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Preface 

This PhD dissertation is submitted to the Department of Chemical and Biochemical Engineering of the 

Technical University of Denmark (DTU) in partial fulfillment of the requirements for the degree of Doctor 

of Philosophy. The work presented in this dissertation was carried out in the period 2016-2019 as part of the 

SYNFERON project (Grant Acronym and Title: SYNFERON – Optimized syngas fermentation for biofuels 

production), coordinated by Professor G. K. Kontogeorgis and funded by Innovation Fund Denmark 

(Innovationsfonden). This work was supervised by Associate Professor Hariklia Gavala, and co-supervised 

by Associate Professor Ioannis Skiadas. 

The thesis is structured in 7 chapters. In the 1st chapter, a general overview of biological syngas conversion 

processes, with special focus on syngas-converting mixed microbial communities, is given along with a short 

introduction of the different research topics covered in the thesis. The content of Chapter I is partially 

associated to Manuscript I. The scope, hypotheses and specific objectives of the thesis are defined in chapter 

2. The main findings of the thesis are presented in thematic chapters; where the main findings of each 

manuscript related to the same research topic are discussed together in order to draw overall conclusions for 

each topic. Thus, in chapter 3, the potential of microbial enrichments for driving shifts in the metabolic 

activity and the microbial composition of syngas-converting microbial communities for production of CH4 

and ethanol is evaluated. Chapter 4 consists of an evaluation of the potential of thermodynamics as a tool for 

controlling the catabolic routes used by microbial communities converting syngas. In chapter 5, the main 

aspects of the syngas biomethanation models developed are discussed. Chapter 6 presents the main findings 

on the long-term cryopreservation of microbial communities. Lastly, the overall conclusions of the thesis are 

given in chapter 7.  

The manuscripts included in the discussion of the previous chapters are provided in the appendix at the end 

of the document. The thesis (Chapters I-VII) is written as a stand-alone document. However, the reader is 

recommended to read the manuscripts related to the experimental work (Manuscripts II-VI) prior to reading 

the Chapters III-VI, as the latter cover only summaries of the main findings. Alternatively, the reader is 

referred to the manuscripts when detailed explanations and interpretations on the methods used and results 

obtained are needed.  

 

 

Antonio Grimalt-Alemany  

10th of September of 2019  
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Summary 

The climate crisis, the large production of waste worldwide and the foreseen depletion of fossil resources 

have fostered a paradigm shift towards the sustainable production of commodity chemicals, biofuels and 

biomaterials, and microbial production systems are expected to play an important role in this transition to a 

bio-based economy. Biotechnological applications have been traditionally based on the use of axenic 

cultures as biocatalysts. However, due to the large amount of waste to be potentially revalorized and the 

difficulty to treat these waste streams with axenic cultures, microbial communities started to be harnessed 

not only for waste treatment, but also for its conversion into valuable products, typically biogas through 

anaerobic digestion. The use of microbial communities is currently expanding from the conventional 

anaerobic digestion process towards other innovative technological platforms for expanding both the range 

of waste available to biological conversion and the range of possible products. Syngas fermentation is one of 

such innovative platforms where the potential of microbial communities can be harnessed for the synthesis of 

valuable products while lowering the operating costs.  In this process, syngas (a mixture of mainly H2, CO 

and CO2) can be converted under anaerobic conditions into a range of products including CH4, H2, 

carboxylic acids (acetate, butyrate and caproate), and solvents (ethanol, butanol and hexanol).  

Microbial communities may present a series of benefits derived from their inherent microbial diversity and 

functional redundancy, mainly including high resilience to process disturbances, the possibility of stable 

operation in continuous mode under non-sterile conditions and low costs of operation. Nevertheless, their 

high complexity also constitutes one of their major limitations, as the poor understanding of their complex 

network of metabolic interactions often results in limited control of their metabolism, ultimately hindering 

the control of the process and their product selectivity. Thus, this work attempted to address the limited 

control over their metabolic activity by evaluating the potential of several microbial community management 

strategies including directing the natural selection of microorganisms through microbial enrichments, the use 

of thermodynamic principles for designing operational strategies, and the use of modeling tools for 

ultimately improving the control over the activity of microbial communities. The production of ethanol and 

CH4 were used a target products for evaluating the potential control of the metabolic activity of microbial 

communities using these tools. This work also attempted to deal with another of the challenges in microbial 

community driven processes, which is the reproducibility of the microbial activity and community structure 

of microbial communities after long-term frozen storage. 

The microbial enrichment of microbial communities was found to drive a drastic reduction of complexity in 

the community structure, allowing the selection of the microbial trophic groups of interest and conditioning 

the catabolic routes used by the microbial community. Studying the effect of pH on the microbial selection 

of acetogenic microbial communities and their metabolic activity through microbial enrichments, a 
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maximum yield of ethanol of 59.15±0.18% of the maximum theoretical was achieved. However, the changes 

in ethanol yield observed depending on the initial pH used could not be correlated with the microbial 

composition of the microbial communities, which indicated that the operating conditions were the main 

driver of the metabolic shift towards ethanol. In turn, the enrichment of methanogenic microbial 

communities at different incubation temperature resulted in microbial communities with drastic differences 

in their composition and activity rates. While the mesophilic enriched microbial community presented a 

rather intricate metabolic network and low specific CH4 productivity (1.83±0.27 mmol CH4/g VSS/h), the 

thermophilic enriched microbial community resulted in a much simpler community structure and a much 

higher specific CH4 productivity (33.48±0.90 mmol CH4/g VSS/h). Overall, microbial enrichments were 

found to be very effective for driving changes in the metabolic activity of microbial communities based on 

mutual exclusion interactions. However, the main limitation of this tool is that prior knowledge on the effect 

of the selective pressure applied is required, as the outcome of the microbial selection cannot be predicted 

otherwise. 

Analyzing the interspecies metabolic network of the microbial communities based on the thermodynamic 

feasibility of prevailing net reactions during the fermentation of syngas alleviated partially the limitations of 

microbial enrichments, as it allowed for a more rational design of operational strategies targeting specific 

metabolic activities in the microbial communities. Using this approach, the maximum ethanol yield obtained 

in pH-based enrichments of acetogenic microbial communities was increased by 22.5% (reaching 

72.44±2.11% of the maximum theoretical) by increasing the initial concentration of acetate in the 

fermentation broth. In the case of methanogenic microbial communities, several catabolic route control 

strategies based on the modulation of the partial pressure of CO2 for achieving higher product selectivity 

towards CH4 were identified. The experimental results obtained for the mesophilic methanogenic microbial 

community when using a trickle bed reactor under continuous operation confirmed the catabolic route 

control, since the electron yield to acetate decreased from 3.4% to 0.4% by decreasing the partial pressure of 

CO2. 

The syngas biomethanation process using mesophilic and thermophilic microbial communities was modelled 

by integrating thermodynamic and kinetic considerations in the growth models used. This allowed for an 

accurate description of the main cross-feeding, mutualistic and competitive interactions taking place during 

the fermentation. After model calibration, the models were able to predict changes in the catabolic routes 

used by the microbial communities and metabolic shifts for specific microbial trophic groups. Using these 

models, several catabolic route control strategies based on the modulation of the partial pressure of CO2 

(mentioned above) and the mass transfer were investigated through model simulations. 

The long-term cryopreservation of syngas-converting microbial communities was studied based on the effect 

of the addition of several cryopreservation agents, namely glycerol, dimethylsulfoxide, polyvinylpyrrolidone, 
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Tween 80 and yeast extract, and also without cryopreservation agent addition. The results of the analysis of 

the microbial activity recovery and microbial community structure showed that the methods commonly 

applied, like adding glycerol or not adding any cryoprotective agent, were the least recommendable for long-

term storage of microbial communities. Polyvinylpyrrolidone and Tween 80 were found to be the most 

effective cryopreservation agents for achieving a fast activity recovery and preservation of the microbial 

community structure. However, further work on the optimization of these methods and investigation of other 

possible cryopreservation agents is still needed. 

Overall, the findings of this study suggested that the combination of all tools evaluated here are necessary for 

achieving some degree of control over the metabolic activity of microbial communities. Microbial 

enrichments are essential for the selection of the microbial trophic groups of interest and the exclusion of 

those with detrimental effects on the process. On the other hand, modeling tools integrating kinetic and 

thermodynamic constraints describing the performance of microbial communities as a function of the 

operating conditions are also necessary for an accurate design of operational strategies targeting specific 

biotransformations. 
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Dansk sammenfatning 

Klimakrisen, den store produktion af affald verden over og den forudsete udtømning af fossile ressourcer har 

fremmet et paradigmeskift mod en bæredygtig produktion af råvarekemikalier, biobrændstoffer og 

biomaterialer, og mikrobielle produktionssystemer forventes at spille en vigtig rolle i denne overgang til et 

biobaseret økonomi. Bioteknologiske anvendelser er traditionelt baseret på brugen af mono-kulturer som 

biokatalysatorer. På grund af den store mængde affald, der potentielt kunne genbruges, og vanskeligheden 

med at behandle disse affaldsstrømme med mono-kulturer, har mikrobielle samfund været brugt til 

affaldsbehandling, men også for omdannelse til værdifulde produkter, typisk biogas gennem anaerob 

fordøjelse. Brugen af mikrobielle samfund udvikles i øjeblikket fra den konventionelle anaerobe 

fordøjelsesproces mod andre innovative teknologiske platforme. Syngasfermentering er en af sådanne 

innovative platforme, hvor potentialet i mikrobielle samfund kan udnyttes til syntese af værdifulde produkter 

og samtidig sænke driftsomkostningerne. I denne proces kan syngas (en blanding af hovedsageligt H2, CO og 

CO2) omdannes under anaerobe betingelser til en række produkter, herunder CH4, H2, carboxylsyrer (acetat, 

butyrat og caproat) og opløsningsmidler (ethanol, butanol og hexanol). 

Mikrobielle samfund har en række fordele, der stammer fra deres mikrobielle mangfoldighed, såsom høj 

modstandsdygtighed over for processforstyrrelser, muligheden for stabil drift i kontinuerlig tilstand under 

ikke-sterile forhold og lave driftsomkostninger. Ikke desto mindre udgør deres høje kompleksitet også en af 

deres største begrænsninger, da den dårlige forståelse af deres komplekse netværk af metaboliske 

interaktioner ofte resulterer i begrænset kontrol af deres stofskifte, hvilket i sidste ende hindrer kontrollen 

med processen og deres produktivitet. Således forsøgte dette arbejde at tackle den begrænsede kontrol over 

deres metaboliske aktivitet ved at evaluere potentialet i adskillige mikrobielle samfundsstyringsstrategier. 

Herunder at styre den naturlige selektion af mikroorganismer gennem mikrobiel berigelse, brugen af 

termodynamiske principper til design af operationelle strategier og brugen af modellering værktøjer der i 

sidste ende at forbedre kontrollen over aktiviteten i mikrobielle samfund. Produktionen af ethanol og CH4 

blev anvendt som målprodukter til evaluering af den potentielle kontrol af den metaboliske aktivitet i 

mikrobielle samfund under anvendelse af disse værktøjer. Dette arbejde forsøgte også at tackle en anden af 

udfordringerne i mikrobielle samfundsdrevne processer, som er reproducerbarheden af mikrobiel aktivitet og 

samfundsstruktur i mikrobielle samfund efter langvarig frosset opbevaring. 

Det viste sig, at mikrobiel berigelse af mikrobielle samfund driver en drastisk reduktion af kompleksitet i 

samfundsstrukturen, hvilket muliggjorde udvælgelse af de mikrobielle grupper af interesse og konditionering 

af de kataboliske ruter, der blev anvendt af det mikrobielle samfund. Undersøgelse af virkningen af pH på 

mikrobiel selektion af acetogene mikrobielle samfund og deres metaboliske aktivitet gennem mikrobiel 

berigelse blev et maksimalt udbytte af ethanol på 59,15 ± 0,18% af det maksimale teoretiske. Ændringerne i 
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ethanoludbytte, var påvirket af den indledende pH-værdi, men kunne imidlertid ikke korreleres med den 

mikrobielle sammensætning af de mikrobielle samfund. Hvilket indikerede, at driftsbetingelserne var den 

vigtigste drivkraft for det metaboliske skift mod ethanol. Til gengæld resulterede berigelse af methanogene 

mikrobielle samfund ved forskellige inkubationstemperaturer i mikrobielle samfund med drastiske forskelle i 

deres sammensætning og aktivitetshastighed. Mens det mesofile berigede mikrobielle samfund præsenterede 

et temmelig indviklet metabolisk netværk og lav specifik CH4-produktivitet (1,83 ± 0,27 mmol CH4/g 

VSS/h), resulterede det termofile berigede mikrobielle samfund i en meget enklere samfundsstruktur og en 

meget højere specifik CH4-produktivitet (33,48 ± 0,90 mmol CH4/g VSS/h). Generelt var mikrobielle 

berigelser meget effektive til at drive ændringer i den metaboliske aktivitet i mikrobielle samfund. 

Hovedbegrænsningen af dette værktøj er imidlertid, at for kendskab til virkningen af det anvendte selektive 

tryk er påkrævet, da resultatet af det mikrobielle valg ikke kan forudsiges på anden måde. 

Analysen er baseret på termodynamiske principper af det metaboliske netværk af mikrobielle samfund, dette 

gør det muligt at overkomme begrænsningerne i mikrobielle berigelser. Det muliggør en mere rationel design 

af operationelle strategier, der er målrettet specifikke metaboliske aktiviteter i mikrobielle samfund. Ved 

anvendelse af denne fremgangsmåde blev det maksimale ethanoludbytte opnået i pH-baseret berigelse af 

acetogene mikrobielle samfund øget med 22,5% (når 72,44 ± 2,11% af det maksimale teoretiske) ved at øge 

den indledende koncentration af acetat i fermenteringsvæsken. I tilfælde af methanogene mikrobielle 

samfund blev der identificeret adskillige kataboliske rute kontrol strategier baseret på kontrollen af det 

partielle tryk af CO2 for at opnå højere produktselektivitet over for CH4. De eksperimentelle resultater opnået 

for det mesofile methanogene mikrobielle samfund ved anvendelse af en trickle-bedreaktor under 

kontinuerlig drift bekræftede den katabolske rutekontrol, da elektronudbyttet til acetat faldt fra 3,4% til 0,4% 

ved at sænke det partielle tryk af CO2. 

Syngas-biomethanationsprocessen ved anvendelse af mesofile og termofile mikrobielle samfund blev 

modelleret ved at integrere termodynamiske og kinetiske overvejelser i de anvendte vækstmodeller. Dette 

muliggjorde en nøjagtig beskrivelse af de vigtigste interaktioner, der finder sted under gæringen. Efter 

modelkalibrering var modellerne i stand til at forudsige ændringer i de katabolske ruter, der blev anvendt af 

mikrobielle samfund og metaboliske skift for specifikke mikrobielle grupper. Under anvendelse af disse 

modeller blev adskillige kataboliske rute kontrol strategier baseret på kontrollen af det partielle tryk af CO2 

(nævnt ovenfor) og masseoverførslen undersøgt ved hjælp af modelsimuleringer. 

Den langvarige kryokonservering af syngas-omdannende mikrobielle samfund blev undersøgt baseret på 

virkningen af tilsætningen af flere kryokonserverings midler, nemlig glycerol, dimethylsulfoxid, 

polyvinylpyrrolidon, Tween 80 og gærekstrakt og også uden kryopræserverings midler. Resultaterne af 

analysen af genopretningen af mikrobiel aktivitet og den mikrobielle samfundsstruktur viste, at de metoder, 

der almindeligvis blev anvendt, som tilsætning af glycerol eller uden kryobeskyttelsesmiddel, var det mindst 
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anbefalede til langtidsopbevaring af mikrobielle samfund. Polyvinylpyrrolidon og Tween 80 viste sig at være 

de mest effektive kryokonserveringsmidler til at opnå en hurtig aktivitetsgenvinding og konservering af den 

mikrobielle samfundsstruktur. Imidlertid er der stadig behov for yderligere arbejde med optimering af disse 

metoder og undersøgelse af andre mulige kryokonserveringsmidler. 

Generelt antydede resultaterne af denne undersøgelse, at kombinationen af alle værktøjer, der er evalueret 

her, er nødvendig for at opnå en vis grad af kontrol over den mikrobielle samfunds metaboliske aktivitet. 

Mikrobielle berigelser er vigtige for udvælgelsen af de mikrobielle grupper af interesse og udelukkelse af 

dem med skadelige virkninger på processen. På den anden side er modelleringsværktøjer, der integrerer 

kinetiske og termodynamiske begrænsninger, der beskriver ydelsen af mikrobielle samfund som funktion af 

driftsbetingelserne, også nødvendige for en nøjagtig design af driftsstrategier, der er målrettet mod specifikke 

biotransformationer. 
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1. Chapter I – Introduction  

1.1. Sustainability and the role of biofuels 

The Paris agreement entered into force on 4 November 2016 and was ratified by 187 countries, which 

committed to holding the increase of global average temperature below 2˚C above pre-industrial levels, 

pursuing efforts to limit this temperature increase to 1.5˚C in order to reduce the risks and impacts of climate 

change [1]. The goals of the agreement were then subscribed by the 2030 Agenda for Sustainable 

Development and were included in the “Sustainable Development Goals” [2]. Despite the success that a 

global agreement on this matter represents, the fact that the Paris agreement was strictly based on voluntary 

country pledges was heavily criticized by their implicit lack of legally binding commitment and provisions. 

Some of the elements of the agreement brought into question were (i) the fact that there were no legally 

binding greenhouse gas (GHG) emission reduction targets, (ii) no specifics on financial support to 

developing countries for mitigation and adaptation measures, (iii) no liability provision related to financial 

compensation for damage from climate change to least developed countries, and (iv) no change in the basic 

policy premises [3]. Additionally, the latest predictions indicate that even accounting for the current national 

pledges already set within the agreement, the goal of limiting the increase of the global average temperature 

below 2˚C will most likely not be met, unless national GHG emission reduction policies become stricter in 

the future (fig. 1.1).  

 

Figure 1.1. Global greenhouse gas emissions scenarios. Extracted from Ritchie & Roser [4]. 
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The Paris agreement builds up on the vision of “Sustainable Development” as defined on by the Commission 

Brundtland in 1987 and the Declaration of Rio in 1992, which was established in response to the rising 

environmental awareness of the civil society during the 1960s and 1970s. During that time, the publication of 

scientific evidence of the harm caused to the environment by human activity in several books like The silent 

spring by Rachel Carson (1962) and The population bomb by Paul Ehrlich (1968), along with the oil crisis in 

the mid-1970s and several ecological disasters, raised an alarming mood in the civil society over the idea of 

an imminent ecological crisis. Additionally, the publication of the The limits to growth by Meadows and 

Rangers (1972) triggered a long debate where uncontrolled population growth and industrialization, and even 

the concept of unlimited economic growth, were brought into question after the realization of the finiteness 

of the resources of the planet and the fact that its maximum carrying capacity could be reached soon [5]. In 

that period, it became clear that the notion of development had to be redefined by including ideas associated 

with sustainability. Thus, the concept of “Sustainable Development” emerged as a compromise between 

economic growth and ecological conservation, and the notion of development started to be associated not 

only to economic growth and social equity, but to environmental preservation as well [5].  However, the 

necessity of economic growth was never questioned in this definition, and this ended up being a key aspect 

in defining the climate action strategies of the future, currently targeting the decarbonization of the economy 

by decoupling the increase in GDP and global energy demands from GHG emissions. 

Within the frame of Sustainable Development, biofuels were expected to play an important role in reducing 

the GHG emissions and substituting fossil fuels mostly in the transportation sector [6]. However, the first 

policies fostering the production of biofuels were in fact motivated by the shortage in crude oil supplies and 

the rising prices of fossil fuels during the late 1970s. For example, the subsidization of ethanol in the US was 

prompted by the Energy Policy Act of 1978, which introduced a subsidy for blending ethanol into gasoline 

and established a higher taxation on foreign ethanol in order to stimulate the local production from corn, this 

way addressing energy security [7]. In turn, the implementation of policies in this direction in Europe did not 

take place until 2003, through the Directive 2003/30/EC. However, due to this delay, the main arguments of 

the European legislation were not limited to the diversification of energy supplies and the search of 

alternative outlets for the agricultural sector, and they also included the combat against climate change in 

response to the rising concerns of the civil society [8]. As a result of these policies, biofuels production 

rapidly gained relevance worldwide, both in developed and emerging countries, presenting a strong impact in 

the global market due to the key role of these regions in the international agricultural trade. According to the 

Food and Agriculture Organization (FAO), the world production of biofuels increased five times over the 

previous decade, rising from less than 20 billion liters per year in 2001 to over 100 billion liters per year in 

2011 [8]. By the end of this period, the EU had become not only the largest producer of biofuels worldwide 

but also the largest net importer, accounting for a 45-fold increase in imported volume of biodiesel from 

2006 to 2012 [9]. As this sharp increase was mostly based on first generation biodiesel, imported as fuel or 
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feedstock basically from Indonesia, Malaysia, US and Brazil [10], the increase in arable land required for 

farming these feedstocks had indirect implications on land use and food prices, bringing about a ripple effect 

with environmental and socio-economic impacts in these and other regions of the world [11]. Nevertheless, 

the adverse effects of the European “Biofuels Directive” were partially amended by the Directives 

2009/28/EC and 2014/94/EU, which were built upon additional sustainability criteria on the exploitation of 

biomass and the deployment of an alternative fuel infrastructure. The Directive 2009/28/EC established 

legally binding targets for achieving a 20% share of energy from renewable sources on the overall European 

energy consumption by 2020 and a minimum share of 10% in the transport sector, emphasizing the need of 

promoting second generation biofuels. Similarly, US expanded the Renewable Fuel Standards (RFS) 

program through the Energy Independence and Security Act of 2007, which established a volume target for 

renewable fuels of 36 billion gallons by 2022 relying on a significant increase in the production of second 

generation biofuels.  

 

Figure 1.2. Energy consumption in road transport by type of renewable fuel. Data extracted from Eurostat [12]. 

In spite of the limitations of first generation biofuels in terms of resource efficiency and environmental 

performance, these are expected to dominate the renewable fuel sector in the coming years (fig. 1.2). 

However, at least in the EU, the current legal and regulatory framework poses an important opportunity for 

the development of an alternative technological infrastructure based on the use of waste streams as 

feedstock. Sweden is a notable example of this transition, in this case towards a biomethane-based transport 

fleet, where the consumption of biomethane (98,882 toe in 2016) is already comparable to that of bioethanol 

(109,057 toe in 2016) [13].   
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1.2. Biomass conversion routes 

Second generation biofuels are considered a promising alternative for minimizing the negative impacts of 

first generation biofuels as these do not compete directly with conventional agriculture. This was shown in a 

study on the global land-use implications of first and second generation biofuels, which concluded that the 

latter have a better environmental performance provided that these are not sourced from dedicated energy 

crops directly competing with agricultural land [14]. Additionally, in contrast to first generation biofuels, 

mainly limited to sucrose-containing feedstocks and starchy materials, second generation biofuels are 

expected to exploit a much wider array of feedstocks such as industrial by-products (whey, glycerol, etc.), 

municipal solid wastes (food waste, paper, etc.), agricultural wastes (wheat straw, corn stalks, etc.), forest-

based woody wastes (bark, sawdust, etc.), and industrial off-gases containing CO2 and CO (from electricity 

and heat generation, iron and steel industry, etc.) [15,16], for which their GHG emission reduction potential 

should be higher. However, second generation biofuels face additional challenges associated with (i) the 

more recalcitrant nature of the lignocellulosic biomasses compared to the starchy materials typically 

employed in first generation biofuels, and (ii) the necessity of dealing with a huge variety of wastes of 

different nature that need to be processed independently. Overall, biomass and waste conversion routes being 

considered can be categorized in strictly biochemical methods, which would include the biological 

conversion of waste and lignocellulosic biomasses with or without a hydrolytic preprocessing step; and 

thermochemical methods, including e.g. pyrolysis and gasification, followed by a variety of catalytic and 

biological conversion processes (fig. 1.3). 

