows the elapsed fermentation time. Red arrows point to re-inoculation 
events, the red bar indicate the period of weekly re-inoculations. (a) pH and redox potential. (b) 
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Partial pressures of CO and H2. (c) Concentration of undissociated carboxylates. (d) Removal ef-
ficacy of each cresol isomer. Negative values indicate production. (e) Concentrations of total and 
volatile suspended solids. (f) Relative abundance of the enriched archaeal genera (based on mcrA 
gene amplicon sequencing variants). Others include all microbial genera with abundance lower 
than 1%. 

 
Figure S3. Spearman’s rank correlations between relative abundance of methanogens 
(based on mcrA gene amplicon sequencing variants) and process parameters for the 
thermophilic semi-continuous STR enrichment. The strength of the correlation is repre-
sented by the size of the circle and intensity of the color. Blue circles indicate positive 
correlations. Red circles indicate negative correlations. p values are shown for non-sig-
nificant correlations (p<0.05). 
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Figure S4. CO, H2, CH4 production rates during the decrease in CO uptake rates for the thermophilic 
syngas and PAC co-fermentation.  
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Growth of Aspergillus oryzae in reactor effluent 

 

Figure S5. Photos depicting A. oryzae’s growth for all aerobic flask fermentations after 
72 hours. The pictures labelled with 6% PAC were recorded from cultivations with the 
supernatant collected after 207 days of fermentation for both mesophilic and thermo-
philic process. Pictures labelled with 6% PAC END were recorded from cultivations with 
the supernatant collected after 213 days of fermentation for both mesophilic and ther-
mophilic process. 

Table S4. L-malate and SCCs concentrations over time and L-malate highest yields per SCCs consumed. Num-
bers are mean values with standard deviations calculated from three replicates. The medium was the superna-
tant of the fermentation broth collected from the mesophilic reactor. 

 PAC 
load  Time [h] 0 24 48 72 96 

20 days  1%  
L-malate [mM] 0.0 0.0 2.1 ± 0.7 18.4 ± 0.5 11.9 ± 1.8 
SCCs [mM] 209 ± 5.5 180 ± 2.4 162 ± 3.7 121 ± 3.5 0.0 

40 days  2%  
L-malate [mM] 0.0 0.0 3.7 ± 2.1 16.7 ± 1.2 20.5 ± 2.1 
SCCs [mM] 218 ± 0.8 236 ± 4.2 212 ± 7.3 168 ± 3.2 0.0 

80 days 3%  
L-malate [mM] 0.0 0.0 5.8 ± 0.4 28 ± 3.7 33 ± 0.8 
SCCs [mM] 234 ± 2.7 224 ± 3.1 207 ± 1.7 165 ± 4.5 2.7 ± 0.1 

116 days 4%  
L-malate [mM] 0.0 0.0 0.6 ± 0.1 4.3 ± 0.8 14.4 ± 1.9 
SCCs [mM] 252 ± 4.6 242 ± 5.1 248 ± 0.7 257 ± 2.2 196 ± 2.2 

190 days 5% 
L-malate [mM] 0.0 0.0 0.4 ± 0.1 8.2 ± 3.9 28.8 ± 1.7 
SCCs [mM] 303 ± 0.8 307 ± 3.6 306 ± 3.4 311 ± 2.6 13 ± 2.0 

207 days 6% 
L-malate [mM] 0.0 0.0 3 ± 0.5 11 ± 1.7 15 ± 0.6 
SCCs [mM] 240 ± 2.1 239 ± 1.7 219 ± 3.7 155 ± 4.4 10.8 ± 1.8 

213 days  6% 
L-malate [mM] 0.0 0.0 0.0 0.0 0.0 

SCCs [mM] 162.2 ± 
4.8 

156.5 ± 
3.3 

170.8 ± 
3.6 

174.6 ± 
1.8 

171.8 ± 
3.9 
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Figure S6. L-malate, acetate, propionate and butyrate concentrations over time. Numbers are mean 
values with standard deviations calculated from three replicates. The medium was the supernatant of 
the fermentation broth collected from the mesophilic reactor. 

Table S5. L-malate and SCCs concentrations over time and L-malate highest yields per SCCs consumed. Num-
bers are mean values with standard deviations calculated from three replicates. The medium was the superna-
tant of the fermentation broth collected from the thermophilic reactor. 

 PAC 
load  Time [h] 0 24 48 72 96 

20 days 1% 
L-malate [mM] 0.0 0.0 4.2 ± 0.4 0.3 ± 0.2 0.0 
SCCs [mM] 52.3 ± 1.7 42 ± 3.9 22.6 ± 1.7 12.1 ± 0.7 0.0 

40 days 2% 
L-malate [mM] 0.0 0.0 1.1 ± 0.8 4.6 ± 0.4 0.0 
SCCs [mM] 59 ± 0.6 57.2 ± 1.6 44.5 ± 0.7 13.7 ± 0.3 4.4 ± 1.2 

80 days 3% 
L-malate [mM] 0.0 0.0 1.6 ± 0.6 7.4 ± 0.7 0.0 
SCCs [mM] 94.3 ± 1.6 87 ± 0.8 68 ± 2.3 12.2 ± 2.0 4.7 ± 0.6 

120 days 4% 
L-malate [mM] 0.0 0.0 7.3 ± 0.3 13.9 ± 1.7 0.0 
SCCs [mM] 122 ± 1.5 105 ± 3.1 43 ± 2.8 0.0 0.0 

185 days 5% 
L-malate [mM] 0.0 0.0 2.7 ± 0.7 2.8 ± 0.2 0.0 
SCCs [mM] 114 ± 5.2 104 ± 5.2 50.1 ± 2.0 0.0 0.0 

207 days 6% 
L-malate [mM] 0.0 0.0 5.6 ± 0.5 4.4 ± 1.1 0.0 
SCCs [mM] 79.5 ± 1.5 66 ± 5.4 7.0 ± 0.1 0.0 0.0 

213 days 6% 
L-malate [mM] 0.0 0.0 5.0 ± 0.3 3.1 ± 1.1 0.0 
SCCs [mM] 74 ± 0.8 66.6 ± 1.6 8.8 ± 1.2 0.0 0.0 
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Figure S7. L-malate, acetate, propionate and butyrate concentrations over time. Numbers are mean 
values with standard deviations calculated from three replicates. The medium was the supernatant of 
the fermentation broth collected from the thermophilic reactor. 

 

 



 

 

 

 