Biochemical methods cover a wide range of raw materials and processes, within which a few examples are 

whey fermentation to ethanol by Saccharomyces cerevisiae [17], glycerol fermentation to butanol by 

Clostridium pasterianum [18], acetone-butanol-ethanol fermentation of municipal solid waste by Clostridium 

acetobutylicum [19] or anaerobic co-digestion of animal manures and lignocellulosic residues [20,21], 

among many others. However, ethanol fermentation of lignocellulosic biomasses such as wheat straw or corn 

stover is the most representative example as it is a mature technology with several commercial plants 

currently operational in US, Brazil and China [22]. In this case, the main advantages are related to the fast 

microbial growth, high microbial biomass titer and high product selectivity when considering commonly 

used yeasts, while the main challenges derive from the high content of lignin and hemicellulose in 

agricultural residues. Typically, agricultural residues are composed by 10-25% lignin, 20-30% hemicellulose 

and 40-50% cellulose [23], for which biomass pretreatment, enzymatic hydrolysis and additional unit 

operations for valorizing lignin and hemicellulose are often required prior to the fermentation. Another 

limitation may be the inhibition of the enzymatic hydrolysis and fermentation due to the generation of 

inhibitors like furfurals, hydroxymethylfurfurals and phenolic compounds during the pretreatment [24,25]. 
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Thermochemical methods for biomass and waste conversion include processes like bio-oil production 

through liquefaction or pyrolysis, gasification followed by production of synthetic fuels from syngas (a gas 

mixture of mainly H2, CO and CO2) through Fischer-Tropsch (FT) processes, and gasification and further 

conversion of syngas into synthetic natural gas (bio-SNG) through catalytic methanation, among others 

[26,27]. Several demonstration and commercial scale plants for converting MSW and lignocellulosic 

biomasses into FT-fuels are currently under construction in US and Europe [28]. There is also a 

demonstration plant for bio-SNG production in Sweden [29]. The main advantage of many of these methods 

derives from the gasification step, which allows for a highly efficient conversion of the biomass including 

the more recalcitrant lignin fraction. The high feedstock flexibility, including biomasses with high lignin 

content such as forest residues and mixed wastes like MSW, is another key advantage. In turn, an important 

limitation in FT and catalytic methanation processes is the fact that the catalysts used are prone to poisoning 

and deactivation due to the presence of impurities in synthesis gas such as chlorine and sulfur compounds, 

ammonia, tars and particles, for which intensive raw syngas cleaning processes are required [30]. 

Furthermore, the additional water-gas shift reaction step often needed to obtain the correct ratio of C/H in 

syngas may increase the operation costs and complexity of the process, reducing its overall efficiency [31]. 

Another challenge generally encountered in these methods is the low product selectivity. 

 

Figure 1.3. Overview of main biomass conversion routes. 
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The combination of thermochemical and biochemical methods, known as syngas fermentation, has also been 

proposed and consists of a first step where the biomass is gasified into syngas, followed by the biological 

conversion of syngas into a variety of fuels. This technology is less mature than ethanol fermentation or FT 

processes. However, as a result of this combination of methods, the process of syngas fermentation presents 

interesting features that make it a promising industrial application. On one hand, this process circumvents the 

limitations of the biological conversion of the lignocellulosic complex through the gasification of the 

biomass into a gas mixture that is directly fermentable. This enables the conversion of the lignin and 

hemicellulose fractions, which are typically not available in strictly biochemical methods. On the other hand, 

the operation at mild temperatures and pressures in syngas fermentation, and the use of inexpensive 

biocatalysts relatively tolerant to syngas impurities may result in a more cost-effective process when 

compared to FT processes [32]. Additionally, the fermentation of syngas can proceed independently of the 

ratio of C/H of syngas since the water-gas shift reaction is inherent to the autotrophic metabolism of the 

microorganisms used [33]. Another advantage is its high feedstock flexibility, since besides biomass-derived 

syngas, other CO/CO2-rich industrial off-gases can also be used as substrate. In fact, the first commercial 

plant converting CO-rich waste gas into ethanol recently started its activity in China in 2018 [34]. However, 

the production of ethanol using biomass-derived syngas is still challenging. Other limitations typically 

encountered are the low growth rate of anaerobic microorganisms, the low microbial biomass concentration 

and the low gas-to-liquid mass transfer of the gaseous substrates, which limit the productivity of the process.  

1.3. Syngas fermentation 

The biological conversion of waste gases containing CO and syngas produced through gasification is 

typically carried out by anaerobic microorganisms. Acetogenic bacteria are currently the predominant 

microbial group studied in syngas fermentation processes, with Clostridium ljungdahlii and Clostridium 

autoethanogenum being the most common biocatalytic strains used for production of acetate and ethanol. 

These bacteria metabolize both H2/CO2 and CO as the sole carbon and energy source through the reductive 

acetyl-CoA or Wood-Ljungdahl pathway. Ethanol is undoubtedly the most common target product, for 

which a wide range of operational strategies aiming at the maximization of the ethanol yield and productivity 

have been investigated in the last decade using both pure and mixed cultures, mainly based on two-stage 

process operation [35,36], semi-continuous operation [37], glycerol as co-substrate [38], cyclic pH shifts 

[39,40], and the effect of nutrients, reducing agents and pH [41–46]. However, research on syngas 

fermentation has shifted over the past years towards broadening the product portfolio of C. ljungdahlii and 

C. autoethanogenum following three different approaches, i.e. metabolic engineering for synthesis of high 

value products, operational strategies targeting other natural products using alternative biocatalysts, and 

using microbial communities to expand the natural product portfolio of acetogenic bacteria and lower the 
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operating costs. In parallel, and independently of the targeted product, a large fraction of the studies 

conducted in syngas fermentation focused on reactor design and configuration in order to overcome the 

limitations derived from the low gas-to-liquid mass transfer and the low concentration of cells. 

1.3.1. Reactor design and configuration  

As stated above, syngas fermentation systems are often restricted by their low gas-to-liquid mass transfer and 

low cell concentration in the reactor, which ultimately reduce the volumetric productivity of the reactor. The 

volumetric mass transfer can be described by multiplying the difference between the real and the saturated 

gas concentration in the liquid phase (which is the driving force of the mass transfer) with the volumetric 

mass transfer coefficient (kLa), which depends on parameters like viscosity, surface tension, diffusivity of the 

gas and gas-liquid interfacial area. Therefore, the overall gas-to-liquid mass transfer could be enhanced by (i) 

increasing the mass transfer driving force, or (ii) increasing the kLa. Two studies reported an improved gas 

conversion and productivity of solvents when decreasing the incubation temperature from 37˚C to 32˚C and 

25˚C in each case, which was explained by the higher solubility (and higher mass transfer driving force) of 

H2 and CO at these conditions [42,47]. Similarly, another study focusing on CH4 production from CO 

reported improved CO consumption rates when increasing the total pressure of the reactor up to 14.6 atm, 

although CH4 production was inhibited from 4 atm [48]. However, these studies are an exception, since most 

researchers focus on increasing the kLa using different reactor types and configurations. Stirred tank reactors 

(STR) are the most commonly used, often equipped with a microbubble sparger to increase the kLa [40,49–

52]. Generally, kLa values of the order of 14-35 h-1 and 90-104 h-1 have been measured for CO in STRs when 

using normal spargers and microbubble spargers, respectively, at different agitation rates [53]. However, 

high kLa can only be obtained in STRs at the expense of high power input for mechanical mixing, which 

presents additional challenges and is generally considered not to be economically feasible in large scale. 

Alternative configurations considered in syngas fermentation with no mechanical mixing and relatively low 

cost of operation are bubble columns and gas-lift reactors [35,46]. A study comparing the mass transfer of 

CO between a bubble column and a gas-lift reactor, both equipped with a 20 µm bulb diffuser, reported 

maximum kLa values of 78.8 h-1 and 91.1 h-1, respectively, when using a gas flow rate of 5000 sccm [54]. 

The highest kLa value reported though, which corresponded to 1096.2 h-1, was obtained by coupling a hollow 

fiber membrane module to a STR using a specific flow rate of 0.625 vvm of CO [55]. However, other hollow 

fiber membrane reactor configurations reported lower mass transfer for CO with a maximum kLa value of 

155.2 h-1 [56]. A particularly interesting reactor type recently studied in syngas fermentation for production 

of ethanol and methane are trickle bed reactors [37,57]. Due to the fact that these are attached growth 

systems, these reactors address both the limitation of mass transfer and low concentration of cells 

simultaneously. Additionally, these generally require low energy input since there is neither mechanical 

mixing nor gas sparging at high pressure. Values of kLa for O2 reported for trickle bed reactors were within a 
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range of 178 h-1 and 421 h-1 [58]. Other reactor configurations studied for increasing the concentration of 

microbial biomass include a cell recycling system using hollow fiber membranes [35,59] and a reverse 

membrane bioreactor with total cell retention using membrane encased microorganisms [60]. 

1.3.2. Biocatalysts 

Research on new syngas-fermenting biocatalysts can be categorized in three main approaches: metabolic 

engineering, novel wild-type strains and co-cultures, and mixed microbial communities. 

Metabolic engineering 

Metabolic engineering strategies aim at converting acetogenic bacteria in a microbial production platform for 

a wide range of chemicals and biofuels based on syngas as the sole carbon and energy source. Both rational 

design and directed evolution strain modification strategies have been used in Clostridium spp., although 

rational design strategies are more common [61,62]. The first genetically modified acetogen converting 

syngas was described by Köpke et al. [63], who transformed C. ljungdahlii with heterologous butanol 

production genes and demonstrated its production for the first time in C. ljungdahlii. Since then, several 

genetic engineering tools have been developed and more are under development. Examples of these tools are 

ClosTron (for gene knockout), which was used for demonstrating energy conservation through electron 

bifurcation during H2/CO2 conversion into ethanol in C. autoethanogenum [64], and the CRISPR/Cas9 

system, which was adapted for successful genome editing of C. autoethanogenum [65]. Other tools like 

genome-scale modeling, which allows to predict phenotypes and estimate intracellular flux patterns to 

ultimately improve rational design strategies [66], were also applied in C. ljungdahlii and C. 

autoethanogenum [67,68]. So far, these tools have been implemented for enhanced production of natural 

metabolites like acetate in Acetobacterium woodii [61] and ethanol in C. autoethanogenum [69], and for 

producing non-native products like butyrate [70], butanol [63] and 3-hydroxybutyrate [71]  in C. ljungdahlii. 

Novel wild-type strains and co-cultures 

The acetogenic species C. ljungdahlii and C. autoethanogenum, able to convert syngas into mainly acetate 

and ethanol, and traces of 2,3-butanediol, were isolated in 1993 and 1994, respectively [72,73]. Since then, 

many other carboxydotrophic species now considered for syngas- or waste gas-converting industrial 

applications were isolated, including further acetogenic bacteria [74], hydrogenogenic bacteria [75], 

methanogenic archaea [76] and even poly-3-hydroxyalkanoate-(bioplastic-)producing phototrophic bacteria 

[77]. Discovery of novel carboxydotrophic hydrogenogenic species was especially fruitful since the 

discovery of Carboxydothermus hydrogenoformans in 1991 [78], as many other novel species were isolated 

including Thermosinus carboxydivorans [75], Thermincola carboxydiphila [79], Thermococcus onnurineus 

[80] and Moorella stamsii [81].  Some examples within the acetogenic microbial group are C. coskatii [74], 

Alkalibaculum bacchi [82], C. ragsdalei [83] and C. carboxidivorans [84]. Of these, C. ragsdalei and C. 
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carboxidivorans are particularly interesting due to their ability to synthesize butyrate, butanol, caproate and 

hexanol, among others, either directly from syngas or through re-assimilation of other metabolites [85,86]. 

Several studies have been published recently targeting the simultaneous production of ethanol, butanol and 

hexanol from syngas (H-B-E fermentation) using C. carboxidivorans [47,51,87–89].  

An alternative approach for broadening the product portfolio of C. ljungdahlii and C. autoethanogenum is 

using co-cultures. One of the advantages of this approach is the fact that the microbial activity can be 

directed through specific catabolic pathways by selecting appropriate syntrophic partners. A good example 

can be found in the biomethanation of CO, which was shown to be directed through acetate as intermediate 

metabolite by using a co-culture of Blautia producta (formerly Ruminococcus productus and 

Peptostreptococcus productus) and Methanothrix sp. [48], or through H2 as intermediate metabolite by using 

a co-culture of Carboxydothermus hydrogenoformans and Methanothermobacter thermoautotrophicus [90]. 

Other co-cultures composed by either C. ljungdahlii or C. autoethanogenum, and C. kluyveri have also been 

successfully used to combine the conversion of syngas into acetate and ethanol, carbon chain elongation of 

the latter to medium chain fatty acids (MCFAs), and further reduction of MCFAs into alcohols, resulting in a 

mixture of acetate, butyrate, caproate, caprylate, ethanol, butanol, hexanol and octanol [91,92]. However, in 

the latter example, one of the challenges often encountered is the difficulty of operating at optimal conditions 

(optimal pH) for the two species involved in the bioconversion. Thus, in order to overcome this limitation, 

two-stage process configurations have also been studied, where a mixture of acids is produced in the first 

stage by e.g. a mixed culture, and these acids are reduced into their corresponding alcohols in the second 

stage using C. ragsdalei and C. ljungdahlii [85,93].  

Mixed cultures (mixed microbial consortia or mixed microbial communities) 

The first study using syngas-converting mixed cultures on the perspective of a potential industrial application 

was carried out by Wise et al. in 1978, where the production of CH4 and volatile fatty acids (VFAs) as by-

products was demonstrated [94]. However, most of the studies on mixed-culture-based syngas fermentation 

were published after the 2000s, when syngas fermentation started gaining momentum as a future 

biotechnological application. The advantages associated with the use of mixed microbial communities in 

syngas fermentation are not limited to broadening the product spectrum of commonly used acetogenic 

bacteria, since these also offer the possibility of stable long-term continuous operation while lowering the 

operating costs due to fact that sterilization of the input streams is not required [95]. Their high stability 

when operating in continuous mode is especially convenient in attached growth systems like trickle bed 

reactors, which may be particularly prone to microbial contamination owing to the high cell residence time in 

the form of biofilm. Another potential advantage is their high resilience to disturbances and toxic compounds 

due to their inherent microbial diversity, which may lower the clean-up requirements of raw syngas when 

compared to axenic cultures. The product spectrum of mixed cultures is theoretically analogous to that of co-
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culture systems as both of them are based on mainly cross-feeding microbial interactions for diverting the 

carbon to other products than acetate and ethanol. However, in this case, part of the research carried out has 

also focused on acetate and ethanol production. Using mixed cultures, the production of H2 [96,97], CH4 

[57,60,98–103], volatile fatty acids (VFAs) (including acetate, propionate, butyrate, valerate, caproate, 

heptylate and caprylate) [104–111], ethanol [112–115] and other alcohols (including propanol, butanol and 

hexanol) [59,116–118] has been demonstrated. The conversion of syngas into CH4 has been studied mostly 

in continuous operating mode using several reactor configurations, such as STR equipped with a spin-filter 

for cell retention [94], gas-lift reactors [99], trickle bed reactors [57], a multi-orifice baffled reactor [102] and 

a reverse membrane reactor [101]. A two-stage process with acetate as intermediate product was also 

proposed [98]. In turn, in the case of alcohols and VFAs production, STRs operated in batch mode are the 

most common set-up [104,105,113,116], although the possibility of using a packed-bubble flow reactor 

operated in continuous mode [109,111] and batch mode [110] was also studied for MCFAs production. As in 

the case of higher alcohol production using co-cultures, two-stage processes were also proposed using mixed 

cultures [117]. 

1.4. Syngas-converting microbial trophic groups in microbial communities 

Syngas can support growth of a large variety of microorganisms including certain fungi [119], algae [120], 

phototrophic bacteria [121], hydrogenogenic bacteria [81] and archaea [122], sulfate-reducing bacteria [123] 

and archaea [124], acetogenic bacteria [125] and methanogenic archaea [126], among others. Nevertheless, 

in the absence of oxygen and light, CO and H2/CO2 can only be used as the sole carbon and energy source by 

acetogens, methanogens, sulfate reducers and hydrogenogens [127,128]. All these metabolic guilds have 

common metabolic features such as the fact that acetyl-CoA plays a central role in their anabolic metabolism 

and the fact that they all present CO dehydrogenases (CODH). However, the role of the CODHs is different 

in each metabolic guild, as these oxidize CO, synthesize acetyl-CoA or cleave acetyl-CoA in a variety of 

independent energy-yielding pathways [129]. A description of the main metabolic features of each of these 

microbial trophic groups is given in the next sections. Other microbial trophic groups playing a relevant role 

during the interspecies metabolism of syngas-converting microbial communitites are also briefly described. 

1.4.1. Hydrogenogenic bacteria and archaea 

The carboxydotrophic hydrogenogenic metabolism is based on the use of CO as the sole carbon and energy 

source in absence of other electron acceptors, resulting in the formation of equimolar amounts of H2 and CO2 

according to eq. 1.1, which is the biological analogue to the catalytic water-gas shift reaction. The 

hydrogenogenic conversion of CO was first observed by Uffen in 1976 during the incubation of the 

phototroph Rubrivivax gelatinosus (f. Rhodopseudomonas gelatinosa), using CO as the only substrate in the 
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dark and under anaerobic conditions [130]. Since then, the amount of hydrogenogenic microorganisms 

isolated has increased significantly over the last decades, broadening the spectrum of prokaryotes with 

carboxydotrophic hydrogenogenic abilities to other Gram-negative bacteria, thermophilic Gram-positive 

bacteria and thermophilic archaea [131,132].  

𝐶𝑂 +  𝐻2𝑂 → 𝐻2 + 𝐶𝑂2   (1.1) 

All facultative anaerobes growing on hydrogenogenic conversion of CO are so far Gram-negative mesophilic 

bacteria, with the purple non-sulfur bacteria being the most predominant group [131]. Generally, this 

microbial group is limited by the poor growth rates exhibited in the dark. However, Kerby et al. [133] 

demonstrated that phototrophic bacteria are capable of rapid anaerobic growth on CO in the absence of light 

while working with Rhodospirillum rubrum. It was shown that R. rubrum was able to grow fast only when 

appropriate amounts of nickel were supplied with the medium, given that nickel was required for the 

synthesis of CODH.  

The thermophilic hydrogenogenic bacterial group is formed by strict anaerobes belonging to the 

Bacillus/Clostridium sub-phylum [131]. So far, all isolated species are capable of growing on CO and 

inhibition due to high levels of CO has not been reported yet [131]. However, only two species have been 

found to be obligate carboxydotrophs, namely Carboxydocella thermoautotrophica and Thermincola 

carboxydiphila, although the latter requires acetate as an additional carbon source [132,134]. Most 

hydrogenogenic thermophilic bacteria can grow fermentatively on a limited variety of substrates, and some 

also grow by reducing external electron acceptors such as Fe (III) or sulfate [132]. Generally, optimum 

growth in this microbial group takes place at temperatures ranging from 55°C to 80°C, exhibiting a rapid 

doubling time of around 1-2 h [135].  

Lastly, the archaeal group of hydrogenogenic carboxydotrophs is more limited in terms of isolates. To date, 

there are only a few hyperthermophilic archaea species capable of hydrogenogenic growth on CO, most of 

them belonging to the genus Thermococcus such as Thermococcus AM4,[122] T. onnurineus NA1 [80], and 

strains MP, Ch1 and Ch5 from the phylogenetic group of T. barophilus [136], among others. However, the 

hydrogenogenic growth of these microorganisms is not strictly linked to their carboxydotrophic metabolism 

as some are also capable of growing on formate and starch producing H2 as the main end product such as T. 

onnurineus NA1. Generally, this microbial group is able to grow on a rather wide range of temperature and 

pH conditions, although both Thermococcus AM4 and T. onnurineus NA1 exhibit optimum hydrogenogenic 

growth on CO at temperatures and pH values around 80-82°C and 6.5, respectively [122,137].  

As a microbial group, all hydrogenogenic carboxydotrophs exhibit mechanisms of energy conservation 

through the formation of H2 as an end product. This microbial group catalyzes the oxidation of CO by means 

of monofunctional CODH, which couple the oxidation of CO with the transfer of electrons to energy-
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converting hydrogenases (Ech) to synthesize H2 [138]. Concurrently, the electron transfer to Ech is coupled 

to the translocation of protons or sodium ions across the membrane, driving the synthesis of ATP by 

chemiosmotic phosphorylation [138,139]. Therefore, the energy conserving mechanisms of this microbial 

group are independent of the acetyl-CoA pathway. However, hydrogenogenic carboxydotrophs use this 

pathway for the synthesis of cellular carbon through a bifunctional CODH/ACS complex [140].  

1.4.2. Sulfate-reducing bacteria and archaea 

The sulfate-reducing microbial group consists of both mesophilic and thermophilic obligate anaerobes able 

to conserve energy for biosynthesis by coupling the oxidation of organic compounds or H2 with the reduction 

of sulfate. This microbial group is known to utilize a large variety of organic compounds as electron donor 

including carboxylic aliphatic acids, polar aromatic compounds, alcohols and even hydrocarbons [141]. 

Additionally, some species have been reported to use alternative electron acceptors such as sulfite, 

thiosulfate, sulfur or nitrate [141]. Growth on CO usually takes place through the conversion of CO and H2O 

to CO2 and H2, subsequently using H2 as an electron donor for the reduction of sulfate into sulfide 

[131,132,142]. Generally, carboxydotrophic sulfate-reducers tolerate rather low partial pressure of CO (PCO). 

For instance, the strains Desulfotomaculum nigrificans DSM 574 and Desulfotomaculum sp. RHT-3 were not 

able to grow on CO at levels exceeding 0.2 atm and 0.5 atm, respectively [123]. However, there are some 

exceptions such as Desulfotomaculum carboxydivorans (strain CO-1-SRB) and a strain of Archaeoglobus 

fulgidus, which are able to grow in absence of sulfate at high levels of CO as a hydrogenogen and as an 

acetogen, respectively [123,124]. Additionally, other sulfate-reducers such as D. kuznetsovii and D. 

thermobenzoicum shift their metabolism towards the production of acetate while increasing concentrations of 

CO during growth on CO, H2 and CO2 [143]. The carboxydotrophic metabolism of the sulfate-reducing 

microbial group is based on the acetyl-CoA pathway for the fixation of carbon and the formation of acetate; 

however, the exact mechanism of electron funneling through the respiratory chain still remains unclear 

[142].  

1.4.3. Acetogenic bacteria 

Acetogenic bacteria are a phylogenetically diverse microbial group that can be found in a wide range of 

habitats growing on a variety of different substrates such as hexoses, C2 and C1 compounds [144]. However, 

this microbial group is defined by its ability to use the reductive acetyl-CoA pathway for the assimilation of 

CO2 as the sole source of carbon and energy [145]. The formation of acetate from H2/CO2 and CO, according 

to eq. 1.2 and 1.3, was first reported by Fischer et al. in 1932 while working with enrichment cultures from 

sewage sludge [146]. Shortly after that, in 1936, Wieringa succesfully isolated the first acetogenic anaerobe, 

Clostridium aceticum, growing on H2 and CO2 as the sole substrate [147].  



13 

 

 𝐻2 + 2 𝐶𝑂2  →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂        (1.2) 

4 𝐶𝑂 + 4 𝐻2𝑂 →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐶𝑂2      (1.3) 

To date, many of the acetogens isolated are able to grow on both H2/CO2 and CO such as Moorella 

thermoacetica (formerly Clostridium thermoaceticum) [148,149], Clostridium autoethanogenum [150], 

Blautia producta (f. Ruminococcus productus and Peptostreptococcus productus) [151], Acetobacterium 

woodii [152], Eubacterium limosum [152] and Butyribacterium methylotrophicum [153], among many 

others. As mentioned above, the autotrophic metabolism of acetogens is based on the reductive acetyl-CoA 

or Wood-Ljungdahl pathway, which consists of a methyl and a carbonyl branch for the synthesis of acetyl-

CoA as a building block for the formation of cellular carbon and energy. In the methyl branch, CO2 is 

reduced to formate and bound to tetrahydrofolate, which is subsequently reduced to methyl-tetrahydrofolate. 

Thereafter, the methyl group is transferred to the corronoid enzyme before being incorporated to acetyl-CoA. 

In turn, the formation of the carbonyl group of acetyl-CoA is carried out by a bifunctional CODH/ACS, 

which catalyzes the reduction of CO2 to CO and subsequently fixes it into acetyl-CoA [154–156]. As shown 

in fig. 1.4, formyl-tetrahydrofolate is formed from formate at the expense of one mol of ATP, which is 

balanced by the gain of a mol of ATP by substrate-level phosphorylation in the acetate kinase reaction. Thus, 

the production of acetate through this pathway results in no net gain of energy by substrate level 

phosphorylation. This indicates that acetogens are able to conserve energy by means of alternative processes 

based on chemiosmosis [144,145]. However, the exact enzymatic complex behind the generation of these 

electrochemical gradients remained unknown until recently. This changed with the discovery of the Rnf 

complex, which was found to couple the oxidation of the reduced ferredoxin with the reduction of NAD+ and 

transmembrane ion export [157–159]. Additionally, an alternative energy-conserving module based on the 

Ech complex has been proposed recently for those acetogens lacking the Rnf complex such as M. 

thermoacetica [160]. Thus, the bioenergetics of all acetogens are strictly based on chemiosmotic processes, 

relying upon either (i) sodium-dependent ATP synthesis as found in Acetobacterium woodii or Eubacterium 

limosum, or (ii) proton-dependent ATP synthesis as found in Clostridium ljungdahlii or Moorella 

thermoacetica [157,161].  
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Figure 1.4. Acetyl-CoA pathway of acetogenic bacteria.  1, CO dehydrogenase; 2, hydrogenase; 3, formate dehydrogenase; 4, 
formyl-THF synthetase; 5, methenyl-THF cylohydrolase; 6, methylene-THF dehydrogenase; 7, methylene-THF reductase; 8, 
methyltransferase; 9, CO dehydrogenase/acetyl-CoA synthase; 10, phosphotransacetylase; 11, acetate kinase. 

1.4.4. Methanogenic archaea 

The biological conversion of CO into CH4 was first discovered by Fischer et al. in 1932 while working with 

a methanogenic undefined mixed culture [162]. They observed that CO was metabolized through H2 and CO2 

as intermediary products prior to their conversion into CH4 according to eq. 1.1 and eq. 1.4, resulting in the 

overall stoichiometric reaction given in eq. 1.5. 

4𝐻2 + 𝐶𝑂2     →   𝐶𝐻4 + 2𝐻2𝑂 (1.4) 

4𝐶𝑂 + 2𝐻2𝑂 →   𝐶𝐻4 + 3𝐶𝑂2  (1.5) 

These biochemical reactions were shortly after confirmed by Stephenson and Stickland using a pure culture 

capable of converting CO and H2 to CH4 [163]. However, Daniels et al. [164] were the first providing 

evidence of methanogenic growth on CO as the sole carbon and electron source using Methanothermobacter 

thermoautotrophicus. To date, only a few species of methanogenic archaea have been shown to utilize CO as 

the only substrate for growth including the aforementioned Methanothermobacter thermoautotrophicus 

[164], Methanosarcina barkeri [165], Methanosarcina acetivorans [126], and the recently discovered 

Methanothermobacter marburgensis [76], among others. However, the carboxydotrophic growth of these 

species is strongly inhibited upon exposure to high PCO. Both M. thermoautotrophicus and M. marburgensis 

can grow on PCO up to 0.5 atm, where the first exhibits a doubling time of 200 h [76,164]. M. barkeri can 
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tolerate a PCO of 1 atm, growing at a doubling time of 65 h [165]. In turn, M. acetivorans is so far the most 

tolerant and the fastest species growing on CO, presenting a doubling time of 24 h and withstanding a PCO 

above 1 atm [126]. However, the authors of this study observed that M. acetivorans shifts its metabolism 

towards the production of substantial amounts of formate and acetate as end products upon CO inhibition, 

using the reductive acetyl-CoA pathway as an alternative energy conservation mechanism to methanogenesis 

[126]. This unusual metabolic capability illustrates the versatility of the energy conserving processes in 

methanogens.  

As a microbial group, methanogens can produce CH4 from a variety of substrates such as CO2, chlorinated 

compounds, methylated compounds or acetate. Methane is formed via three distinct metabolic pathways 

including the hydrogenotrophic pathway, the methylotrophic pathway and the aceticlastic pathway [166]. 

The mechanisms for conservation of energy along any of these pathways are based on chemiosmotic 

processes, in which an ion motive force is formed across the membrane [167]. In the hydrogenotrophic 

pathway, H2 is used as an electron donor for the stepwise reduction of CO2 to CH4 through coenzyme-bound 

intermediates as shown in fig. 1.5 [142]. The methylotrophic pathway starts with the transfer of the methyl 

groups to the coenzyme M. In this pathway, three out of four methyl groups are diverted to the reductive 

branch for their reduction to CH4, while one out of four methyl groups is transferred through the reversed 

CO2 reduction route for the generation of reducing equivalents needed for the reduction of CH3-S-CoM to 

CH4 [166]. Lastly, the acetoclastic methanogenesis takes place through the reverse acetyl-CoA pathway, 

where acetate is converted to acetyl-CoA by acetate kinase and phosphotransacetylase. Thereafter, acetyl-

CoA is split by a bifunctional CODH/ACS into CO and CH3-H4MPT, where the reducing equivalents 

obtained from the oxidation of CO to CO2 are coupled to the reduction of the methyl group into CH4. To 

date, most carboxydotrophic methanogens metabolize CO through the hydrogenotrophic pathway, for which 

carboxydotrophic growth is basically hydrogenotrophic coupled to the oxidation of CO to CO2 and H2 by 

CODH and ferredoxin. However, M. acetivorans is able to metabolize CO through this pathway 

circumventing the formation of H2 by means of mechanisms that still remain unclear [126].  
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Figure 5. Pathways of carboxydotrophic, hydrogenotrophic (empty arrows) and aceticlastic (bold arrows) methanogenesis. 1, acetate 
kinase; 2, phosphotransacetylase; 3, CO dehydrogenase/acetyl-CoA synthase (CODH/ACS); 4, CO dehydrogenase(/acetyl-CoA 
synthase); 5, formyl-methanofuran (MF) dehydrogenase; 6, formyl-MF:tetrahydromethanopterin (H4MPT) formyltransferase; 7, 

methenyl-H4MPT cyclohydrolase; 8, methylene-H4MPT degydrogenase; 9, methylene-H4MPT reductase; 10, methyl-H4MPT:HS-
CoM methyl transferase; 11, methyl-CoM reductase; 12, heterodisulfide reductase.  

1.4.5. Other relevant microbial trophic groups 

Besides aceticlastic methanogens described above, there are other microbial groups that, despite they are not 

able to metabolize neither H2/CO2 (with few exceptions) nor CO, may play a significant role in microbial 

communities growing on syngas.  

The first microbial group can be broadly defined as syntrophic fatty acid oxidizing bacteria, which is formed 

by a phylogenetically and metabolically diverse group of bacteria performing the syntrophic acetate, 

propionate and butyrate oxidation according to eq. 1.6, 1.7 and 1.8, respectively. Although each group carries 

out a different metabolic function, all of them share an intrinsic thermodynamic limitation in their main 

metabolic activity. Consequently, all of them are obligate syntrophic bacteria, since the continuous removal 

of their secreted products by a syntrophic partner is required to maintain their activity within the limits of 

thermodynamic feasibility. Despite syntrophic acetate oxidizers are known to play an important role in the 

conversion of acetate in anaerobic digesters under specific conditions [168,169], the number of isolates is 

still very limited and include Clostridium ultunense [170], Syntrophaceticus schinkii [171], 

Tepidanaerobacter acetatoxydans [172], Thermacetogenium phaeum [173], Thermotoga lettingae [174] and 

Geobacter sulfurreducens[175]. Most of them oxidize acetate through the oxidative acetyl-CoA pathway, 

except for T. acetatoxydans, T. lettingae and G. sulfurreducens, which most probably metabolize acetate 
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through the oxidative citric acid cycle [176,177]. In turn, all syntrophic butyrate-oxidizing bacteria 

metabolize butyrate through the β-oxidation pathway and belong to the order Clostridiales and 

Syntrophobacterales, including species like Syntrophomonas wolfei and Syntrophus aciditrophicus [178]. 

Syntrophic propionate oxidizers also belong to the order Clostridiales and Syntrophobacterales and include 

species like Syntrophobacter fumaroxidans and Pelotomaculum propionicicum [178]. All of them metabolize 

propionate through the methylmalonyl-CoA pathway, except for Smithella propionica, which uses a 

dismutating pathway to acetate and butyrate and later on oxidizes butyrate to acetate [179]. 

𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂 →  𝐻2 + 2 𝐶𝑂2   (1.6) 

𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 3 𝐻2 + 𝐶𝑂2      (1.7) 

𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 + 2 𝐻2𝑂 → 2 𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2        (1.8) 

Another relevant microbial activity in mixed microbial communities is the carbon chain elongation, which 

consists in the conversion of short-chain fatty acids into MCFAs and H2 through the reverse β-oxidation 

pathway, using a variety of electron donors such as methanol, ethanol or lactate (eq. 1.9 and 1.10) [180]. So 

far, a limited number of species belonging to the Clostridia class are known to utilize this pathway, including 

Megasphaera elsdenii, Clostridium kluyveri, Pseudoramibacter alactolyticus, Eubacterium limosum, 

Eubacterium pyruvativorans, and Ruminococcaceae bacterium CPB6 [181]. However, Clostridium kluyveri 

is considered the model organism for carbon chain elongation as it was the first to be isolated. This 

bacterium grows within a temperature range of 25-43˚C and a pH range of 5.2-8, with optima at 35-37 ˚C 

and a pH of 6.4 [182]. 

6 𝐶𝐻3𝐶𝐻2𝑂𝐻 + 4 𝐶𝐻3𝐶𝑂𝑂𝐻 → 5 𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 + 2 𝐻2 + 4 𝐻2𝑂   (1.9) 

6 𝐶𝐻3𝐶𝐻2𝑂𝐻 + 5 𝐶𝐻3𝐶𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 → 5 𝐶𝐻3(𝐶𝐻2)4𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝐶𝑂𝑂𝐻 + 2 𝐻2 + 4 𝐻2𝑂 (1.10) 

1.5. Microbial interactions in syngas-converting microbial communities 

Syngas fermentation systems operated with co-cultures generally exploit the association of two syntrophic 

partners based on cross-feeding interactions, where one species feeds upon the product of the other. This is 

also the case in syngas-converting methanogenic and acetogenic microbial communities used for production 

of CH4, ethanol or MCFAs, as these are produced through a network of interconnected biochemical reactions 

involving several microbial trophic groups (fig. 1.6). However, microbial communities generally present a 

higher level of complexity in their microbial interactions since, regardless their degree of specialization, they 

originate from natural microbial communities sustained not only based on cross-feeding interactions, but on 

a wide range of other symbiotic and mutual exclusion interactions. Since these are generally carried over to 
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engineered microbial communities, a few examples of microbial interactions known to take place during 

syngas biomethanation and syngas fermentation to ethanol and MCFAs are discussed here. 

 

Figure 1.6. Interspecies metabolic network of syngas-converting methanogenic and acetogenic microbial communities. MCFAs with 

odd number of carbons, direct carboxydotrophic methanogenesis and direct production of butyrate and butanol were left out of the 
figure for simplicity. 

1.5.1. Cross-feeding interactions 

As shown in fig. 1.6, there are multiple catabolic routes leading to ethanol and MCFAs when using mixed 

microbial communities. The production of ethanol can take place either directly from CO and H2/CO2, or 

indirectly through the reduction of acetate using either H2 or CO as electron donor. In parallel, acetate may 

also be converted into butyrate and caproate in presence of ethanol through carbon chain elongation. 

Additionally, these MCFAs can be further reduced to their corresponding alcohols using either H2 or CO as 

electron donor. As discussed above, there are a few acetogenic species such as C. carboxidivorans, which are 

able to perform all these reactions [47]. However, in a mixed microbial community, each of these reactions 

could also be carried out by different species given that each of them constitutes an independent energy-

yielding metabolic bioconversion [183].  

As opposed to acetogenic microbial communities, where the product spectrum tends to expand with each 

bioconversion step, methanogenic microbial communities typically produce a rather wide range of products 
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at first, and as the fermentation proceeds, these are sequentially converted into CH4 as the only end product. 

In this case, CO can be converted into CH4, acetate and H2 by carboxydotrophic methanogens, acetogens and 

hydrogenogens, respectively. In turn, H2/CO2 can be converted into CH4 and acetate by hydrogenotrophic 

methanogens and homoacetogens, respectively. Then, depending on the intermediate metabolite, the last step 

of methanogenesis is carried out by either aceticlastic or hydrogenotrophic methanogens. Despite the 

multiple possible catabolic routes, not all of them seem to be equally important since several studies reported 

the preferential use of certain pathways depending on the operating conditions. Sipma et al. [184] studied the 

effect of the incubation temperature during the conversion of CO by an anaerobic sludge and found that 

acetate was the predominant intermediate product at mesophilic conditions, while at thermophilic conditions, 

H2 was the main intermediate. This was confirmed by Navarro et al. [185] studying the biomethanation of 

CO using a granular sludge, who also found that the production of acetate was the predominant activity at 

mesophilic conditions. Additionally, these studies concluded that direct carboxydotrophic methanogenic 

activity is either not present or negligible when using anaerobic sludge as biocatalyst [99,184,185], as 

carboxydotrophic methanogens are most likely outcompeted by other carboxydotrophs. 

1.5.2. Mutualistic interactions 

Interspecies diffusion of electron carriers like H2 and formate between syntrophic fatty acid oxidizers and 

hydrogenotrophic methanogens or sulfate reducers is perhaps the most illustrative example of mutualistic 

interactions within anaerobic microbial communities, as the syntrophic oxidation of acetate or other VFAs 

can only take place in presence of syntrophic partners able to keep the concentration of H2 (and acetate) low 

enough to make the anaerobic oxidation reaction thermodynamically feasible. A recent study showed that 

direct interspecies electron transfer is also possible using Geobacter spp. and Methanosaeta spp. [186]. 

Typically, these symbiotic interactions remain unnoticed due to the fast turnover and low concentration of H2 

and formate [187]. Nonetheless, syntrophic acetate oxidizers were found in significant amounts in 10 out of 

13 randomly selected industrial anaerobic digesters, which demonstrates the importance that syntrophic fatty 

acid-oxidizing bacteria, and mutualistic interactions in general, may have in anaerobic microbial 

communities [168]. These syntrophic interactions have not been thoroughly investigated in syngas 

biomethanation processes yet. However, Wang et al. [188] found that Smithella spp. were relatively 

dominant during the simultaneous biomethanation of sewage sludge and CO. Similarly, Navarro et al. [100] 

found that the abundance of the syntrophic acetate oxidizer Geobacter unaniireducens increased after long-

term exposure of a granular anaerobic sludge to CO. 

Further symbiotic interactions related to the protection of sensitive bacteria against the toxicity of CO have 

also been observed. This type of mutualistic interaction was clearly exemplified in Parshina et al. [143], as 

axenic cultures of Desulfotomaculum kuznetsovii and Desulfotomaculum thermobenzoicum subsp. 

Thermosyntrophicum were not able to grow above a PCO of 0.7 atm in presence of sulfate, but they grew at a 
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PCO of up to 1 atm when co-cultured with C. hydrogenoformans. In this case, the sulfate reducers benefited 

from the removal of CO while the carboxydotrophic hydrogenogen benefited from the continuous removal of 

H2. Similar symbiotic interactions were also observed in syngas-converting microbial communities. 

However, in the latter case, the protection against the toxicity of CO originated from the higher 

organizational structure of the microbial community when growing in anaerobic granules, as it was found 

that crushed granular sludge presented a lower methanogenic activity than the intact granular sludge when 

converting CO [100]. 

1.5.3. Mutual exclusion interactions 

Additional microbial interactions with strong impact on the structure of microbial communities are mutual 

exclusion interactions, which may take place at metabolic guild level and at species level within each 

metabolic guild. In presence of sulfate, all microbial trophic groups described in the previous section 

compete for common substrates like CO, H2 and acetate. Generally, sulfate reducers are expected to 

dominate the competition for H2 with homoacetogens and hydrogenotrophic methanogens, given that the 

growth kinetics and the thermodynamics of the sulfate reduction are more favorable [189,190]. Nevertheless, 

in fermentation processes, the sulfate-reducing activity may be easily controlled by adjusting the content of 

sulfate in the growth medium. Based on the findings of Liu et al. [191], the competition for H2 between 

homoacetogens and hydrogenotrophic methanogens is expected to favor the latter, since hydrogenotrophic 

methanogens were found to have four times higher maximum specific growth rate and higher substrate 

affinity than homoacetogens. However, this study also reported that homoacetogens were able to outcompete 

methanogens when working at high PH2 (0.96 bar). In turn, when competing for CO, carboxydotrophic 

methanogens are expected to be easily outcompeted by carboxydotrophic acetogens and hydrogenogens in a 

mixed microbial community since the former present the longest doubling time of all, generally ranging from 

24 h to 200 h [126,164]. Carboxydotrophic hydrogenogens and acetogens exhibit relatively similar doubling 

times ranging from 1-2 h to 8.4 h and from 1.5 h to 16 h, respectively [133,135,149,151,192]. Of course, the 

outcome of the competition for common substrates is strongly influenced by the operating conditions, as 

changes in several operating parameters, such as pH, temperature, nutrients content, VFAs concentration, 

ionic strength, etc., may affect differently the growth rate of each species. This is obvious e.g. within the 

acetogenic microbial trophic group, where the pH seems to be a major factor driving the microbial selection 

of different species. For instance, several enrichment studies operating at a pH range of 6.8-7.6 reported that 

Acetobacterium spp. and Geosporobacter spp. were dominant [112,193], while in another study operating at 

a pH range of 4.5-6.0, Clostridium spp. became the dominant species [116]. 
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1.6. Challenges and tools linked to mixed-culture-based systems 

As outlined above, mixed microbial communities present several unique features that make them an 

attractive option for industrial applications (e.g. in waste treatment, bioenergy, biochemical and biofuel 

production), such as non-sterile operation, resistance, resilience and adaptive capacity when facing process 

disturbances, and high long-term functional stability. The possibility of operating under non-sterile 

conditions derives from the high microbial diversity and evenness generally found in microbial communities, 

as these properties contribute to maintaining the functionality of the community upon invasion of foreign 

species [194]. Resistance and resilience also lie on microbial diversity, but are mainly related to the high 

metabolic flexibility and physiological tolerance of some microbial groups, especially bacteria, which 

provide the microbial community with the ability to resist or recover from environmental disturbances [195]. 

Lastly, the long-term stable activity of the microbial community despite changes in microbial composition is 

mainly attributed to its functional redundancy, which is ensured by a reservoir of latent species with the same 

ecological function that can take over after an environmental disturbance [196]. Coyte et al. [197] also 

highlighted the role of microbial competition in functionally stable microbial communities. Additionally, 

other processes like auxotrophic interactions and horizontal gene transfer may also contribute to increasing 

the microbial diversity and adaptability of the microbial community [195,198–200]. 

This assemblage of complex cooperative and competitive microbial interactions and metabolic processes 

shaping the microbial community allows them to thrive in harsh environments and perform difficult tasks 

like degrading highly complex substrate mixtures. However, their high complexity constitutes their main 

advantage and their main limitation at the same time, as the still poor understanding of the underlying 

mechanisms governing the performance of microbial communities often results in limited process control, 

ultimately translated into low yields or low product selectivity. The acetogenic metabolism of microbial 

communities is an example of this (fig. 1.6), as all chain elongation and VFA-reduction (to alcohols) 

reactions compete for the same substrates, typically resulting in a mixture of acids and alcohols of different 

length. Thus, tools for integrating the regulation of the community metabolic function, population dynamics 

and microbial interactions, and the effect of operating parameters on the latter are fundamental for the 

control and optimization of mixed-culture-based processes. Another issue typically argued against the use of 

mixed cultures in industrial processes (excepting wastewater treatment and anaerobic digestion) is related to 

the reproducibility of the complexity of microbial communities and the lack of long-term preservation 

methods. Although cryopreservation methods are well established for axenic cultures, the long-term 

preservation of the structure and functionality of microbial communities has not been thoroughly 

investigated. In fact, neither natural nor engineered microbial communities are available in any culture 

collections yet [201–203]. However, the development of such techniques is a prerequisite for the further 

advancing of mixed-culture-based biotechnological applications. 
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There are several approaches or tools currently being considered for addressing the limited control in mixed-

culture-based fermentation processes. These include mainly microbial enrichment and bioaugmentation 

techniques, modeling tools, the use of thermodynamic principles for describing and potentially predicting the 

function of microbial communities, and the use of microbial indicators of process stability (fig. 1.7). 

 

Figure 1.7. Potential tools for addressing the limited control on the metabolic activity of microbial community. 

Microbial enrichments and bioaugmentation 

Both microbial enrichments and bioaugmentation are based on the idea of steering the microbial community 

structure towards a specific metabolic function. However, microbial enrichments rely on the application of a 

selective pressure to drive the natural selection of specific microbial groups, while bioaugmentation consists 

in the direct addition of exogenous microorganisms to enhance a specific metabolic function or property of 

the microbial community. 
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Microbial enrichment techniques are typically used for (i) reducing the complexity of microbial communities 

and shaping their function so that the target product yield and productivity is enhanced, and (ii) increasing 

the resistance of microbial communities to certain inhibitors or harsh conditions through adaptation. This 

technique can also be used for the selection of species or microbial groups with specific properties, e.g. 

selection of R-strategists (high µmax and low substrate affinity) or K-strategists (low µmax and high substrate 

affinity) [204]. Both sequential batch and continuous operating mode can be used. In syngas fermentation, 

batch mode microbial enrichments have been successfully applied in several studies for generating 

specialized microbial communities targeting the production of CH4, ethanol, and mixtures of MCFAs and 

higher alcohols [102,114,116,205].  

Bioaugmentation has not been used in syngas fermentation processes, but several studies on anaerobic 

digestion and biohydrogen production through dark fermentation have demonstrated its effectiveness. This 

technique has been applied for achieving a fast activity recovery after process disturbances, for increasing 

the methane and hydrogen yield, and for alleviating the inhibitory effect of ammonia-rich substrates, among 

other purposes [206–210].  

Both techniques have proven to be effective for driving important shifts in the microbial community 

structure. However, the impact of these methods on the composition of the microbial community is limited to 

the time frame during which the selective pressure (or the addition of exogenous microorganisms) is present. 

As soon as the selective pressure disappears, the pre-existing environmental conditions will eventually drive 

new shifts in the composition of the microbial community, tending to its original state in most cases. 

Modeling of mixed-culture-based fermentations 

Mathematical modeling of biological processes has proven to be a valuable tool for predicting the outcome 

of different process configurations, easing operation and process parameter optimization tasks, and 

ultimately providing a better understanding and control over these processes. The process of syngas 

fermentation has been modelled using several acetogenic and hydrogenogenic strains, mostly based on 

Monod and modified Monod models [140,211–214]. However, a model able to describe the performance of 

mixed cultures in syngas fermentation processes has not been developed yet. Such a model, including the 

main microbial interactions within the microbial community (e.g. cross-feeding, competition and other 

symbiotic interactions) and the effect of operating parameters on the latter would certainly simplify process 

parameter optimization tasks and could possibly allow for a certain degree of control over the catabolic 

routes used by the microbial community. Nevertheless, a more complex model structure than the ones used 

so far would be needed.  

More structured models like the Anaerobic Digestion Model no. 1 have been proposed for modelling 

anaerobic microbial communities and are currently applied not only in anaerobic digestion, but also in e.g. 
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biohydrogen production through dark fermentation [215–218]. The higher predictive capacity of this model, 

when compared to much simpler models like the Gompertz model [217], derives from the more complex 

model structure, which in this case considers cross-feeding interactions between different metabolic guilds 

within the microbial community. A similar approach would probably be well suited for simulating e.g. the 

syngas biomethanation process, which also involves the synergistic action of different metabolic guilds for 

the complete conversion of syngas into CH4. Other processes like the fermentation of syngas into MCFAs 

and alcohols would probably be better described by other models focusing on intracellular metabolic 

processes, as the intracellular regulation of the metabolism of the species composing the microbial 

community probably play a more important role determining the final product distribution than the microbial 

composition. These type of models have been successfully applied for describing the product distribution of 

mixed-culture-based glucose fermentation by combining kinetic, thermodynamic and bioenergetic 

considerations, e.g. variable proton motive potential and active transport energy costs [219–221].  

Other modeling approaches, more common of the synthetic ecology field and mainly consisting of flux 

balance models based on genome-scale network reconstructions, have also been put forward and could be 

applied in the future to predict community-wide behaviors or for rationally designing synthetic microbial 

communities [222,223]. This approach has been applied so far in simple synthetic co-cultures for describing 

mutualistic interactions like direct interspecies electron transfer and diffusion of electron carriers like H2 and 

formate [224,225]. However, whether these models will be able to handle the myriad of mutualistic and 

competitive microbial interactions taking place in natural microbial communities is still an open question. 

Thermodynamics and microbial community function 

Thermodynamics have been extensively used to describe many aspects of the metabolism of microorganisms 

including the thermodynamic feasibility and reversibility of metabolic pathways, and growth rate and 

biomass yield predictions, among others [183,226]. One of the main applications in microbial ecology and 

mixed-culture-based bioprocesses has been the prediction of the biomass yield for a given catabolic reaction. 

Several methods have been proposed including the Gibbs free energy dissipation method, the ATP-balancing 

method and the thermodynamic electron equivalents model, all of them based on the balance between the 

free energy released by catabolic reactions (ΔGrxn) and the free energy required for anabolic reactions (ΔGC) 

[227–229]. Tijhuis et al. [230] also showed that the Gibbs free energy dissipation for maintenance could be 

correlated with the incubation temperature in a single equation independently of the type of metabolism, 

ultimately allowing for predicting the actual biomass yield as a function of carbon and nitrogen source, 

electron donor and acceptor, growth rate and temperature. These biomass yield predictions, together with 

mass and energy balances defining the reaction stoichiometry, are commonly used in dynamic modeling of 

mixed-culture-based fermentations. 
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A significant contribution of thermodynamics to our understanding of microbial interactions is the concept of 

thermodynamic competition between different species or metabolic guilds within a microbial community. 

This concept is based on the fact that all microorganisms require a minimum concentration of substrate in 

order to gain metabolically convertible energy, which is given by the minimum Gibbs free energy threshold. 

The minimum quantum of metabolically convertible energy (ΔGmin) is theoretically defined by the free 

energy needed for translocating of one proton across the membrane, approximately -20 kJ/mol [231]. 

However, more recent studies have demonstrated that microbial metabolism can be sustained at much lower 

ΔGmin, varying quite importantly depending on the species [232–234]. Consequently, microbial trophic 

groups carrying out more exergonic metabolic functions are likely to be able to keep the concentration of 

electron donors below the thermodynamic feasibility limits of more endergonic reactions performed by other 

microbial groups competing for the same substrate. An extension to the concept of thermodynamic 

competition is the idea that metabolic activity rates are controlled by thermodynamics rather than kinetics 

when ΔGrxn approaches ΔGmin. Several modified kinetic models have been proposed for simulating the 

thermodynamic control of the metabolic activity rates, with most of them considering both ΔGrxn and ΔGC 

[234–239]. The additional thermodynamic considerations of these models have important implications as, 

e.g. these allow for explaining the coexistence of diverse microbial trophic groups (with different growth 

kinetics) competing for the same substrates in microbial communities [240]. These models have been 

typically used for describing the metabolic activity of microbial communities in oligotrophic geochemical 

environments. However, the simulation of thermodynamic competition dynamics in microbial communities 

offered by these models could also constitute a solid basis for shaping the structure of microbial communities 

by engineering environmental conditions favoring specific metabolic activities. 

Process stability microbial indicators 

Bioinformatic tools relying on high throughput sequencing have undergone a rapid development over the last 

years. These tools have certainly become a part of the routine analyses in mixed-culture-based bioprocesses, 

also in syngas fermentation processes, as these can provide valuable insights on prevailing metabolic 

processes and microbial interactions taking place within the microbial community 

[57,102,107,112,115,118,241]. Much work has been carried out in the field of anaerobic digestion 

correlating phylogenetic traits, metabolic function and operating conditions by using exploratory data 

analysis tools like PCA, PCoA and NMDS [242,243]. However, their use has been so far limited to 

retrospective analyses.  

Proactive management of microbial communities based on early microbial indicators of future process 

failure after a disturbance has been proposed [244]. A variety of tools could be applied for microbial 

community diagnostics including molecular techniques (e.g. DGGE, high throughput sequencing or 

microarray technologies) and single cell based techniques (e.g. FISH probes or flow cytometry) [244]. 
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Carballa et al. [206] suggested that certain traits of the microbial community structure, like microbial 

diversity or evenness in specific microbial trophic groups, could be potential microbial indicators. 

Nevertheless, the development of such microbial indicators will require (i) an extensive and exhaustive 

characterization of the microbial production systems and their response to environmental disturbances, and 

(ii) that analyses of the microbial community become much quicker and more accessible in the future. 
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2. Chapter II – Scope of the Thesis 

Over the last decades, the fermentation of syngas originating from biomass gasification has attracted 

considerable scientific attention as a possible alternative to strictly biochemical and thermochemical biomass 

conversion processes. The syngas fermentation process has been typically studied using axenic cultures of 

acetogenic bacteria, mainly Clostridium ljungdahlii and Clostridium autoethanogenum, with ethanol being 

the most commonly targeted product. Over the last years though, the focus in the syngas fermentation studies 

has shifted towards expanding the product portfolio of these commonly used strains. One of the alternatives 

to broaden their product spectrum to other products, like H2, CH4, medium chain fatty acids and higher 

alcohols, is the use of syngas-converting microbial communities, as these may offer a series of additional 

benefits such as lower operating costs derived from non-sterile operation, resilience to process disturbances 

and stable operation in continuous mode with low risk of contamination. However, the control of the 

metabolic activity of microbial communities still remains challenging owing to the high complexity of their 

microbial interactions, which often entail a poor understanding of the underlying mechanisms regulating 

their metabolism and result in poor product selectivity, especially in the case of syngas fermentation to 

ethanol. Another issue generating reluctance on the industrial application of mixed microbial communities is 

the low reproducibility of the complexity of microbial communities and the lack of validated methods for the 

long-term preservation of their structure and function. 

The main goal of this thesis is to evaluate the potential of different microbial community management 

strategies, including directed natural selection through microbial enrichments, thermodynamics-based 

selection of operational conditions, and modeling tools, for driving targeted metabolic and structural shifts in 

the microbial community. The production of ethanol and CH4 by syngas-converting microbial communities 

were used as case studies in this thesis. Finally, the effectiveness of several frozen storage methods on the 

long-term preservation of the microbial community structure and function was also evaluated.  

2.1. Hypotheses 

This work is based on the following hypotheses: 

 The application of a selective pressure, given by a set of operating conditions, in microbial enrichments 

can direct the catabolic routes used by syngas-converting microbial communities through the selection 

and exclusion of specific microbial trophic groups.  

 Operational conditions overwrite the role of the microbial composition on the regulation of the 

solventogenic metabolism of syngas-converting microbial communities. 
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 Thermodynamic principles can be used for steering the metabolic activity of specific microbial trophic 

groups by regulating either the intracellular or the interspecies metabolism of microbial communities. 

 The simulation of the syngas biomethanation process through “grey box” models, accounting for the 

main microbial trophic groups and interactions of the microbial community, can successfully describe 

the performance of microbial communities with relatively high predictive capacity. 

 The combination of thermodynamic and kinetic considerations in dynamic models allows for designing 

detailed catabolic route control strategies. 

 Cryopreservation methods based on cryoprotectants, alternative to those commonly used like glycerol 

and no addition of cryoprotectant, may allow for more reliable long-term preservation of the microbial 

community structure and its functional redundancy. 

2.2. Specific objectives 

In order to test the validity of the hypotheses above stated, the following specific objectives were defined: 

 To characterize the catabolic routes employed by syngas-converting methanogenic microbial 

communities enriched at different incubation temperatures, namely 37˚C and 60˚C. 

 To evaluate the effect of pH, yeast extract addition and hydraulic retention time on the microbial 

composition and the solventogenic activity of syngas-converting acetogenic microbial communities 

through microbial enrichments. 

 To investigate whether operating conditions or microbial composition determine the solventogenic 

potential of enriched microbial communities. 

 To analyze the thermodynamics of net biochemical reactions composing the metabolic network of 

methanogenic and acetogenic microbial communities based on their thermodynamic feasibility in order 

to identify reactions subject to thermodynamic control. 

 To define catabolic route control strategies and operational strategies allowing for targeted control of 

specific bioconversions. 

 To develop dynamic models able to describe the performance of mesophilic and thermophilic enriched 

microbial communities during syngas biomethanation. 

 To define the structure of the models based on experimental observations and thermodynamic 

considerations in order to include specific mutualistic, competitive and cross-feeding interactions and 

improve the overall predictive capacity of the models. 

 To investigate the effect of several cryopreservation agents on the long-term cryopreservation of the 

microbial community structure and functionality based on microbial composition and microbial activity 

recovery.  
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3. Chapter III – Enrichment of Syngas-Converting Mixed Microbial 

Communities  

3.1. Purpose 

The goal of this study was to evaluate the potential of microbial enrichment techniques for directing the 

metabolic activity of the microbial community towards ethanol and CH4. The exposure to syngas and 

specific operating conditions, favoring methanogenic and solventogenic activity, were applied during the 

enrichments as selective pressure for driving a reduction of the complexity of the microbial community while 

steering its metabolic activity towards the targeted products. Both microbial community structure and 

fermentation products were used for monitoring the evolution of the microbial community along the 

enrichment processes. 

3.2. Hypotheses 

 The application of a selective pressure, given by a set of operating conditions, in microbial enrichments 

can direct the catabolic routes used by syngas-converting microbial communities through the selection 

and exclusion of specific microbial trophic groups.  

 Operational conditions overwrite the role of the microbial composition on the regulation of the 

solventogenic metabolism of syngas-converting microbial communities. 

3.3. Specific objectives 

 To characterize the catabolic routes employed by syngas-converting methanogenic microbial 

communities enriched at different incubation temperatures, namely 37˚C and 60˚C. 

 To evaluate the effect of pH, yeast extract addition and HRT on the microbial composition and the 

solventogenic activity of syngas-converting acetogenic microbial communities through microbial 

enrichments. 

 To investigate whether operating conditions or microbial composition determine the solventogenic 

potential of enriched microbial communities. 
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3.5. Experimental procedures 

The enrichment of syngas-converting methanogenic microbial communities was carried out using a 

sequential batch enrichment technique for studying the effect of different incubation temperatures on the 

microbial selection, namely 37˚C and 60˚C. An anaerobic sludge was used as starting inoculum and the 

enriched community was considered stable after 5 successive transfers. The catabolic routes employed by 

each enriched microbial community were then characterized through specific activity tests and 16S rRNA 

gene amplicon sequencing. 

The enrichments of mesophilic (37˚C) solventogenic microbial communities were performed both in 

sequential batch mode, consisting of 6 successive transfers, and continuous mode in order to study the effect 

of different operational parameters, including pH, yeast extract and hydraulic retention time (HRT), on the 

microbial selection and the metabolic activity of the microbial community. Sequential batch enrichments 

focused on the effect of initial pH and yeast extract addition, while the enrichment in continuous mode 

evaluated the effect of pH and HRT. The specific enrichment conditions in sequential batch mode were pH 6, 

5.5 and 5, with and without yeast extract addition. The operating conditions in the enrichment in continuous 

mode were pH 4.5 and HRT of 5.1 d and 2.4 d. The anaerobic sludge used as starting inoculum was heat-

shock treated prior to inoculation in most cases in order to inhibit the methanogenic activity. However, the 

possibility of using a non-treated anaerobic sludge was also evaluated in one of the sequential batch 

enrichments. The microbial composition was analyzed based on 16S rRNA gene amplicon sequencing 

during and at the end of the enrichment in all cases. 
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3.6. Summary of results 

The anaerobic sludge used in all experiments was able to convert syngas without pre-acclimation and with 

no apparent inhibition in its hydrogenotrophic and carboxydotrophic activity due to the initial partial 

pressure of CO (0.40-0.47 atm). However, not all carboxydotrophic microbial groups were present in the 

enriched microbial communities as, in all enrichments, CO was found to be strictly converted by either 

carboxydotrophic acetogens or hydrogenogens depending on the operating conditions.  

In the methanogenic enrichments, the analysis of the patterns of activity of the mesophilic and thermophilic 

microbial communities revealed that the enrichment at different incubation temperatures led to microbial 

communities with drastic differences in the complexity of their community structure and their activity rates 

(Manuscript III). The mesophilic enriched microbial community presented a rather intricate metabolic 

network, where CO was strictly converted into acetate and propionate by carboxydotrophic acetogens, and 

H2/CO2 was simultaneously converted into acetate and CH4 as a result of the competition between the 

homoacetogenic and the hydrogenotrophic methanogenic microbial groups. Acetate was then further 

converted into CH4 by aceticlastic methanogens, although syntrophic acetate and propionate oxidation 

possibly took place as well to a limited extent diverting a small part of the carbon though hydrogenotrophic 

methanogenesis. In turn, the thermophilic enriched microbial community was much simpler as it was 

composed by only two functional microbial groups, where CO was strictly converted into H2/CO2 by 

carboxydotrophic hydrogenogens (in presence of hydrogenotrophic methanogens) and H2/CO2 was directly 

converted into CH4 by hydrogenotrophic methanogens. These differences in the putative composition of the 

microbial communities led to significant differences in their productivities, as the maximum specific CH4 

productivity of the thermophilic microbial community was one order of magnitude higher than that of the 

mesophilic due to the faster turnover rates of H2 compared to acetate (table 3.1). 

The results of the specific activity tests determining the catabolic routes utilized by each methanogenic 

microbial community were confirmed by the analysis of their microbial composition, as all microbial trophic 

groups expected to be present in the microbial communities were identified through 16S rRNA gene 

amplicon sequencing. The mesophilic microbial community was found to be dominated by Acetobacterium 

spp. (with 26.0% of reads mapped to the corresponding OTUs), which likely converted CO and H2/CO2 into 

acetate, and Methanospirillum spp. (with 23.3% of reads mapped), converting H2/CO2 into CH4 (fig. 3.1). 

Other expected microbial groups corresponding to aceticlastic methanogens (Methanosarcinales spp.) and 

syntrophic acetate oxidizers (Geobacter spp.) were also identified. On the other hand, the thermophilic 

microbial community was composed by the obligate carboxydotrophic hydrogenogenic species Thermincola 

carboxydiphila (with 47.9% of reads mapped) and a hydrogenotrophic methanogenic microbial group 

corresponding to Methanothermobacter spp. (with 14.8% of reads mapped) (fig.3.1). 
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The sequential batch solventogenic enrichments applied at different initial pH with/without yeast extract 

addition resulted in the successful selection of acetogenic bacteria from both untreated and heat-shock 

treated anaerobic sludges, resulting in 5 enriched microbial communities with variable solventogenic 

potential and microbial diversity as a function of the enrichment conditions (Manuscript II). The acetate and 

ethanol yield was found to decrease and increase, respectively, with decreasing initial pH, with the microbial 

community enriched at pH 5 with heat-shock treated inoculum presenting the highest ethanol yield 

corresponding to 59.15±0.18% of the stoichiometric maximum (fig. 3.2). In turn, the addition of yeast extract 

did not affect the ethanol yield, but triggered a significant production of butyrate, butanol and small amounts 

of caproate (fig. 3.2 C, D and E). Analyzing the composition of the microbial communities along the 

enrichments revealed that the composition shifted rapidly along the enrichment, reaching a stable community 

structure dominated by Clostridium spp. in all cases (fig. 3.3).  

Both pH and yeast extract addition were found to be determinant operational parameters affecting the 

microbial diversity and composition of the microbial communities. On one hand, the decrease in initial pH 

was clearly detrimental for the microbial diversity of the enriched cultures (fig. 3.4A). This drop in microbial 

diversity could be amended by the addition of yeast extract, as this allowed for the microbial community 

enriched at pH 5.5 with yeast extract to have a microbial diversity similar to that of the community enriched 

at pH 6 without yeast extract (fig. 3.3). However, further decreasing the initial pH to 5 resulted in a 

significant drop in the microbial diversity even though yeast extract was added (fig. 3.4A). On the other 

hand, the addition of yeast extract was found to determine the outcome of the competition for H2/CO2 and 

CO at species level. While enrichments without addition of yeast extract were dominated by the putative 

species Clostridium ljungdahlii, enrichments with yeast extract addition favored the dominance of the 

putative species Clostridium carboxidivorans. This can be explained by the fact that C. carboxidivorans 

shows poor activity synthesizing amino acids, and consequently, needs a rich medium to grow efficiently 

[245]. Furthermore, the dominance of different Clostridium spp. is consistent with the change in carbon 

chain length of the products observed, as those enrichments with C. ljungdahlii as dominant species 

produced exclusively acetate and ethanol, whereas enrichments dominated by C. carboxidivorans resulted in 

the production of butyrate and butanol as well. 

The microbial enrichment in continuous mode also showed important differences in the metabolic activity of 

the microbial community upon changing the operating conditions (Manuscript V). In this case, the pH was 

adjusted to 4.5 in order to prevent a significant carbon chain elongation of acetate and ethanol to butyrate and 

obtain an enriched microbial community with a higher product selectivity towards C2 compounds (acetate 

and ethanol), based on the inhibition of the chain elongation reaction at pH below 5 [116,182,246,247]. 

When the enrichment was switched to continuous mode, the production of acetate remained at a relatively 

constant concentration of around 100-125 mM independently of the HRT and syngas inflow used (fig. 3.5). 
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In turn, the concentration of ethanol was found to be strongly affected by the change in HRT from 5.1 d to 

2.4 d, as it varied from 40.9±1.6 mM at steady state with 5.1 days of HRT (4th experimental condition) to a 

minimum of 17.5±0.1 mM at steady state with 2.4 days of HRT (3rd experimental condition) (fig. 3.5). This 

indicated that ethanol was probably produced through the reduction of acetate using H2 or CO as electron 

donors, since a higher HRT should favor a higher extent of this reaction. The low pH applied during the 

enrichment successfully suppressed the carbon chain elongation activity during the beginning of the 

enrichment. However, after 25 days of operation, butyrate started to increase gradually until a maximum 

yield of 8.0±1.0% of the stoichiometric maximum was reached on day 33 (fig. 3.5). Decreasing the HRT to 

2.4 d temporarily though, allowed for a nearly complete suppression of the chain elongation activity.  

The microbial composition analysis showed a clear dominance of acetogenic bacteria from the family 

Clostridiaceae (fig. 3.6). Other families of bacteria with a considerable representation in the microbial 

community corresponded to Enterobacteriaceae and Pseudomonadaceae. The microbial community was 

dominated by the putative species C. ljungdahlii during the whole enrichment (from 45.5% to 83.4% of reads 

mapped). However, between days 13 and 51, this species was found to be partially displaced by a species 

closely related to Clostridium luticellari, reaching a maximum of 28.0% of reads mapping to this species. 

The syngas conversion was mainly attributed to C. ljungdahlii, while the temporary occurrence of the chain 

elongation reaction was attributed to Clostridium luticellari. Similarly to the sequential batch enrichments, 

when the microbial community enriched in continuous mode was inoculated in batch fermentation flasks, the 

composition of the community shifted towards dominance of species with closest but low similarity to C. 

carboxidivorans and Clostridium nitrophenolicum, together with C. ljungdahlii, resulting in the production 

of acetate, ethanol, butyrate, butanol and small amounts of caproate.  This indicated that the microbial 

community presented high functional redundancy despite the drastic reduction in structure complexity after 

the enrichment. 

3.7. Conclusions  

The microbial enrichments performed in these studies demonstrated that directing the natural selection 

through the application of specific environmental pressures is an effective tool for driving a reduction of the 

complexity of the microbial community structure and redirecting the carbon flux through specific pathways 

of its metabolic network. These studies showed that the microbial selection could be directed towards 

specific microbial trophic groups based on mutual exclusion interactions within the community, as these 

should favor the dominance of the most competitive species depending on the operating conditions applied, 

and eventually, the wash-out of least competitive species. The enrichment of methanogenic microbial 

communities is a clear example of this mutual exclusion at microbial trophic group level, as the incubation at 

different temperatures led to microbial communities where CO was strictly metabolized through acetate by 
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carboxydotrophic acetogens or through H2/CO2 by carboxydotrophic hydrogenogens, with important 

implications in their metabolic activity rates. The acetogenic microbial communities developed here also 

demonstrated the exclusion of methanogenic and hydrogenogenic microbial trophic groups. 

The microbial competition at species level within a specific microbial group was also studied through 

sequential batch mode and continuous mode enrichments of acetogenic microbial communities. These 

studies showed that nutrient supplementation and the operating mode were crucial factors determining the 

dominant species of the microbial community. In the enrichments in sequential batch mode, the putative 

species C. ljungdahlii was shown to be outcompeted by a species closely related to C. carboxidivorans when 

the growth medium was supplemented with yeast extract, which indicated that the latter has a higher µmax 

provided that certain amino acids are supplied. However, the substrate-limiting conditions found under 

continuous operating mode favored the dominance of C. ljungdahlii even though the medium was 

supplemented with the same concentration of yeast extract, which indicated that the latter either is more 

tolerant to low pH conditions or has a higher substrate affinity. This reasserts that enrichment strategies 

targeting the selection of species with specific kinetic properties or physiological traits are also possible. 

However, as opposed to the competition at microbial trophic group level where permanent changes in the 

microbial community are more likely, the outcome of the competition at species level is inherently more 

dynamic and subject to the fine tuning of the operating conditions due to the more similar physiological traits 

among species of the same metabolic guild and the functional redundancy of microbial communities. 

The relation between operational parameters, composition of the microbial community and metabolic 

activity was studied in acetogenic enrichments performed in sequential batch mode. In this case, the yield of 

the target product in acetogenic enrichments, ethanol, was found to be dependent on the operating conditions 

rather than on the microbial composition. Enrichments at initial pH 5.5 with and without yeast extract 

addition were found to present drastic differences in their microbial diversity and different dominant species 

(either C. ljungdahlii or C. carboxidivorans), but resulted in a very similar ethanol yield corresponding to 

0.028 mol/e-mol and 0.025 mol/e-mol with and without yeast extract addition, respectively (fig. 3.2 B and 

C). Additionally, the increase in ethanol yield with decreasing initial pH was consistent regardless of the 

microbial diversity and dominant species of each enriched microbial community. This was further supported 

by the ordination of microbial community samples through non-metric multidimensional scaling (nMDS), 

where a statistically significant correlation was found between the ordination of the samples and the acetate 

yield, ethanol yield and initial pH (fig. 3.4B). Therefore, all results indicated that the pH acted on the 

composition of the microbial community and on the regulation of their metabolism in independent ways. 

However, changes in the yield of other products like butyrate and butanol were, in fact, not dependent solely 

on the operating conditions but on the microbial composition as well, as the presence of C. carboxidivorans 

most probably triggered their production. 
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Overall, the microbial enrichment technique used was found to be an effective tool for driving important 

changes in the composition of the microbial communities studied, which could enable the design of 

operational strategies targeting specific metabolic activities. However, one of the main limitations of this 

technique is that these operational strategies can only be based on prior knowledge of the effect of certain 

operational parameters on the microbial community, as the outcome of the enrichment cannot be predicted 

otherwise, with few exceptions. This might limit its applicability or its effectiveness in novel microbial 

conversion processes without extensive experimental work. 

Table 3.1. Biomass yield and specific activities and productivities for the different microbial groups present in the mesophilic and 

the thermophilic enriched microbial consortia. Extracted from Grimalt-Alemany et al. [248] (Manuscript III). 

 Biomass yield 
(g VSS/mol 

substrate) 

Max. Specific activity 

(mmol substrate/g VSS/h) 

Max. Specific productivity 

(mmol product/g VSS/h) 

H2 CO Acetate Acetate Propionate H2 CH4 

Mesophilic enriched consortium  

Carboxydotrophic 

acetogens 
2.45±0.06 

 
14.18±2.31 

 
2.53±0.64 0.18±0.03 

  

Homoacetogens 0.54±0.03 49.14±10.70 
  

7.36±1.62 
   

Hydrogenotrophic 

methanogensa 0.72±0.03a 46.12±5.50a 

     
11.00±1.31a 

Aceticlastic 
methanogens 

0.57±0.06 
  

6.65±1.77 
   

6.44±0.54 

All microbial groups 0.87±0.02 27.45±1.23 14.87±0.59 
 

5.26±0.91 0.10±0.00 
 

1.83±0.27 

Thermophilic enriched consortium  

Carboxydotrophic 

hydrogenogens 
0.82±0.01 

 
52.35±1.72 

 
1.61±0.42 

 
44.95±4.11 

 

Hydrogenotrophic 

methanogens 
0.51±0.01 244.26±12.87 

     
43.46±1.52 

All microbial groups 0.66±0.01 165.75±4.53 12.43±1.16 
    

33.48±0.90 

aThe biomass yield, the maximum specific activity and productivity for hydrogenotrophic methanogens was estimated based on the 
biomass and acetate yield of homoacetogens determined in the experiments with H2/CO2 with BES addition. 
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Figure 3.1. Average relative taxonomic abundance of triplicate samples for the initial inoculum used and the mesophilic and 
thermophilic enriched microbial consortia at genus level using the V3-V4 region primer set. NA corresponds to the sum of all genera 
with relative abundance below 0.5% in the individual samples before calculating the average. Extracted from Grimalt-Alemany et al. 

[248] (Manuscript III). 
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Figure 3.2. Product yields (mol/e-mol) obtained in each transfer for all enrichment conditions and final pH at the moment of the 

transfer. The columns show the values for the fermentation transferred and the error bars indicate the corresponding values of the 
duplicate experiment. Additional information on substrate consumption and apparent biomass yields can be found in the additional 
file 1 (fig. 5). A Enrichment HT6 at an initial pH of 6; B Enrichment HT5.5 at an initial pH of 5.5; C Enrichment HT5.5YE at an 
initial pH of 5.5 with YE (0.5 g/L); D Enrichment HT5YE at an initial pH of 5 with YE (0.5 g/L); E Enrichment NT5YE at an initial 
pH of 5 with YE (0.5 g/L). Extracted from Grimalt-Alemany et al. [249] (Manuscript II). 
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Figure 3.3. Relative taxonomic abundance of the analyzed microbial consortia in pH-based enrichments at genus level. The label of 

the samples is encoded according to the enrichment name, transfer number and growth phase at the moment of the sampling. ME and 
SP stand for mid-exponential and stationary growth phase, respectively. The label NA corresponds to the sum of all genera with a 
relative abundance below 1%. Extracted from Grimalt-Alemany et al. [249] (Manuscript II). 

 

Figure 3.4. A Dependence of alpha-diversity (measured as number of unique OTUs) on pH for all enrichment samples. NA 
corresponds to samples from the starting inocula. B Non-metric multidimensional scaling (nMDS) unconstrained ordination. The 
arrows represent the direction and strength of the correlation between the variables and the unconstrained ordination of samples. The 
label of the samples is encoded according to the enrichment series name and transfer number. Extracted from Grimalt-Alemany et al. 

[249] (Manuscript II). 
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Figure 3.5. Conversion efficiency and product concentration profile during the microbial enrichment under batch and continuous 
operation. Changes in operating conditions are noted above the graph. The initial lag phase of the anaerobic sludge after inoculation 
is not included in the graph. Extracted from Manuscript V. 

 

Figure 3.6. Relative abundance of reads mapped to OTUs at family taxonomic level during the microbial enrichment. The 

corresponding day when the sample was taken is given above the columns. NA corresponds to reads mapped to OTUs assigned to 
families with a percentage of reads below 0.5%. Extracted from Manuscript V. 
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4. Chapter IV – Thermodynamics-based Selection of Operating 

Parameters and Catabolic Route Control Strategies 

4.1. Purpose 

In this chapter, the thermodynamics of the network of net biochemical reactions of acetogenic and 

methanogenic syngas-converting microbial communities is investigated on the perspective of identifying 

operational strategies allowing for the control of their metabolic activity. The metabolic network of these 

microbial communities is first analyzed based on the thermodynamic feasibility of their reactions, focusing 

on several aspects of their metabolism like syntrophic interactions and thermodynamic competition. Key 

reactions subject to thermodynamic control at the given operating conditions are then identified through the 

thermodynamic potential factor (FT), derived by Jin & Bethke [237]. Finally, possible operational strategies 

targeting specific metabolic activities in the microbial community are defined and tested experimentally for 

confirmation. 

4.2. Hypothesis 

 Thermodynamic principles can be used for steering the metabolic activity of specific microbial trophic 

groups by regulating either the intracellular or the interspecies metabolism of microbial communities. 

4.3. Specific objectives 

 To analyze the thermodynamics of net biochemical reactions composing the metabolic network of 

methanogenic and acetogenic microbial communities based on their thermodynamic feasibility in order 

to identify reactions subject to thermodynamic control. 

 To design catabolic route control strategies and operational strategies allowing for targeted control of 

specific bioconversions. 

4.4. Related manuscripts 

II. A. Grimalt-Alemany, M. Łężyk, L. Lange, I. V Skiadas, and H. N. Gavala. Enrichment of syngas‑

converting mixed microbial consortia for ethanol production and thermodynamics‑based design of 

enrichment strategies. Biotechnol Biofuels, 2018; 11, 198: 1–22. 
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kinetic and thermodynamic competition. Waste and Biomass Valorization, 2019. 
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4.5. Computational and experimental procedures 

The metabolic network of acetogenic and methanogenic microbial communities was first analyzed based on 

the Gibbs free energy change (ΔGrxn) for all reactions occurring during the fermentation of syngas (table 4.1 

and 4.2). The ΔGrxn was corrected for the concentration of substrates and products, pH, temperature and ionic 

strength. Corrections for temperature were made through the Gibbs-Helmholtz equation, and the ionic 

strength was corrected based on the extended Debye-Hückel equation according to Alberty [250]. The 

thermodynamic feasibility of each of these reactions and the possibility of applying thermodynamic control 

on the microbial activity rates were evaluated through FT according to eq. 4.1, where ∆GA corresponds to -

ΔGrxn in kJ per reaction; ∆GC is the energy conserved calculated based on the ATP yield of each metabolic 

pathway multiplied by the Gibbs free energy of phosphorylation (∆Gp) according to eq. 4.2; and χ is the 

average stoichiometric number, which can be approximated by the number of times a rate-determining step 

takes place through a metabolic pathway.  

𝐹𝑇 = 1 − exp (−
∆𝐺𝐴−∆𝐺𝐶

𝜒𝑅𝑇
) (4.1) 

∆𝐺𝐶 =  𝑌𝐴𝑇𝑃 ∙ ∆𝐺𝑝  (4.2) 

FT was originally intended to make kinetic models thermodynamically consistent (e.g. 
𝑑𝑋

𝑑𝑡
=

µ𝑚𝑎𝑥 ∙𝑆

𝑘𝑠+𝑆
∙ 𝑋 ∙ 𝐹𝑇). 

However, FT is used here independently in order to evaluate the role of thermodynamic control, 

thermodynamic competition between microbial trophic groups and the feasibility of syntrophic interactions. 

When ∆GA>>∆GC, FT approaches 1, indicating that the rate of the reaction is strictly kinetically controlled. 

Conversely, when ∆GA approaches ∆GC, the reaction starts to be thermodynamically limited and FT takes 

values between 0 and 1, indicating that the rate of the reaction is thermodynamically controlled. Lastly, when 

∆GA is equal to or lower than ∆GC, FT is 0 or negative and the metabolism ceases. Since the intracellular 

ratio ATP/ADP was not known, FT calculations were made using different ∆Gp values in order to give an 
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idea of the sensitivity of FT. The ∆Gp values used in the calculations for analyzing the acetogenic metabolic 

network were 45, 57.5 and 70 kJ/mol ATP, and for the methanogenic metabolic network were 45, 50 and 55 

kJ/mol ATP [232,251–253]. 

Possible operational strategies identified for increasing the yield and selectivity towards ethanol and CH4 

were tested experimentally. Strategies targeting higher ethanol production through a higher acetate-reducing 

activity using H2 or CO as electron donor were confirmed experimentally through an additional enrichment 

in sequential batch mode at initial pH 5 with increased initial concentration of acetate (20 mM). Operational 

strategies targeting higher product selectivity towards CH4 through catabolic route control were tested 

experimentally at mesophilic and thermophilic conditions using a trickle bed reactor operated in continuous 

mode, where the partial pressure of CO2 (PCO2) was controlled by adding exogenous H2. 

Table 4.1. Biochemical reactions composing the methanogenic metabolic network along with the ATP yield and average 

stoichiometric number (χ) used in thermodynamic potential factor (FT) calculations. Extracted from Grimalt-Alemany et al. [248] 
(Manuscript III). 

Stoichiometry of biochemical reactions 
ATP yield 

(mol per reaction) 
χ Ref. 

Acetogenesis    
4 H2 + 2 CO2 → CH3COOH + 2 H2O 0.33 1 [254] 
4 CO + 2 H2O → CH3COOH + 2 CO2 1.66 5 [254] 

Hydrogenogenesis    
CO + H2O → H2 + CO2 0.33 1 Calculated 

Syntrophic fatty acid oxidation    
CH3CH2COOH + 2 H2O → CH3COOH + 3 H2 + CO2 0.33 1 [255] 
CH3COOH + 2 H2O → 4 H2 + 2 CO2 0.33 1 [255] 

Methanogenesis    
4 H2 + CO2 → CH4 + 2 H2O 0.5 2 [252] 
CH3COOH → CO2 + CH4 0.5 2 Calculated 

Table 4.2. Biochemical reactions composing the acetogenic metabolic network along with the ATP yield and average stoichiometric 
number (χ) used in the thermodynamic potential factor (FT) calculation. Extracted from Grimalt-Alemany et al. [249] (Manuscript II). 

Stoichiometry of biochemical reactions 
ATP yield  

(mol per reaction) 
χ Ref. 

H2/CO2 conversion into acetate/ethanol    
4 H2 + 2 CO2 → CH3COO- + H+ + H2O 0.3 2 [254] 
6 H2 + 2 CO2 → CH3CH2OH + 2 H2O -0.1 // 0.3a 3 [254] 

CO conversion into acetate/ethanol    
4 CO + 2 H2O → CH3COO- + H+ + 2 CO2 1.5 4 [254] 
6 CO + 3 H2O → CH3CH2OH + 4 CO2 1.7 6 [254] 

VFA reduction to corresponding alcohols    
CH3COO- + H+ + 2 H2 → CH3CH2OH + H2O 0.33 4 [183] 
CH3(CH2)2COO- + H+ + 2 H2 → CH3(CH2)2CH2OH + H2O 0.33 4 [183] 
CH3COO- + H+ + 2 CO + H2O → CH3CH2OH + 2 CO2 0.66 5 Calculated 
CH3(CH2)2COO- + H+ + 2 CO + H2O → CH3(CH2)2CH2OH + 2 CO2 0.66 5 Calculated 

Chain elongation    
5 CH3CH2OH + 3 CH3COO- → 4 CH3(CH2)2COO- + H+ + 3 H2O + 2 H2 1 1 [180] 

a Bertsch & Müller [254] predicted an ATP yield of -0.1, however the possibility of a positive ATP yield was also evaluated. 
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4.6. Summary of results  

The acetogenic metabolic network was first analyzed based on ΔGrxn and FT as a function of pH in order to 

confirm that the metabolic activity of the acetogenic microbial communities enriched at different initial pH 

conditions (described in the Chapter III) was consistent with the thermodynamic analysis (Manuscript II). 

The results indicated that, despite the ΔGrxn of most of the reactions is affected by the change of pH, only a 

few would be expected to be thermodynamically controlled under the given initial operational conditions. As 

shown in fig. 4.1A, all acetate-producing reactions become less exergonic with decreasing pH, while VFA-

reducing reactions are significantly favored by the pH decrease, and direct ethanol-producing reactions 

remain unaffected. However, the analysis of the FT shows that not all reactions are equally sensitive to 

changes in the ΔGrxn liberated. The FT of acetate- and ethanol-producing reactions from H2/CO2 and CO 

approach 1 at all pH conditions, which suggests that these reactions are kinetically controlled rather than 

thermodynamically controlled (fig. 4.1B). Thus, the direct production of either acetate or ethanol probably 

depends strictly on the kinetic competition between the different intracellular enzymatic reactions of their 

metabolic pathways, as these reactions provide enough thermodynamic driving force to proceed forward 

without being affected by the change in ΔGrxn. On the other hand, all VFA-reducing reactions present FT 

values below 1, indicating that the rate of these reactions could be thermodynamically controlled. According 

to this, the rate of acetate- and butyrate-reducing reactions would be expected to increase with the decrease 

in pH, as the FT increases considerably in all reactions (fig. 4.1B). The boundaries of thermodynamic 

feasibility of these reactions cannot be accurately determined though, due to the uncertainties in ∆GC. For 

example, using a ∆Gp of 45 kJ/mol of ATP and an ATP yield of 0.33 moles per reaction, the reduction of 

acetate to ethanol using H2 as electron donor would become feasible below a pH of 5.6, while this reaction 

would not be feasible at any pH when using a ∆Gp of 70 kJ/mol of ATP (fig. 4.1B). However, despite the 

uncertainties, it is clear that a high pH in the fermentation broth would render this reaction unfeasible, while 

decreasing the pH would favor it. There is less uncertainty associated to the acetate-reducing activity using 

CO as electron donor as it is thermodynamically feasible at all relevant pH conditions regardless of the ∆Gp 

used. Decreasing the pH from 6 to 5 would then be expected to boost the rate of this reaction as FT increases 

from 0.68 to 0.79 when using a ∆Gp of 57.5 kJ/mol of ATP (fig. 4.1B). These results are fully consistent with 

the increasing trend in ethanol and butanol yield observed when decreasing the initial pH during the 

solventogenic enrichments described in Chapter III, which allow concluding that VFA-reducing reactions 

played a fundamental role on the solventogenic activity of the enriched microbial communities. Accordingly, 

operational strategies for further improving the ethanol yield should target boosting the rates of acetate-

reducing reactions. 

According to the stoichiometry of acetate-reducing reactions, FT, and consequently the activity rate of these 

reactions, could be boosted by increasing the PCO and PH2, increasing the initial acetate concentration, 
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removing ethanol in-situ and decreasing the PCO2. In this case, the increase of initial acetate concentration 

was chosen as it was the simplest option for selectively targeting a higher activity of acetate-reducing 

reactions. As shown in fig. 4.2A, changes in the initial concentration of acetate have a strong effect on the 

ΔGrxn of most reactions. However, only acetate-reducing reactions using H2 and CO as electron donors 

would be highly sensitive to changes in ΔGrxn, with FT increasing significantly with the increase of acetate 

concentration (fig. 4.2B). Therefore, an enrichment at pH 5 with an initial acetate concentration of 20 mM 

would be expected to boost the ethanologenic potential of the microbial community by enhancing its acetate-

reducing activity. The higher ethanologenic potential of the enriched community, when compared to the base 

case (enrichment at pH 5 without acetate addition), was obvious given that ethanol was the main product of 

the fermentation from the first transfer (fig. 4.3). By the end of the enrichment, the fermentation carried out 

by this microbial community resulted in an ethanol yield of 72.44±2.11% of the stoichiometric maximum, 

which corresponded to a 22.49% increase of the maximum ethanol yield obtained previously (enrichment at 

pH 5). The higher acetate-reducing activity of this microbial community was apparent during the 

fermentation even though the latter took place during the exponential growth phase (fig. 4.4). 

The thermodynamics of the metabolic network of methanogenic microbial communities was initially 

analyzed based on the ΔGrxn and FT as a function of temperature in order to identify possible bioenergetic 

limitations conditioning the metabolic activity of specific microbial trophic groups (Manuscript III). As 

shown in fig. 4.5a, the increase of temperature has a negative effect on ΔGrxn for most reactions, with the 

exception of aceticlastic methanogenesis, syntrophic acetate oxidation (not shown in figure 4.5a) and 

carboxydotrophic hydrogenogenesis. Based on FT calculations considering the initial fermentation 

conditions, these are also the only reactions with an increasingly compromised thermodynamic feasibility 

with decreasing temperature (non-feasible in the case of syntrophic acetate oxidation) (fig. 4.5b). In the case 

of aceticlastic methanogenesis, the thermodynamic limitation is caused by the low acetate concentration at 

the initial fermentation conditions (1 mM), which would disappear as soon as acetate started to be produced 

during the course of the fermentation and would have no further implications. However, the thermodynamic 

limitation of the carboxydotrophic hydrogenogenesis could have had implications in the microbial selection 

of carboxydotrophic acetogens during the mesophilic enrichment (described in Chapter III), as the latter 

probably had an initial advantage derived from the partial thermodynamic inhibition of the 

hydrogenogenesis. The microbial selection of different carboxydotrophic microbial groups can be further 

explained by the increasing and decreasing doubling times for carboxydotrophic acetogens and 

hydrogenogens, respectively, with the increase of temperature [133,151,256,257]. The thermodynamic 

competition between these microbial groups follows the same trend, since carboxydotrophic hydrogenogens 

would be clearly outcompeted by acetogens at low CO concentrations in the liquid at mesophilic conditions 

(fig. 4.6a), while they should be able to compete for CO at thermophilic conditions (fig. 4.6b). In turn, the 

competition for H2/CO2 was found to be strictly kinetically driven at the initial conditions of the 
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fermentation, as FT approaches 1 at all temperatures for both homoacetogenesis and hydrogenotrophic 

methanogenesis (fig. 4.5b). Nevertheless, thermodynamic competition among these microbial trophic groups 

also played a role during the fermentation when the concentration of H2 in the liquid started to be limiting, 

given that hydrogenotrophic methanogens present a much lower minimum threshold PH2 than 

homoacetogens (fig. 4.6 and 4.7a). 

Two reactions of the methanogenic metabolic network were especially interesting due to the possibility of 

applying thermodynamic control on the metabolic activity of their corresponding microbial trophic groups, 

namely, syntrophic acetate oxidation and carboxydotrophic hydrogenogenesis.  

Syntrophic fatty acid oxidizers are a classic example of microbial metabolism severely affected by 

thermodynamic constraints due to the intrinsically compromised thermodynamic feasibility of these 

reactions. As shown in fig. 4.7, the syntrophic interaction between syntrophic acetate and propionate 

oxidizers with hydrogenotrophic methanogens was not possible under the operating conditions found during 

the batch experiments at mesophilic conditions; although a limited contribution of these reactions cannot be 

ruled out. However, the main acetate conversion catabolic route, aceticlastic methanogenesis, has been 

repeatedly reported to be inhibited by the toxicity of CO, even resulting in complete wash-out from the 

reactor in continuous processes and in accumulation of VFAs that remained unconverted (representing up to 

20-25% of e-mols from syngas in some cases) [57,100,258,259]. Therefore, from an application perspective, 

it would be interesting to be able to drive a shift in the acetate conversion catabolic routes from aceticlastic 

methanogenesis to syntrophic acetate oxidation in order to achieve a complete conversion of VFAs and 

increase the product selectivity towards CH4. Analyzing the effect of PCO2 on the thermodynamic feasibility 

of syntrophic acetate oxidation indicated that it would be feasible to engineer operating conditions favoring 

the syntrophic interaction between syntrophic acetate oxidizers and hydrogenotrophic methanogens by 

decreasing the PCO2 e.g. adding exogenous H2 (Manuscript VI). This can be seen in fig. 4.8, where both 

reactions become thermodynamically feasible within a common H2 concentration range in the liquid phase at 

the lowest PCO2 evaluated. When this was tested experimentally using a mesophilic trickle bed reactor, 

decreasing the PCO2 from 0.12 atm to 0.016 atm (and the PH2 from 0.11 atm to around 0.02 atm) resulted in a 

twelve-fold decrease in the acetate concentration in the reactor, corresponding to a drop in the e-mols 

diverted to acetate from 3.4% to 0.4% (fig. 4.9). 

In the thermophilic microbial community, the carboxydotrophic hydrogenogenic microbial group was found 

to shift its metabolism towards acetate depending on the operating conditions. CO was converted strictly into 

H2 and CO2 when carboxydotrophic hydrogenogens were grown in syntrophic association with 

hydrogenotrophic methanogens, while the conversion of CO was partially diverted to acetate when 

hydrogenotrophic methanogens were inhibited and H2/CO2 started to accumulate in the gas phase. This is 

consistent with the literature, as even when using a co-culture composed by C. hydrogenoformans and M. 
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thermoautotrophicus converting CO in continuous operating mode, the carbon diverted towards acetate 

accounted for 7.9-15.4% (Cmol basis) of the product distribution [90]. Analyzing the thermodynamic 

limitation of the carboxydotrophic hydrogenogenesis through the FT revealed that the dynamic yield of 

H2/CO2 and acetate of this microbial trophic group was directly proportional to the degree of thermodynamic 

limitation of the hydrogenogenesis given by FT (Manuscript IV – see also Chapter V for further details). The 

high sensitivity of the thermodynamic feasibility of the carboxydotrophic hydrogenogenesis to changes in the 

operational conditions is shown in fig. 4.10, where it can be seen that the minimum threshold PCO changes 6 

orders of magnitude depending on the value of PH2 and PCO2. Thus, decreasing the PCO2 by adding exogenous 

H2 would be expected to result in lower concentration of acetate in the liquid phase of the reactor due to the 

higher thermodynamic feasibility of the carboxydotrophic hydrogenogenesis. When testing this 

experimentally, the decrease in PCO2 from 0.23 atm to 0.07 atm resulted in a relatively low drop in acetate 

concentration from 16.8 mM (3.1% e-mols diverted to acetate) to 11.4 mM (2.0% e-mols diverted to 

acetate), which could be explained by the fact that PCO2 was not low enough to avoid a partial production of 

acetate (fig. 4.11). Subsequently, adding excess H2 caused the complete inhibition of the hydrogenogenesis 

due to the increase in PH2 in the gas phase (fig. 4.11). 

4.7. Conclusions  

Although thermodynamic feasibility analyses constitute an indispensable tool for the reconstruction of the 

intracellular metabolic network of microorganisms through genome-scale models, these are rarely applied to 

analyze the interspecies metabolism of microbial communities in fermentation studies. However, as shown 

here, thermodynamics can provide valuable information on several metabolic features and processes taking 

place during microbial community driven bioconversions, such as the thermodynamic competition among 

microbial groups under substrate-limiting conditions, the feasibility of certain syntrophic interactions and the 

regulation of the metabolism of specific microbial trophic groups inherently conditioned by thermodynamic 

constraints. Additionally, the possibility of engineering operating conditions favoring specific metabolic 

activities in the microbial community, based on thermodynamic control of key reactions, was also 

demonstrated through fermentations targeting ethanol and CH4 using different approaches. 

The thermodynamic analysis carried out here, based on both ΔGrxn and FT, contributed to a better 

understanding of the metabolic response of the microbial community to different operating conditions at both 

intracellular and interspecies level. On one hand, the evaluation of the thermodynamic competition through 

minimum substrate threshold concentrations allowed a more complete interpretation of the mechanisms 

driving the microbial selection of specific carboxydotrophic, hydrogenotrophic and acetate-converting 

microbial trophic groups during the methanogenic enrichments. On the other hand, the metabolic shifts 

towards acetate in the carboxydotrophic hydrogenogenic microbial group, and towards ethanol in the case of 
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acetogenic microbial communities, could also be explained from a thermodynamic perspective. This shows 

that the thermodynamic interpretation of the metabolic network of microbial communities often offers 

complementary information to other routine analyses (e.g. kinetic interpretations or analysis of specific 

physiological traits of microbial communities) and should be included in the analytical toolkit of mixed-

culture-based conversion processes. 

The thermodynamic potential factor (FT) proved to be an interesting tool for dealing with the complexity of 

the metabolic network of microbial communities, as it allowed for identifying candidate reactions to be 

thermodynamically controlled, this way simplifying the design of operational strategies favoring specific 

metabolic activities. The approach adopted in the acetogenic microbial community, considering each 

reaction as an independent and competing energy-yielding metabolic conversion, demonstrated an enhanced 

ethanol yield through the thermodynamic control of the activity rates of acetate-reducing reactions (by giving 

them an initial competitive advantage). This showed that the reduction of acids to their corresponding 

alcohols, typically taking place during stationary phase, can be induced during exponential growth phase 

through the selection of appropriate operating parameters. In turn, the approach adopted in the mesophilic 

methanogenic microbial community, based on studying the thermodynamic feasibility of the syntrophic 

interaction between syntrophic acetate oxidizers and hydrogenotrophic methanogens as a function of PCO2, 

demonstrated that controlling the catabolic routes used by microbial communities is possible and may be an 

effective strategy for improving their product selectivity, in this case towards CH4. The control of PCO2 for 

increasing the product selectivity of carboxydotrophic hydrogenogens could not be properly confirmed 

experimentally as it required a finer tuning of the PCO2. However, this control strategy, further explained and 

demonstrated in Chapter V, constitutes an example of thermodynamics-driven regulation of the intracellular 

metabolism. 

Despite the simplicity of the method used, considering net biochemical reactions rather than intracellular 

processes, the results demonstrated that the product selectivity towards ethanol and CH4 can be enhanced by 

using thermodynamic principles to steering the activity of microbial communities. Nonetheless, several 

limitations were identified. One of the most important is the fact that this method, as used here, can only 

guide the design of operational strategies targeting a specific activity, as accurate predictions on the 

dynamics of the activity of the microbial community during batch fermentations are not possible. This 

method is based on “snapshots” at key time points of the fermentation, while accurate predictions would 

require e.g. the integration of FT with dynamic modelling tools accounting for changing conditions and 

kinetic considerations as well. Another important limitation derived from the fact that the ATP yield for each 

reaction and the ΔGp were calculated assuming a fixed stoichiometry and constant parameters according to 

model metabolic pathways, although these have been shown to be dynamic [232]. An alternative to increase 

the accuracy of these calculations would be determining experimentally the minimum threshold Gibbs free 
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energy change (ΔGmin) for each reaction, which could substitute ΔGC in FT calculations. The determination of 

ΔGmin is rather straightforward for microbial trophic groups with a sole product, e.g. hydrogenotrophic and 

aceticlastic methanogens. However, this might be more challenging for acetogenic bacteria, as these tend to 

produce variable amounts of several products depending on the operating conditions. 

 

Figure 4.1. A Calculated ∆rG´310K for the metabolic network of microbial consortia as a function of pH, normalized for e-mol 

transferred per reaction. Process conditions considered were a temperature of 310.15 K, ionic strength of 0.08 M, PH2 of 1.05 atm, 
PCO2 of 0.6 atm, PCO of 0.45 atm and concentration of metabolites of 0.001 M. B Thermodynamic potential factor calculated for all 
reactions as a function of pH. Solid lines represent FT calculated using a ∆Gp of 57.5 kJ/mol of ATP. Dashed lines represent the 
upper and lower bound of FT when using a ∆Gp of 45 and 70 kJ/mol of ATP, respectively. The upper and lower bounds are shown 
only for acetate-reducing reactions and the chain elongation reaction. Extracted from Grimalt-Alemany et al. [249] (Manuscript II). 

 

Figure 4.2. A Calculated ∆rG´310K for the metabolic network of microbial consortia as a function of acetate concentration, 
normalized for e-mol transferred per reaction. Process conditions considered were a temperature of 310.15 K, ionic strength of 0.08 
M, PH2 of 1.05 atm, PCO2 of 0.6 atm, PCO of 0.45 atm, concentration of other metabolites of 0.001 M and pH 5. B Thermodynamic 

potential factor calculated for all reactions as a function of pH. Solid lines represent FT calculated using a ∆Gp of 57.5 kJ/mol of 
ATP. Dashed lines represent the upper and lower bound of FT when using a ∆Gp of 45 and 70 kJ/mol of ATP, respectively. The upper 
and lower bounds are shown only for acetate-reducing reactions and the chain elongation reaction. Extracted from Grimalt-Alemany 
et al. [249] (Manuscript II). 



49 

 

 

Figure 4.3. Product yields (mol/e-mol), net consumption/production of acetate (mol /e-mol of syngas consumed) and final pH for 

each fermentation in enrichment at pH 5 with addition of acetate (20 mM). The maximum theoretical net consumption of acetate 
corresponds to 0.25 mol acetate consumed/e-mol of syngas consumed. The columns show the values for the fermentation transferred 
and the error bars indicate the corresponding values of the duplicate experiment. Additional information on substrate consumption 
can be found in the additional file 1 (fig. 8). Extracted from Grimalt-Alemany et al. [249] (Manuscript II). 
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Figure 4.4. Fermentation profile of the enriched consortium HT5YE-Ac. A Gas composition of the headspace (mmol). B 

Concentration of products in the fermentation broth (mM). C Microbial growth and pH of the fermentation broth. Extracted from 
Grimalt-Alemany et al. [249] (Manuscript II). 
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Figure 4.5. a. Gibbs free energy change as a function of temperature normalized to e-mol of electron donor for each of the 

biochemical reactions considered at the initial enrichment conditions. The operating conditions considered were PH2 of 1.3 atm, PCO2 
of 0.2 atm, PCO of 0.4 atm, acetic acid concentration of 0.001 M, propionate concentration of 0.0001 M, pH 7 and ionic strength of 
0.08 M. b. Thermodynamic potential factor (FT) as a function of temperature for each of the biochemical reactions considered at the 
initial enrichment conditions. Solid lines represent FT calculated using a ∆Gp of 50 kJ/mol of ATP. Dashed lines represent the upper 
and lower boundaries of FT when using a ∆Gp of 45 and 55 kJ/mol of ATP, respectively. Extracted from Grimalt-Alemany et al. 
[248] (Manuscript III). 
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Figure 4.6. a. Minimum threshold partial pressure of CO and H2 for carboxydotrophic acetogens, carboxydotrophic hydrogenogens, 

hydrogenotrophic methanogens and homoacetogens at mesophilic conditions (37 ˚C). b. Minimum threshold partial pressure of CO 
and H2 for carboxydotrophic acetogens, carboxydotrophic hydrogenogens, hydrogenotrophic methanogens and homoacetogens at 
thermophilic conditions (60 ˚C). All calculations of FT were made using a ∆Gp of 50 kJ/mol of ATP. The different lines for each 
reaction correspond to different product concentrations for each reaction. The process conditions considered for determining the 
minimum threshold for CO were PH2 of 0.0001-0.01 atm, acetate concentration of 0.0001-0.01 M, PCO2 of 0.2 atm, pH 7 and ionic 
strength of 0.08 M. The process conditions considered for determining the minimum threshold of H2 were PCH4 of 0.2-0.7 atm, 
acetate concentration of 0.0001-0.05 M, PCO2 of 0.5 atm, pH 7 and ionic strength of 0.08 M. 
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Figure 4.7. a. Gibbs free energy change (ΔrG´T) and thermodynamic potential factor (FT) as a function of PH2 for hydrogenotrophic 
methanogenesis, homoacetogenesis and syntrophic acetate oxidation at the fermentation time with maximum acetate concentration. 
The operating conditions considered were PCO2 of 0.2 atm, PCH4 of 0.1 atm, acetate concentration of 0.022 M, temperature of 37 ˚C, 

pH 6.8 and ionic strength of 0.08 M. b. Gibbs free energy change (ΔrG´T) and thermodynamic potential factor (FT) as a function of 
acetate concentration for aceticlastic methanogenesis and syntrophic propionate and acetate oxidation at the final fermentation 
conditions. The operating conditions considered were PH2 of 0.00002 atm (determined by the minimum threshold of H2 for 
hydrogenotrophic methanogens), PCO2 of 0.2 atm, PCH4 of 0.28 atm, propionate concentration of 0.0006 M, temperature of 37 ˚C, pH 
7 and ionic strength of 0.08 M. The ΔrG´T shown was normalized to e-mol of electron donor for each of the biochemical reactions 
considered. Solid lines for FT represent FT calculated using a ∆Gp of 50 kJ/mol of ATP. Dashed lines represent the upper and lower 
boundaries of FT when using a ∆Gp of 45 and 55 kJ/mol of ATP, respectively. Extracted from Grimalt-Alemany et al. [248] 
(Manuscript III). 
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Figure 4.8. (a) Gibbs free energy change (ΔrG´310K) as a function of PH2 in kJ per reaction for hydrogenotrophic methanogenesis and 
syntrophic acetate oxidation calculated at different PCO2. (b) Thermodynamic potential factor (FT) as a function of PH2 for 
hydrogenotrophic methanogenesis and syntrophic acetate oxidation calculated at different PCO2. The operating conditions considered 
in the calculations were PCO2 of 0.1 atm, 0.01 atm and 0.001 atm; PCH4 of 0.6 atm; acetate concentration of 17 mM; temperature of 
310 K; pH 7.4; and ionic strength of 0.25 M. Note that PH2 and PCO2 are lower than those reported in fig. 4.9, as these represent the 

theoretical partial pressure in equilibrium with the concentration of H2 and CO2 in the liquid phase. Extracted from Manuscript VI. 

 

Figure 4.9. Partial pressure of gases in the effluent and acetate concentration profile of the mesophilic trickle bed reactor operated in 

continuous mode at SQI 2.83 and 3.67. SQI represents the ratio of electron donors/carbon calculated as 
(𝒎𝒐𝒍 𝑯𝟐+𝒎𝒐𝒍 𝑪𝑶)

(𝒎𝒐𝒍 𝑪𝑶+𝒎𝒐𝒍 𝑪𝑶𝟐 )
, where a 

value of 4 represents ideal syngas composition for its conversion into methane. Extracted from Manuscript VI. 
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Figure 4.10. Gibbs free energy change (ΔrG´333K) as a function of PCO in kJ per reaction for carboxydotrophic hydrogenogenesis 

calculated using different PH2 and PCO2. The dashed line indicates the minimum energy conservation requirements (ΔGc or ΔGmin) 
assumed for carboxydotrophic hydrogenogenesis and the minimum threshold PCO at each of the conditions considered. The 
calculations were made using a PH2 of 1 atm, 0.1 atm, 0.01 atm, 0.001 atm and 0.0001 atm; PCO2 of 0.4 atm and 0.01 atm; and 
temperature of 333 K. Extracted from Manuscript VI. 

 

Figure 4.11. Partial pressure of gases and acetate concentration profile of the thermophilic trickle bed reactor operated in continuous 

mode at SQI 2.93, 3.67 and 4.78. SQI represents the ratio of electron donors/carbon calculated as 
(𝒎𝒐𝒍 𝑯𝟐+𝒎𝒐𝒍 𝑪𝑶)

(𝒎𝒐𝒍 𝑪𝑶+𝒎𝒐𝒍 𝑪𝑶𝟐 )
, where a value of 

4 represents ideal syngas composition for its conversion into methane. Extracted from Manuscript VI.  
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5. Chapter V – Modeling of Syngas Biomethanation and Catabolic 

Route Control 

5.1. Purpose 

In this chapter, the development of two models for simulation of the syngas biomethanation process in batch 

mode is described. In order to correct initial model mismatches with the experimental measurements during 

the simulations, several model parameters were either estimated by fitting to experimental data through the 

least squares method, determined experimentally or fixed manually based on data from the literature. After 

validation with additional experimental data, these models were used to demonstrate possible catabolic route 

control strategies through kinetic and thermodynamic control based on model simulations.   

5.2. Hypotheses 

 The simulation of the syngas biomethanation process through “grey box” models, accounting for the 

main microbial trophic groups and interactions of the microbial community, can successfully describe 

the performance of microbial communities with relatively high predictive capacity. 

 The combination of thermodynamic and kinetic considerations in dynamic models allows for designing 

detailed catabolic route control strategies. 

5.3. Specific objectives 

 To develop dynamic models able to describe the performance of mesophilic and thermophilic enriched 

microbial communities during syngas biomethanation. 

 To define the structure of the models based on experimental observations and thermodynamic 

considerations in order to include specific mutualistic, competitive and cross-feeding interactions and 

improve the overall predictive capacity of the models. 

 To evaluate the parameter importance and identifiability in each model based on sensitivity analyses for 

optimal experimental and computational parameter estimation. 

 To design catabolic route control strategies and operational strategies allowing for targeted control of 

specific bioconversions. 
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5.4. Related manuscript 

IV. A. Grimalt-Alemany, K. Asimakopoulos, I. V. Skiadas, and H. N. Gavala. Modeling of Syngas 

Biomethanation and Control of Catabolic Routes of Mesophilic and Thermophilic Mixed Microbial 

Consortia. (Submitted). 

5.5. Models description and procedures 

Two structured models were developed for simulating the syngas biomethanation process at mesophilic and 

thermophilic conditions. The structure of the models was in agreement with the catabolic routes employed by 

the enriched microbial communities described in Chapter III and Chapter IV, and consequently, accounted 

for simultaneous growth of different microbial trophic groups. The microbial trophic groups included in the 

mesophilic model corresponded to carboxydotrophic acetogens, homoacetogens, hydrogenotrophic 

methanogens, aceticlastic methanogens and syntrophic acetate and propionate oxidizers. In turn, the 

thermophilic model accounted for simultaneous growth of carboxydotrophic hydrogenogens and 

hydrogenotrophic methanogens. Other physicochemical processes such as acid dissociation and gas-to-liquid 

mass transfer were also included. All growth models were based on the Monod growth model. However, in 

order to add thermodynamic consistency to the models, the Monod growth kinetic expression was modified 

by adding the thermodynamic potential factor (FT) (eq. 5.1), with which microbial trophic groups are active 

only within the limits of thermodynamic feasibility of their metabolic activity. A generalized model used for 

all microbial trophic groups is described by eq. 5.2, which includes several control functions like pH 

inhibition (𝐼𝑝𝐻  - used only for mesophilic methanogens), lag phase (𝑓𝑙𝑎𝑔) and presence of the methanogenic 

inhibitor sodium 2-bromoethanesulfonate (BES) (𝑓𝐵𝐸𝑆  - used only for methanogens). 

𝐹𝑇 = {
1 − exp (−

∆𝐺𝐴−∆𝐺𝐶

𝜒𝑅𝑇
) ,  ∆𝐺𝐴 ≥ ∆𝐺𝐶

0,                                        ∆𝐺𝐴 ≤ ∆𝐺𝐶

 (5.1) 

µ =
µ𝑚𝑎𝑥∙𝑆

𝑘𝑠+𝑆
∙ 𝐹𝑇 ∙ 𝐼𝑝𝐻 ∙ 𝑓𝑙𝑎𝑔 ∙ 𝑓𝐵𝐸𝑆   (5.2) 

The growth models used for syntrophic fatty acid oxidizers and carboxydotrophic hydrogenogens presented 

some particularities. Growth of syntrophic fatty acid oxidizers was modelled by substituting the Monod rate 

control function (
𝑆

𝑘𝑠+𝑆
) by FT according to eq. 5.3 to avoid redundant control of the activity rate. The 

carboxydotrophic hydrogenogenic microbial groups also needed some additional equations (eq. 5.4-5.6) for 

modeling the dynamic H2 and acetate yield, where 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑  corresponds to the FT of the conversion of CO 

into H2/CO2; 𝑌𝑒−𝑚𝑜𝑙/𝐶𝑂  represents the total product yield expressed in e-mols of product per mol of CO; and 
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𝑛𝑒−𝑚𝑜𝑙 𝑚𝑜𝑙 𝐴𝑐 𝑜𝑟 𝐻2⁄  corresponds to the number of e-mols needed to synthesize one mol of acetate or H2. The 

dynamic biomass yield of this microbial group was modelled including a specific maintenance rate, 

described by eq. 5.7, assuming that acetate production may not result in biomass synthesis, where acarb_hyd 

represents the severity of the maintenance cost. When 0 < acarb_hyd < 1, there is growth associated with acetate 

production; acarb_hyd = 1 indicates no growth associated to acetate production; and acarb_hyd > 1 indicates a 

specific maintenance cost associated with acetate production. 

µ = µ𝑚𝑎𝑥 ∙ 𝐹𝑇  (5.3) 

µ𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 =
µ𝑚𝑎𝑥,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑∙𝐶𝑂𝑎𝑞

𝑘𝑠,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑+𝐶𝑂𝑎𝑞
∙ 𝐹𝑇,𝑐𝑎𝑟𝑏_𝑎𝑐 ∙ 𝑓𝑙𝑎𝑔,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑  (5.4) 

𝑌𝐻2,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑
= 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ 𝑌𝑒−𝑚𝑜𝑙/𝐶𝑂 𝑛𝑒−𝑚𝑜𝑙 𝑚𝑜𝑙 ⁄ 𝐻2

⁄   (5.5) 

𝑌𝐴𝑐𝑐𝑎𝑟𝑏_ℎ𝑦𝑑
= (1 − 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑) ∙ 𝑌𝑒−𝑚𝑜𝑙/𝐶𝑂 𝑛𝑒−𝑚𝑜𝑙 𝑚𝑜𝑙 𝐴𝑐⁄⁄  (5.6) 

𝑚𝑠,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 = 𝑎𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ µ𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ (1 − 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑)  (5.7) 

The dataset used for model calibration corresponded to specific activity tests using H2/CO2, CO and acetate 

as the only substrates with and without BES. Other experiments using syngas with varying initial PCO were 

used for validation of the models. After performing a parameter identifiability analysis based on a local 

sensitivity analysis, the models were calibrated through least squares parameter estimation and experimental 

determination of specific mass transfer coefficients (kLa), and validated with experimental data outside of the 

region used for model calibration. Possible catabolic route control strategies through kinetic and 

thermodynamic control for improving the product selectivity towards CH4 in continuous processes were 

evaluated based on model simulations. 

5.6. Summary of results  

The parameter significance analysis through the sensitivity measure ∂j
msqr showed common trends in the 

parameter importance ranking for both the mesophilic and the thermophilic models. In both models, the mass 

transfer coefficients for H2 (kLaH2) and CO (kLaCO) were found to exert a strong influence on several model 

outputs, and the maximum specific growth rates (µmax) were systematically more important than the half-

saturation constants for each microbial trophic group (fig. 5.1). Besides kLaH2, kLaCO and µmax of all groups, 

other important parameters for the thermophilic syngas biomethanation model were ΔGC,carb_hyd, acarb_hyd and 

χcarb_hyd, which are related to the maintenance cost and the dynamic yield of H2 and acetate of the 

carboxydotrophic hydrogenogenic microbial group (fig. 5.1). However, the identifiability analysis performed 

based on the collinearity index (γK) indicated that not all parameters could be estimated simultaneously. 
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Accordingly, the parameters µmax,carb, µmax,hyd and µmax,ac of the mesophilic model, and µmax,carb_hyd, µmax,hyd, 

ΔGC,carb_hyd and acarb_hyd of the thermophilic model, were selected for least squares parameter estimation, while  

the kLa for all gases was determined experimentally. 

 The values obtained experimentally for kLaCO corresponded to 2.59 h-1 and 2.61 h-1 at mesophilic and 

thermophilic conditions, respectively (fig. 5.2). Values obtained for kLaH2 were 4.18 h-1 and 3.81 h-1 at 

mesophilic and thermophilic conditions, respectively (fig. 5.2). The results of the least squares parameter 

estimation are shown in table 5.1, where it can be seen that all parameters presented a low correlation among 

them, with the maximum correlation factor corresponding to 0.373 (table 5.1). This confirmed that the 

parameters were uniquely identifiable.  

After model calibration, both mesophilic and thermophilic models were able to describe satisfactorily the 

performance of the microbial communities during syngas biomethanation, as it can be seen that all model 

variables follow closely the experimental data (fig. 5.3, 5.4 and 5.5). The mesophilic syngas biomethanation 

model was able to describe the combined kinetic and thermodynamic competition between homoacetogens 

and hydrogenotrophic methanogens. Homoacetogens were found to dominate the microbial community 

during the initial stage of the fermentation when the PH2 was still high, while hydrogenotrophic methanogens 

took over the community once the mass transfer of H2 became limiting due to the fact that hydrogenotrophic 

methanogens were able to keep the H2 concentration in the liquid phase below the minimum H2 threshold 

concentration for homoacetogens (fig. 5.3 and 5.4A). According to the model fittings, the conversion of 

acetate was exclusively carried out by aceticlastic methanogens, since syntrophic acetate oxidation was not 

thermodynamically feasible during the experiments used for calibration, excepting when acetate was used as 

the only substrate. 

In the thermophilic model, it was hypothesized that the dynamic product and biomass yield observed 

experimentally could be modelled based on the thermodynamic feasibility of the hydrogenogenesis as 

described in eq. 5.4-5.7. The model assumed that H2 was the main product from the conversion of CO and 

that acetate was produced only as a result of the thermodynamic limitation of the hydrogenogenesis. An 

additional assumption was that the production of acetate would not result in biomass formation. This was 

confirmed by the value of the estimated kinetic parameters (acarb_hyd > 1) and the good fit to the experimental 

data in all cases, as the model could describe the behavior of carboxydotrophic hydrogenogens when grown 

alone and in syntrophic association (fig. 5.4 and 5.5). 

The structure of the models, considering simultaneous growth of several microbial groups, along with the 

addition of FT in the specific growth models allowed for modeling cross-feeding, mutualistic and mutual 

exclusion interactions. Based on these interactions, three possible catabolic route control strategies based on 

kinetic and thermodynamic control were evaluated through model simulations. The possibility of controlling 
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the competition for H2 between homoacetogens and hydrogenotrophic methanogens through the modulation 

of kLa was identified, where it was found that decreasing the kLaH2 should result in a clear dominance of the 

hydrogenotrophic methanogenic microbial group (fig. 5.6). The modulation of the PCO2 could also be used as 

a catabolic route control strategy at mesophilic conditions (as described and confirmed experimentally in 

Chapter IV). In this case, decreasing significantly the PCO2 should favor the dominance of syntrophic acetate 

oxidizers over aceticlastic methanogens as shown in fig. 5.7 through the FT. Lastly, adjusting the PCO2 at 

thermophilic conditions could allow a better control of the acetogenic metabolic shift observed in 

carboxydotrophic hydrogenogens. This is shown in fig. 5.8, where it can be seen that the drop in PCO2 would 

result in an increase of the thermodynamic drive of the hydrogenogenesis, minimizing in this way the 

production of acetate as by-product.  

5.7. Conclusions  

These models demonstrated the successful simulation of the performance of microbial communities during 

syngas biomethanation. Including thermodynamic considerations in the models was found to improve the 

simulations, and potentially the predictive capacity of the models, as these allowed predicting the feasibility 

of mutualistic interactions between syntrophic acetate oxidizers and hydrogenotrophic methanogens, the 

competition for H2 between homoacetogens and hydrogenotrophic methanogens, and the acetogenic 

metabolic shift of carboxydotrophic hydrogenogens. 

The consideration of the dynamics of the microbial interactions and metabolic processes taking place during 

the mesophilic and thermophilic process offered the possibility of describing the process much more 

accurately than when using previously described methods (Chapter III and Chapter IV). This allowed, not 

only identifying possible catabolic route control strategies based on the modulation of specific operating 

parameters, but predicting quantitatively the degree of affection of the microbial community, e.g. through 

changes in the dominance of specific microbial trophic groups, or the specific final acetate and H2 yield of 

carboxydotrophic hydrogenogens as a function of the operating conditions. The kinetic control strategy 

identified (based on the limitation of the mass transfer) would have limited industrial applications, as the 

limitation of the mass transfer would prevent a high CH4 productivity. However, this strategy could have 

some interesting applications in isolation of novel hydrogenotrophic methanogenic species or in the 

development of bioaugmentation operational strategies. In turn, the thermodynamic control strategies based 

on the modulation of PCO2 through addition of exogenous H2 would have clear industrial applications, 

bringing about a dual benefit as these strategies could allow the simultaneous control of catabolic routes and 

upgrading of the biogas produced to biomethane. 
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Using dynamic modeling tools integrating kinetic and thermodynamic considerations in “grey box” models 

opens good perspectives for achieving a more accurate control of the metabolic activity of microbial 

communities. However, much work is still needed in this direction. For example, in the case of the models 

developed here, it is likely that the kinetic parameters determined still need further confirmation or 

refinement in order to allow accurate simulations under other operating modes and reactor configurations. 

Other processes or microbial interactions like direct interspecies electron transfer, which may play an 

important role during this process, were as well overlooked in these models.  

 

Figure 5.1. Parameter significance ranking based on the sensitivity measure ∂j
msqr for the model outputs used for parameter 

estimation in both mesophilic and thermophilic syngas biomethanation model.  
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Figure 5.2. A Concentration of H2 and CO in the liquid phase over time at mesophilic and thermophilic conditions. B Linearized plot 

(ln(1-Caq/(C*)) = -kLa∙t) for determination of  kLaCO and kLaH2 at mesophilic and thermophilic conditions. Caq and C* correspond to 
the actual concentration and the saturated concentration of gas in the liquid, and the slope of the linear fit corresponds to –kLa for 
each gas in min-1. 

Table 5.1. Value of estimated parameters for the mesophilic and thermophilic MMC along with their standard deviation (SD), 95% 
confidence intervals (CI 95) and correlation matrix. Values for µmax,hom, ks,carb_hyd and χcarb_hyd were fixed manually prior to the least 
squares parameter estimation. 

Parameters 
Estimated 

parameters 
SD 

Lower 

CI 95 

Upper 

CI 95 
Correlation matrix 

Mesophilic microbial consortium   

µmax,carb (d-1) 3.910 0.001 3.908 3.911 1.000 
   

µmax,hyd (d-1) 5.026 0.029 4.969 5.083 -0.024 1.000 
  

µmax,ac (d-1) 0.667 0.001 0.665 0.669 -0.031 -0.265 1.000 
 

µmax,hom (d-1) 8.140 
       

Thermophilic microbial consortium   

µmax,carb_hyd  (d-1) 10.927 0.050 10.828 11.025 1.000 
   

µmax,hyd (d-1) 11.106 0.009 11.089 11.124 0.373 1.000 
  

ΔGC,carb_hyd (kJ/mol H2) 8.288 0.039 8.211 8.365 -0.283 0.088 1.000 
 

acarb,hyd 2.390 0.001 2.388 2.392 0.116 -0.079 -0.027 1.000 

χcarb_hyd 2        

ks,carb_hyd (M) 1.45e-4        
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Figure 5.3. Model fitting to experiment at mesophilic conditions with initial PH2 and PCO2 of 0.8 atm and 0.2 atm, respectively. 
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Figure 5.4. A Model fitting to experiment at mesophilic conditions with PH2, PCO and PCO2 of 1.0 atm, 0.4 atm and 0.2 atm, 

respectively. B Model fitting to experiment at thermophilic conditions with PH2, PCO and PCO2 of 1.0 atm, 0.4 atm and 0.2 atm, 
respectively. 
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Figure 5.5. A Model fitting to experiment with initial PCO of 0.4 atm and BES addition at thermophilic conditions. B Model fitting to 

experiment with initial PCO of 0.8 atm and BES addition at thermophilic conditions.  
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Figure 5.6. A Simulation of the conversion of H2 over time by homoacetogens and hydrogenotrophic methanogens using different 
kLaH2 values. Dashed lines represent the PH2 of the headspace and solid lines represent the concentration of H2 in the liquid phase. B 
Relative abundance of hydrogenotrophic methanogens and homoacetogens at the end of the fermentation plotted as a function of 
kLaH2. 
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Figure 5.7. A Relative abundance of aceticlastic methanogens and syntrophic acetate oxidizers as a function of PCO2 in bath 
fermentation using acetate as the only substrate. B Simulation of the evolution of the thermodynamic potential factor for syntrophic 
acetate oxidation (FT,SAO) during the course of acetate fermentations using different fixed PCO2. 
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Figure 5.8. A Simulation of H2 and acetate concentration profiles and evolution of the thermodynamic potential factor for 

carboxydotrophic hydrogenogenesis (FT,carb_hyd) during the fermentation of CO with BES addition using different fixed PCO2. B 
Percentage of e-mols recovered as H2 and acetate as a function of PCO2 when fermenting CO with addition of BES to inhibit 
methanogenic archaea.  
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6. Chapter VI – Cryopreservation of Mixed Microbial Communities 

6.1. Purpose 

In this last chapter, the effect of several cryopreservation agents (CPA) on the long-term frozen storage of 

microbial communities is evaluated with the purpose of improving the reliability of commonly employed 

cryopreservation methods, either using glycerol as CPA or with no CPA addition. The effectiveness of the 

cryopreservation was evaluated based on the recovery of the microbial community structure and 

functionality upon revival. 

6.2. Hypothesis 

 Cryopreservation methods based on cryoprotectants, alternative to those commonly used like glycerol 

and no addition of cryoprotectant, may allow for more reliable long-term preservation of the microbial 

community structure and its functional redundancy. 

6.3. Specific objectives 

 To investigate the effect of several cryopreservation agents on the long-term cryopreservation of the 

microbial community structure and functionality based on microbial composition and microbial activity 

recovery. 

6.4. Related manuscript 

V. A. Grimalt-Alemany, M. Łężyk, K. Asimakopoulos, I. V. Skiadas, and H. N. Gavala. 

Cryopreservation and fast recovery of enriched syngas-converting microbial communities. 

(Submitted). 

6.5. Experimental procedures 

The long-term cryopreservation of microbial communities was carried out using an enriched syngas-

converting microbial community as case study. The microbial community was enriched for over 70 days in a 

stirred tank reactor (STR) operated in continuous mode using syngas as the only carbon and energy source. 

The enrichment started in batch mode with a pH of 5. Once the batch fermentation finished, the process 
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started to be operated in continuous mode with a pH of 4.5 and either a hydraulic retention time (HRT) of 5.1 

days and syngas inflow of 10 ml/min or with a HRT of 2.4 days and 25 ml/min. At day 78, the enriched 

microbial community was used as inoculum (1%v/v) for a batch fermentation test in 330 ml fermentation 

flasks, and at the same time, it was stored at -80˚C after equilibration in several CPA solutions. All 

fermentations were incubated at 37˚C using syngas as the only carbon and energy source at an initial pH of 

5.7±0.1. The microbial activity and composition of the community after the batch fermentation would then 

serve as reference for the reactivated microbial communities after 7 months of frozen storage. 

The enriched microbial community was fast frozen with liquid nitrogen and kept at -80˚C after equilibration 

with several CPAs, namely glycerol, dimethylsulfoxide (DMSO), polyvinylpyrrolidone (PVP), Tween 80 

and yeast extract, and also without CPA addition. All microbial community samples were kept in 10 ml 

anaerobic serum vials with a CPA solution volume of 2 ml, and were inoculated with 5 ml of actively 

growing culture with a cell density of 1.23∙108 ± 0.22∙108 cells/ml measured with a hemocytometer. All 

frozen microbial communities were reactivated after 7 months of storage by inoculating them into triplicate 

fermentation flasks with an inoculum size of 1.4%v/v. The volumetric productivity and maximum products 

yield of each reactivated microbial community was then compared to that of the reference experiment. 

Samples for microbial community analysis through 16S rRNA gene amplicon sequencing were taken at the 

end of all fermentations performed. The microbial composition of the reactivated microbial communities was 

also compared to the reference microbial community.  

6.6. Summary of results  

The reference batch fermentation inoculated with fresh inoculum from the bioreactor presented some 

differences in the product distribution compared to that of the bioreactor. These differences can be easily 

explained though from the change in operating conditions, as (i) the pH was increased from 4.5 to 5.7 in 

order to prevent a possible acid crash during the batch fermentation, and (ii) the operating mode changed 

from continuous to batch. As a result, acetate and ethanol were not the only products of the batch 

fermentation, since these were partially converted into butyrate and butanol. The maximum yield of each 

product during the fermentation corresponded to 60.0±7.6% for acetate (88 h), 38.0±6.8% for ethanol (111 

h), 22.5±5.8% for butyrate (126 h) and 12.2±2.1% for butanol (126 h) in e-mol basis (fig. 6.1). The microbial 

community structure of the reference batch fermentation also presented some differences when compared to 

that of the bioreactor, although the community was still dominated by Clostridiaceae spp. and 

Enterobacteriaceae spp. (fig. 6.2). Family Clostridiaceae presented the biggest differences since instead of 

being dominated by a single species, closely related to C. ljungdahlii, the microbial community of the 

reference batch fermentation presented a more even structure, with this being composed by a species closely 

related to C. ljungdahlii (100% sequence similarity) and two Clostridium spp. with closest but low similarity 
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to C. carboxidivorans (53% sequence similarity) and C. nitrophenolicum (48% sequence similarity) (fig. 

6.2). This rapid shift in the composition of the family Clostridiaceae was also proof of the high functional 

redundancy of the microbial community, despite its reduction in complexity along the enrichment, since it 

quickly adapted to the change in operating conditions with rearrangements in its community structure at 

species level. The reactivated microbial communities were also expected to undergo the same changes in 

metabolic activity and microbial composition. 

The ability of the microbial community to convert syngas in to produce acetate and ethanol from syngas was 

successfully preserved using all CPAs. However, all of them presented differences. When DMSO, PVP, 

Tween 80, yeast extract and no CPA were used, the maximum yield of acetate and ethanol oscillated 

between 77.3-99.5% and 87.9-96.6% of the maximum yield obtained in reference experiments,  respectively 

(fig. 6.1). When glycerol was used as CPA, more important differences were found in the maximum yield of 

acetate and ethanol, corresponding to 59.9% and 18.1% of that of the reference experiment, respectively. The 

biggest differences though were observed in the rest of the products as, when considering all CPAs but 

glycerol, the best activity recovery corresponded to 23.0% and 30.9% for butyrate and butanol, respectively, 

obtained using PVP as CPA. Notable differences were found when no CPA was added and when glycerol 

was used. Not adding CPA resulted in negligible production of butyrate and butanol, while when glycerol 

was used as CPA, syngas and glycerol were co-metabolized resulting in a very different product distribution, 

with 1,3-propanediol being the second major product of the fermentation. Based on the Euclidean distance of 

the maximum product yields to the reference fermentation (DY,ref), PVP was the most effective CPA. 

However, the difference between the DY,ref of PVP, and Tween 80 and yeast extract was found to be not 

statistically significant. 

 All reactivated microbial communities presented a similar community structure at family level, despite a 

few differences in the relative abundance of Clostridiaceae spp., Enterobacteriaceae spp. and 

Enterococcaceae spp. (fig. 6.2). This suggested that all CPAs preserved appropriately the most abundant 

species of the microbial communities. However, a more detailed analysis of the family Clostridiaceae 

revealed considerable differences in the preservation of the dominant species depending on the CPA used. 

The most notable differences were found when glycerol and no CPA were used.When no CPA was used, the 

percentage of reads mapping to the Clostridium sp. with closest similarity to C. carboxidivorans 

corresponded to 3.7%, 0.006% and 0.002% in the triplicates compared to 34.4-48.4% in the reference 

microbial community (fig. 6.2), which could explain the negligible butyrate- and butanol-producing activity 

of this reactivated microbial community. In turn, using glycerol as CPA was found to be ineffective 

preserving the Clostridium sp. with closest similarity to C. nitrophenolicum, since reads mapping to this 

OTU corresponded to 0.07-0.20% compared to 10.7-17.6% in the reference microbial community (fig. 6.2). 

Using DMSO and yeast extract as CPA resulted in the successful preservation of the three dominant 
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Clostridium spp., although a high variability in the relative abundance of reads mapping to these species was 

observed across triplicates. Overall, PVP and Tween 80 were the only CPAs able to reproduce the relative 

abundance of reads mapping to the three dominant species with small variations across triplicates and also 

compared to the reference microbial community (fig. 6.2). This was confirmed by the PCoA analysis based 

on Unifrac distances between samples, which showed that the microbial communities preserved with PVP 

and especially with Tween 80 presented the shortest distances to the reference microbial community (fig. 

6.3). 

6.7. Conclusions  

Fast activity recovery and maintenance of the microbial community diversity and functionality are 

indispensable requirements for cryopreservation methods for microbial communities, as these characteristics 

may allow for minimizing the start-up time and maintaining the resiliency of microbial communities in 

mixed-culture-based bioprocesses after an eventual process shutdown. This work showed that overall more 

effective cryopreservation methods than those commonly used, such as using glycerol as CPA or not adding 

CPA, are possible. In this case, using glycerol and not adding CPA during the cryopreservation of microbial 

communities were found to be the least recommendable methods. DMSO, which is also commonly used to a 

lesser extent, was found to be more effective than the latter.  However, PVP and Tween 80 were the CPAs 

offering the best reproducibility in terms of fast activity recovery and preservation of the microbial 

community structure after long-term storage. None of these methods was optimized though, for which future 

efforts should focus on optimizing these methods for preservation of minority microbial groups in microbial 

communities, as well as on studying the effectiveness of other CPAs known to be effective for axenic 

cultures.  
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Figure 6.1. Maximum apparent product yield and maximum volumetric productivity of each product for reference experiments (fresh 

microbial community) and reactivated microbial communities after long-term frozen storage using different CPAs, and Euclidean 
distance to the reference for each CPA based on the maximum product yields (DY,ref) and maximum productivities (DA,ref). Note that 
the maximum product yields do not correspond to the final product yields, but to the yield in the time points where the maximum 
concentration of each product was observed. The maximum product yields were corrected for the production from control 
experiments. 
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Figure 6.2. A Relative abundance of reads mapped to OTUs at family taxonomic level in reference microbial community and 
reactivated microbial communities after long-term frozen storage using different CPAs. B Relative abundance of reads mapping to 
Clostridiaceae spp. in reference microbial community and reactivated microbial communities after long-term frozen storage using 
different CPAs. The sequence similarity index (from 0 to 1) is given in brackets. Note that the taxonomic assignment to OTUs at 
species level correspond to the closest species based on the 16S rRNA sequence similarity, independently of the sequence similarity 

index.  
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Figure 6.3. A Alpha diversity measure based on the Shannon diversity index for the reference microbial community and all 

reactivated microbial communities after cryopreservation using different CPAs. B Principal Coordinate Analysis (PCoA) on Unifrac 
distances between samples from the reference microbial community and all reactivated microbial communities. The percentage of 
variability explained in the ordination of samples by each axis is given in the axis label. 
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7. Chapter VII – Overall conclusions and future perspectives 

Microbial diversity and functional redundancy constitute the main assets of microbial communities, as these 

features provide them with high resilience when facing process disturbances, and consequently allow for 

long-term process stability. Microbial communities are currently exploited for several purposes, including 

the simultaneous waste treatment, nutrients recovery and even bioenergy production. However, their use in 

biotechnological applications aiming at the production of commodity chemicals, biomaterials and biofuels is 

still challenging due to the limited control achieved so far over their metabolic activity. The main goal of this 

study was therefore to evaluate the potential of different microbial community management tools for 

improving the control over the microbial composition of microbial communities, their microbial interactions 

and their overall metabolic activity when targeting specific products. In this case, all methods were 

implemented in syngas-converting microbial communities and targeted the production of CH4 and ethanol. 

The long-term cryopreservation of microbial communities was also studied to evaluate the effectiveness of 

different methods typically employed for axenic cultures. 

The findings of this study suggest that a combination of all tools evaluated here is necessary to achieve some 

degree of control over the metabolic activity of microbial communities. Microbial enrichments seem to be an 

indispensable tool for driving the natural selection of microbial trophic groups conducting specific 

bioconversions. As shown in this study, all enrichments presented a strong impact on the metabolic activity 

and the microbial composition of the microbial community, which varied depending on the enrichment 

conditions applied. For example, the enrichment of acetogenic microbial communities in sequential batch 

mode resulted in an increase of the ethanol yield from nearly 8.16±0.49% to 59.15±0.18% of the theoretical 

maximum when decreasing the initial pH from 6 to 5. However, this method requires considerable 

experimental work for assessing the effect of different operational parameters on the activity of the microbial 

community prior to its implementation in the lab-scale production process, given that it is not possible to 

predict the specific outcome of the microbial selection beforehand without prior knowledge. The 

enrichments of methanogenic microbial communities at different temperatures carried out in this study are an 

example of this, as these resulted in enriched microbial communities with drastic differences in their 

community structure and activity rates, which could not be predicted without prior experimentation. 

Additionally, microbial enrichments were found to be very effective directing the selection of microbial 

trophic groups consuming the primary substrate based on mutual exclusion interactions, but were less 

effective controlling cross-feeding interactions developed afterwards, as e.g. it was not possible to wash-out 

species performing the chain elongation from the acetogenic microbial communities in sequential batch 

enrichments. This could be partially amended though by using thermodynamic principles to analyze the 
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thermodynamic feasibility of certain metabolic activities of interest beforehand and eventually, to design 

operational strategies promoting or demoting specific metabolic activities in the microbial community.  

The thermodynamic potential factor (FT) was found to be an interesting tool for identifying biochemical 

reactions potentially subject to thermodynamic control, and boosting their activity rates through the selection 

of appropriate operational parameters. This was shown e.g. in acetogenic microbial communities producing 

ethanol through the reduction of acetate, where an ethanol yield of 72.44% of the maximum theoretical was 

achieved; and in methanogenic microbial communities by controlling the syntrophic interaction between 

syntrophic acetate oxidizers and hydrogenotrophic methanogens through the PCO2, which resulted in 0.4% of 

e-mols diverted to by-products. This method could have some interesting applications in other anaerobic 

fermentation processes as well, since the metabolic network of anaerobic microbial communities often 

presents several reactions taking place intrinsically at the edge of their thermodynamic feasibility. However, 

one of the limitations of this method is that thermodynamic control only applies to certain reactions 

(operating close to thermodynamic equilibrium), and that it needs to be combined with kinetic considerations 

in order to allow a more complete interpretation of the overall behavior of microbial communities. Further 

work on improving the accuracy of the thermodynamic feasibility predictions through better estimation of 

the parameters of FT, e.g. the free energy conservation requirements, is also needed. 

Dynamic modeling tools combining kinetic and thermodynamic control of the rates were found to have a 

high potential for designing operational strategies targeting the expression of specific physiological traits in 

the microbial community, as these allowed e.g. accounting for the changing conditions and cumulative 

effects of batch fermentation processes. This was shown through the models of syngas biomethanation 

process developed in this thesis. Some examples of this kinetic and thermodynamic control were the 

successful simulation of the combined kinetic and thermodynamic competition for H2/CO2 between 

homoacetogens and hydrogenotrophic methanogens, and the prediction of the total acetate produced as by-

product of the carboxydotrophic hydrogenogenesis, which was modelled strictly based on the 

thermodynamic constraints of the hydrogenogenesis. This allowed identifying several opportunities for 

catabolic route control, which could target a higher selectivity towards CH4 in continuous processes through 

e.g. bioaugmentation strategies or in-situ biogas bio-upgrading with simultaneous reduction of by-product 

formation. 

The “grey box” models developed here allowed for the successful simulation of the syngas biomethanation 

process by considering the stepwise conversion of syngas into CH4 involving several microbial trophic 

groups and their corresponding cross-feeding, mutualistic and competitive interactions. Nevertheless, this 

model structure would not be applicable to all processes driven by microbial communities, as there are cases 

where the regulation of the intracellular metabolism plays a more important role than the specific microbial 

composition. The enriched acetogenic microbial communities developed in this study are a good example of 
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this, since it was found that their solventogenic metabolism was regulated by the operational parameters 

rather than by their interspecies metabolism. In this case, a model structure accounting for the regulation of 

intracellular processes would therefore be at least as important as accounting for possible microbial 

interactions.  A few models have already been developed for modeling the anaerobic fermentation of glucose 

by microbial communities following a similar approach. However, in these models, changes in the product 

distribution as a function of operational parameters are considered to be dictated solely by intracellular 

processes, while the interspecies metabolism of the microbial community is neglected. Further research on 

modelling approaches merging these two types of models is still needed. 

Finally, the study of the long-term preservation of microbial communities showed that some of the methods 

investigated were considerably better than the most commonly used cryopreservation methods, like using 

glycerol as CPA or not adding CPA at all. The use of PVP and Tween 80 as CPA were found to be the most 

reliable in terms of microbial activity recovery and preservation of the microbial community structure among 

the CPAs tested. However, all microbial communities presented some degree of activity loss upon 

reactivation regardless the CPA used, especially in butyrate- and butanol-producing activity, when compared 

to the reference microbial community. Further work on the optimization of the methods investigated here 

may address some of the limitations found. Further studying other potential cryopreservation methods for the 

long-term storage of microbial communities is also recommended. 
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Abstract: Signifi cant research efforts are currently being made worldwide to develop more effi cient 
biomethane production processes from a variety of waste streams. The biomethanation of biomass-
derived syngas can contribute to increasing the potential of methane production as it opens the way 
for the conversion of recalcitrant biomasses, generally not fully exploitable by anaerobic digestion 
systems. Additionally, this biological process presents several advantages over its analogous process 
of catalytic methanation such as the use of inexpensive biocatalysts, milder operational conditions, 
higher tolerance to the impurities of syngas, and higher product selectivity. However, there are still 
several challenges to be addressed for this technology to reach commercial stage. This work reviews 
the progress made over the last few years in syngas biomethanation processes in order to provide an 
overview of the current state of the art of this technology. The most relevant aspects determining the 
performance of syngas biomethanation processes are extensively discussed here, including microbial 
diversity and metabolic interactions in mixed microbial consortia, the infl uence of operating parame-
ters and bioreactor designs, and the potential of modelling as a tool for the design and control of this 
bioprocess. © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd

Keywords: biomethanation; synthesis gas; carbon monoxide; methane; microbial consortia; 
mixed cultures

Introduction

T
he increase in energy demand over the last few 
 decades along with the foreseen future scarcity 
of fossil fuels and the climate crisis have driven 

policymakers to foster the production of biofuels as an 
alternative energy source. Currently, the EU and several 
countries with an important role in the global market have 
implemented policies in this direction, including the USA, 

Brazil, China, and India, among others.1 An example of 
such policies is the European Directive 2009/28/EC, which 
established binding targets for achieving a 20% share of 
energy from renewable sources on the overall European 
energy consumption by 2020, and a minimum share of 
10% in the transport sector emphasizing the need of pro-
moting second-generation biofuels. Th erefore, the current 
legal and regulatory framework poses an important win-
dow of opportunity for the development of an alternative 
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technological infrastructure based on the use of non-food 
biomasses and waste streams as feedstock. 

One of the most promising approaches within second- 
and third-generation biofuel technologies is the process 
of gas fermentation, which has gained increasing interest 
in recent years for the conversion of both industrial off -
gases and recalcitrant feedstocks when coupled to their 
gasifi cation into synthesis gas. Th is process consists in the 
fermentation of a gaseous substrate, mainly composed by 
H2, CO, and CO2, carried out by anaerobic micro-organ-
isms able to utilize these gases as a carbon and energy 
source. Acetogenic bacteria are currently the predominant 
microbial group subject to study in syngas fermentation 
processes, with ethanol being the most commonly targeted 
product. Syngas fermentation processes for the production 
of ethanol2–8 and other products, such as acetone, butanol, 
2,3-butanediol, and even biopolymers, have been exten-
sively reviewed recently including several process-devel-
opment related aspects such as bioreactor design, relevant 
operational parameters, and genetic tools for broadening 
the product portfolio of the syngas bioconversion.9–15 
However, the biological process of syngas conversion into 
methane is oft en overlooked in these reviews despite the 
research carried out in this fi eld in recent years. Th erefore, 
the scope of this paper is to perform a comprehensive 
review of the knowledge available up to date in syngas 
biomethanation processes in order to provide an overview 
of the current state of the art of this technology, as well as 
to discuss about its future application perspectives.

As a potential product, biogas (or biomethane when 
upgraded) presents a signifi cant potential for its integra-
tion into the current biofuel landscape due to its versatility 
as an energy carrier. To date, the most common practice 
is to exploit biogas in situ for production of combined heat 
and power as the quality standards for this application are 
generally lower. However, biogas upgrading to biomethane 
provides a more fl exible application of this fuel, as biom-
ethane and natural gas are fully miscible in the natural gas 
grid. As a transportation fuel, the use of biomethane in 
bi-fuel cars is a rather attractive alternative to liquid fuels 
in terms of energy content (Table 1). Additionally, the 
fact that it is fully miscible with its fossil analog, natural 
gas, is a clear advantage over other liquid biofuels such 
as bioethanol or biodiesel, which are usually blended to 
some extent in conventional cars.16 On the other hand, 
its further development as an automotive fuel is currently 
hindered by several factors such as the early stage of its 
commercial market, the limited number of fi lling stations, 
and the high cost of the technological transfer to bi-fuel 
vehicles compared to vehicles fueled solely by ethanol.17,18 

However, the positive trend in the use of biomethane as 
a vehicle fuel in several European countries, for example 
Sweden, France, or Denmark,19 anticipates the expansion 
of this emerging market, which could foster the develop-
ment of more effi  cient production processes. 

An additional aspect of biomethane is its fl exibility in 
terms of production paths and biomass sources, as it can 
be produced by both biochemical and thermochemi-
cal methods which separately and in combination may 
cover a wide range of feedstocks of a diff erent nature. 
Anaerobic digestion is a well-established technology 
currently processing several feedstock types from the 
agricultural sector and other organic industrial waste 
streams.22 On the other hand, catalytic methanation 
technologies for synthetic natural gas (SNG) production 
have been revisited over the last 10 years due to the ris-
ing prices of natural gas and the need to address energy 
 security issues, which has promoted the development 
of several new catalytic methanation processes based 
on biomass gasifi cation.23 Th ese facts suggest that the 
process of syngas biomethanation would also have a 
potential market for its future application once it reached 
commercial scale. As will be discussed in the next sec-
tion, this technology presents several advantages over the 
analogous catalytic methanation process and is also well 
suited for coupling to current anaerobic digestion sys-
tems, opening thus good perspectives for further develop-
ment of this technology. 

Overview of the syngas 
biomethanation process

Th e biomethanation of biomass-derived syngas is a 
robust bioconversion route combining the benefi ts of 

Table 1. Energy content of various fuels.20

Fuel Higher Heating Value (MJ/kg)

Gasoline 46.5

Diesel 45.4a

Ethanol 29.7

Biodiesel 42.2a

Methane 55.5

Hydrogen 141.8

Butanol 36.6a

Dimethyl Ether 31.7

Methanol 22.7a

aExtracted from Demirel 21
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 thermochemical and biochemical conversion processes, as 
it circumvents the limitations of the biological degrada-
tion of complex substrates by gasifying the biomass into 
a directly fermentable gas. Th e thermochemical conver-
sion of the feedstock through gasifi cation constitutes 
one of the main advantages since any type of biomass 
can be gasifi ed including agricultural residues, forestry 
residues, non-fermentable byproducts from biorefi ner-
ies, byproducts of any bioprocessing facility, and even 
organic municipal wastes.24 However, the substrate of the 
syngas biomethanation process is not limited to biomass-
derived syngas, as there are other potential sources of 
CO-rich industrial off -gases in the iron and steel sector.25 
Alternatively, other industrial CO2-rich off -gases could 
also be used as substrate along with H2 derived from the 
surplus of renewable electricity, opening another potential 
application as a means of storing renewable electricity.26 
Th erefore, there is a rather wide range of industrial off -gas 
sources and biomasses that could be used as feedstock for 
this process. 

Th e biomethanation of syngas involves the synergistic 
action of micro-organisms, integrated in a mixed micro-
bial consortium, for the utilization of syngas as a carbon 
and energy source to synthesize a mixture of methane 
and carbon dioxide. Th e biomethanation of syngas is a 
strictly anaerobic process that can be carried out at both 
mesophilic and thermophilic conditions. Synthesis gas 
is converted into methane both directly and stepwise 
through intermediary products by several microbial 
groups such as methanogenic archaea, acetogenic bacteria, 
and hydrogenogenic bacteria among others, with all of 
them thriving in syntrophic association. As a result, the 
biomethanation of syngas comprises a complex network of 
biochemical reactions mainly based on the water-gas shift  
reaction, acetogenesis, hydrogenotrophic methanation, 
carboxydotrophic methanation, and acetoclastic methana-
tion. Despite the higher complexity of microbial consortia 
compared to pure cultures, the adoption of this mixed-
culture approach presents a series of inherent merits 
such as non-sterile operation, higher adaptation capacity, 
higher tolerance to the impurities of the raw syngas, and 
resiliency aft er a disturbance in the operating conditions, 
which represent a crucial advantage when it comes to 
maintain the productivity of a continuous process.12,27,28 
Additionally, using undefi ned mixed microbial consortia 
renders continuous processes more robust, as their adapta-
tion to the substrate selects the most effi  cient and eff ective 
biocatalysts leading to a long-term improved performance 
of the microbial consortium.28

Syngas biomethanation versus 
catalytic methanation

Th e catalytic methanation is an exothermic process using 
hydrogen and carbon oxides present in syngas for the 
catalytic production of methane and water. Th is process 
operates at temperatures above 250°C and high pressures, 
using previously activated metallic catalysts to drive the 
catalytic reduction of carbon oxides into methane. Th e 
catalysts used in methanation are very sensitive to the 
impurities present in synthesis gas such as chlorine and 
sulfur compounds, ammonia, tars, and particles, which 
ultimately cause poisoning and deactivation of the cata-
lysts.29 Th erefore, the catalytic methanation requires an 
intensive gas cleaning process of the raw syngas before 
entering the reactor. Furthermore, an additional water-gas 
shift  reaction process is oft en needed in order to correct 
the ratio of C/H in syngas, which reduces the overall effi  -
ciency of the process while increasing the complexity and 
the cost of operation.30 Th e use of biocatalysts in syngas 
biomethanation is anticipated to result in a more cost-
eff ective process as these present a higher tolerance to the 
impurities of syngas and operate at mild temperatures. As 
opposed to the catalytic process, the biological process is 
not sensitive to the ratio of C/H since the water-gas shift  
reaction is inherent to the autotrophic metabolism of 
most microbial groups 31 conducting the biomethanation 
of syngas. Additionally, the biomethanation presents a 
higher selectivity as methane and carbon dioxide are the 
only end-products of the fermentation, whereas the cata-
lytic process produces higher hydrocarbons as byprod-
ucts. Lastly, the irreversible character of the biochemical 
 reactions during biomethanation allows the complete con-
version of the substrates, this way avoiding the thermody-
namic equilibrium limitations of the catalytic process.32

Coupling syngas biomethanation and 
anaerobic digestion

Anaerobic digestion is so far the default technology for 
biological production of methane, holding the dual role of 
waste treatment and production of biofuels process.33  Th e 
degradation of organic residues in anaerobic digestion is 
carried out by undefi ned mixed microbial consortia in 
four consecutive stages, namely hydrolysis, acidogenesis, 
acetogenesis and methanogenesis. Continuous anaerobic 
digestion processes are generally characterized by long 
hydraulic retention times due to the presence of refractory 
compounds in the biomass, which make hydrolysis the 



104 © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 12:139–158 (2018); DOI: 10.1002/bbb

A Grimalt-Alemany, IV Skiadas, HN Gavala Review: Syngas biomethanation: state-of-the-art review and perspectives

main rate-limiting step of the digestion.34 Nevertheless, 
the main limiting factor is oft en the low biomass conver-
sion effi  ciency due to the low degradability of some spe-
cifi c biomasses. Th us, pre-treatments are usually needed 
to enhance the digestibility of the biomass and improve 
the hydrolysis yield. In turn, the syngas biomethanation 
process circumvents the limitations of the biological deg-
radation of complex substrates by gasifying the biomass 
into a directly fermentable gas, overcoming the afore-
mentioned shortcomings. Nonetheless, these technologies 
are not necessarily alternative as their integration in a 
combined process seems a promising confi guration for 
achieving a more effi  cient production of methane.  Li et 
al.30 studied the feasibility of combining the anaerobic 
digestion of source-separated organic waste with the gasi-
fi cation and biomethanation of wood pellets to increase 
both quality and productivity of biomethane, obtaining 
a potential increase of 161% in the production of biom-
ethane compared to the stand-alone anaerobic digestion 
process. Similarly, Guiot et al.35 estimated the potential of 
the conversion of municipal solid waste through anaero-
bic digestion of the easily digestible organic fraction and 
syngas biomethanation of the non-digestible organic frac-
tion, resulting in a production of biomethane of about fi ve 
times higher than the stand-alone anaerobic digestion of 
municipal solid waste. Other potential benefi ts are the use 
of biochar produced during the thermochemical treat-
ment of the biomass as a support for biofi lm formation or 
as an in situ biogas upgrading agent during the anaerobic 
digestion process.36,37 Th erefore, there are several syner-
gies that could be exploited upon the combination of 
these technologies.

Progress in syngas biomethanation 
and ongoing research

Despite the potential benefi ts of the syngas biomethana-
tion process, there are still important bottlenecks that 
need to be addressed in order for this technology to be 
commercially applicable. One of the main shortcomings 
of continuous syngas fermentation processes is the limited 
mass transfer rate of H2 and CO due to the low solubility 
of these gases in the liquid medium. Th e low cell growth 
rate of anaerobic micro-organisms is another limiting 
factor since the low cell productivities of continuous 
processes result in low volumetric productivities of CH4. 
Th e fundamental aspects of the microbial metabolism 
of the micro-organisms carrying out the biomethana-
tion of syngas have been thoroughly studied over the last 

few decades. Yet, studies on the behavior of microbial 
consortia under diff erent operating conditions still need 
to be conducted to improve our understanding of the 
microbial interactions within microbial consortia and 
achieve an optimal performance in microbial consortia-
driven processes. Th e eff ect of operational parameters 
such as pH, temperature, gas partial pressure and syngas 
impurities were recently reviewed in the frame of syngas 
fermentation to ethanol and other products.2,4,5,38,39 Th us, 
this review focuses on the progress made in the above-
mentioned aspects of syngas biomethanation processes 
over the last years, laying special emphasis on the role of 
microbial interactions within syngas-converting mixed 
microbial consortia. 

Microbial growth on synthesis gas and 
syntrophic relationships in undefi ned 
mixed microbial consortia

Th e main components of synthesis gas (H2, CO2, and CO) 
can sustain growth of a wide array of micro-organisms 
belonging to diff erent ecological niches such as certain 
fungi,40 algae,41 photosynthetic bacteria,42 hydrogeno-
genic bacteria43 and archaea,44 sulfate-reducing bacteria 
45 and archaea,46 acetogenic bacteria 47 and methanogenic 
archaea 48 among others. However, during anaerobic 
growth only acetogens, methanogens, sulfate-reducers, 
and hydrogenogens can use either CO or H2/CO2 as the 
sole carbon and energy source.49,50 Th ese groups are physi-
ologically and phylogenetically diverse, although they all 
share common metabolic features such as the fact that 
acetyl-CoA plays a central role during the assimilation 
of both H2/CO2 and CO in all of them, and CO itself is a 
necessary intermediate for the fi xation of CO2 by aceto-
gens and methanogens.51-53 Th erefore, the presence of CO 
dehydrogenases (CODH) is also a common thread in the 
metabolism of these micro-organisms. However, the func-
tion of their CODH diff ers in that they can either oxidize 
CO, synthesize acetyl-CoA or cleave acetyl-CoA in a vari-
ety of independent energy-yielding pathways in each of 
these microbial groups.54 

Th e anaerobic assimilation of CO and H2/CO2 can be 
categorized in the following four distinct activities accord-
ing to their fi nal metabolic product: hydrogenogenesis 
(including hydrogenogenic bacteria and archaea, and 
carboxydotrophic hydrogenogenic sulfate-reducers55), 
sulfi dogenesis (including carboxydotrophic sulfi dogenic 
sulfate-reducers52,55), carboxydotrophic and hydrog-
enotrophic acetogenesis,56,57 and carboxydotrophic and 
hydrogenotrophic methanogenesis.52,58 Th e  biochemistry 
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of these respiratory processes has been extensively 
reviewed by several researchers in recent years.52,53,55–59 
Th us, this section focuses on the microbial interactions 
prevailing in syngas-converting microbial consortia dur-
ing the production of methane.

A microbial consortia-driven process of syngas biom-
ethanation sustains a variety of microbial groups, such 
as those mentioned, which develop a chain of syntrophic 
interactions resulting in the production of CH4 as the only 
end product of the fermentation. Th us, the conversion of 
syngas into CH4 can take place either directly through the 
conversion of both CO and H2/CO2 by carboxydotrophic 
and hydrogenotrophic methanogenesis, or indirectly 
through the conversion of syngas into methanogenic 
precursors such as acetate, H2 and formate, followed 
by aceticlastic and hydrogenotrophic methanogenesis. 
Additionally, acetogenic bacteria have been reported to 
produce other by-products besides acetate, like ethanol,60 
butyrate,61 and butanol,62 which could be further con-
verted into acetate and ultimately into CH4. Th erefore, 
a microbial consortium may convert syngas into CH4 
through a complex network of interconnected biochemical 
reactions as shown in Fig. 1. However, the microbial inter-
actions within a stable and structured microbial consor-
tium do not simply consist of cross-feeding relationships, 
as there are other possible microbial interactions besides 
cross-feeding, like synergistic interactions between dif-
ferent species and mutual exclusion relationships between 
metabolically competitive populations.

Cross-feeding relationships

Despite the multiple pathways through which syngas can 
be converted into CH4, several studies have reported the 
preferential use of certain pathways within the consortium 
during the biomethanation of syngas. Guiot and Cimpoia 
64 evaluated the mesophilic and thermophilic methano-
genic potential of anaerobic granules from a UASB plant 
during the conversion of CO and syngas, observing that 
CO was predominantly converted through hydrogeno-
trophic methanogenesis combined with CO-dependent H2 
formation. In this study, formation of volatile fatty acids 
(VFA) was also observed, although only in trace amounts 
consisting of mainly acetate; however, when H2 and CO2 
were also added as substrates, the amount of VFA’s pro-
duced increased. In turn, Navarro et al.65 found that CO 
was converted into CH4 through acetate as a main inter-
mediary product during inhibition experiments (based on 
the use of BES and vancomycin for inhibiting the metha-
nogenesis and acetogenesis, respectively) at mesophilic 
conditions using a similar anaerobic granular sludge. 
Th ese results are in line with the fi ndings of other studies 
using the same inhibitors, in which acetate was found to 
be the main intermediate product during the conversion 
of CO into CH4 at mesophilic conditions, and H2 at ther-
mophilic conditions.66 All these studies concluded that the 
carboxydotrophic methanogenic activity was negligible for 
the anaerobic sludges tested. Similar results were obtained 
while studying the structure and diversity of microbial 

Figure 1. Pathways leading to the production of methane. The standard Gibbs free energy change (ΔG°) was calculated 
according to Thauer et al.89 
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consortia on a simultaneous process of thermophilic 
anaerobic digestion of sewage sludge and CO biomethana-
tion, in which the population of hydrogenotrophic metha-
nogens increased upon addition of CO into the bioreactor 
due to the higher production of H2 from CO.67 In turn, 
in a similar study at mesophilic conditions, Wang et al.68 
found that the addition of CO in the bioreactor resulted 
in a clear increase of hydrogenotrophic microbial groups 
while the population of aceticlastic methanogens remained 
at high levels. Th ey concluded that CO was converted to 
both H2 and acetate, which were further converted into 
CH4 by both direct hydrogenotrophic methanogenesis, 
and indirect acetogenesis and aceticlastic methanogen-
esis. Th us, it appears that the biomethanation of syngas by 
mixed microbial consortia generally takes place through 
indirect conversion rather than direct, with acetate and H2 
being the most common methanogenic precursors. 

Mutualistic interactions

Th ere are still other possible metabolic interactions 
exhibiting mutualistic properties that could be developed 
among diff erent members of a mixed microbial consor-
tium. An example of such mutualistic relationships is 
the interspecies diff usion of electron carriers like H2 or 
formate between syntrophic bacteria and methanogenic 
archaea, which could remain unnoticed due to the low 
concentration and fast turnover of these compounds.69 Th e 
syntrophic bacterial genus Smithella, a fatty acid-oxidizer, 
was found to be relatively dominant during the simultane-
ous biomethanation of sewage sludge and CO; however, 
whether its function was relevant to the biomethanation of 
CO was not determined.68 Similarly, Navarro et al.70 found 
that the population of Geobacter unaniireducens, a syn-
trophic acetate-oxidizing bacterium, increased in a granu-
lar sludge aft er a long-term exposure to CO. Th e process 
of interspecies diff usion of electron carriers was studied 
by Boone et al.69 in co-culture experiments with the fatty 
acid-oxidizing bacterium S. wolfei and the methanogen M. 
formicicum using butyrate as substrate. When these spe-
cies were co-cultured, the production of CH4 proceeded 
exponentially while the concentration of H2 remained 
constant at 63 nM until depletion of butyrate, aft er which 
the concentration of H2 dropped to 35 nM.69 Similarly in 
the same study, a co-culture of S. wolfei and Desulfovibrio 
sp. strain GII was incubated with butyrate and sulfate as 
substrates, where the concentration of H2 stabilized at 27 
nM for 2 days until sulfate was depleted. Th is illustrates 
the importance that such interspecies diff usion of electron 
carriers may have during the conversion of fatty acids to 

methanogenic precursors in mixed microbial consortia. 
However, the Gibbs free-energy change for, for example, 
butyrate oxidation to acetate, H2 and CO2 is only favorable 
at very low PH2 (<10-4 atm). Th is type of symbiotic rela-
tionship is thus only feasible in those cases in which H2 is 
kept at low concentrations due to the continuous removal 
of H2 by, for example, hydrogenotrophic methanogens. 
Nonetheless, recent studies have demonstrated that 
Geobacter species and Methanosaeta species are capable 
of direct interspecies electron transfer as an alternative 
mechanism to H2 or formate transfer.71 

Further symbiotic interactions have also been reported 
in other co-culture experiments. Parshina et al.72 found 
that the pure cultures of D. kuznetsovii and D. thermoben-
zoicum subsp. thermosyntrophicum were capable of chem-
olithotrophic growth on CO levels up to 0.70 atm when 
cultivated in presence of sulfate. However, when these 
species were co-cultured with C. hydrogenoformans, they 
were able to grow at 1 atm of CO through the reduction 
of sulfate using the H2 produced by the hydrogenogen.72 
Similar results were obtained by Rajagopal et al.73 who 
studied the co-culture of D. vulgaris and M. barkeri in the 
absence of sulfate. Th e pure culture of D. vulgaris exhib-
ited partial inhibition of the production of H2 from pyru-
vate upon addition of CO to the culture, as the rate of H2 
production from pyruvate alone and from both substrates 
remained unchanged. Nonetheless, when D. vulgaris was 
co-cultured with M. barkeri using lactate as substrate, 
the injection of CO resulted in a H2 burst along with a 
parallel increase in the rate of CH4 production with no 
apparent inhibitory eff ect of CO. 73 Additional symbiotic 
interactions have also been observed in experiments using 
undefi ned mixed microbial consortia. Navarro et al.70 
compared the performance of crushed granular sludge and 
whole sludge granules fed on CO, fi nding that the higher 
organization of the granular sludge enhanced the CH4 
production rate due to the protection of the inner layers 
of the granule against the toxicity of CO. Th erefore, these 
cases show that the metabolic interaction between micro-
bial groups can generate synergistic eff ects due to the 
lower concentration of CO in the medium or in the inner 
layers of the granules, enhancing both the growth and the 
resiliency of the microbial community as a whole. 

Mutual exclusion interactions

Th e structure of a microbial consortium is not only deter-
mined by interactions of mutualistic nature since mutual 
exclusion relationships, based on competition for common 
substrates, also play an important role on the defi nition of 
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the community structure. In presence of sulfate, all active 
microbial groups during syngas biomethanation including 
acetogens, methanogens, sulfate-reducers and hydrog-
enogens compete for common substrates such as CO, H2 
or acetate. Th e competition for H2 is generally ruled by 
sulfate-reducers, since both the kinetic properties of this 
group and the thermodynamics of sulfate reduction are 
more favorable than in homoacetogenesis and methano-
genesis.74,75 However, in most cases the activity of sulfate-
reducers can be easily suppressed by controlling the sulfate 
content in the medium in order to favor the methano-
genesis given the low content of sulfur oxides in syngas. 
According to Xu et al.,38 the highest concentration of sul-
fur compounds reported in biomass-derived syngas cor-
responds to 0.055 mol% for SO2, and 0.0001 mol% for H2S 
and COS. Moreover, the outcome of the competition for 
H2 appears to depend on additional factors, since in con-
trast to the previous statement hydrogenotrophic metha-
nogens have also been reported to outcompete sulfate-
reducers. Sipma et al.76 observed that sulfate-reducers were 
clearly outcompeted by hydrogenotrophic methanogens 
during operation of a gas-lift  reactor fed on CO and sulfate 
at thermophilic conditions. In this study, the dominance 
of hydrogenotrophic methanogens was attributed to the 
higher growth rates of this microbial group at the operat-
ing conditions investigated.76 Th e competition between 
homoacetogens and hydrogenotrophic methanogens for 
H2 was studied by Liu et al.,77 fi nding that the kinetic con-
stants Ks and μmax of homoacetogens were respectively 10 
times higher and 4 times lower than those of hydrogeno-
trophic methanogens. Hence, homoacetogens were clearly 
outcompeted by the latter group under substrate-limiting 
conditions (low PH2). However, homoacetogens were able 
to compete for H2 at high PH2, contributing through aceti-
clastic methanogenesis to the formation of 40% of the CH4 
produced.77 

Th e competition for CO in mixed microbial consor-
tia has not been thoroughly studied, although the out-
come of the competition can be predicted based on the 
kinetic properties reported for these microbial groups. 
Carboxydotrophic methanogens typically have long dou-
bling times ranging from 24 h to 200 h.48,78 In turn, the 
doubling times exhibited by acetogenic bacteria generally 
oscillate between 1.5 h and 16 h reported for R. Productus 
and C. thermoaceticum, respectively.79,80 Hydrogenogenic 
growth supports diff erent doubling times depending on 
the microbial group, being 1–2 h for thermophilic hydrog-
enogens and 4.8–8.4 h for phototrophic bacteria.81,82,76 
Th erefore, the comparison of the growth kinetics on CO 
of these microbial groups indicates that methanogens will 

be easily outcompeted in a mixed microbial consortium. 
However, it is likely that the outcome of the competition 
between hydrogenogenic and acetogenic bacteria is not 
ultimately dependent upon their kinetics given the simi-
larity of the doubling times reported. 

All these microbial interactions can have an infl uence, 
either positive or negative, on the structure and diversity 
of a microbial community, ultimately aff ecting the per-
formance of the consortium. Th erefore, knowledge on the 
type of interactions prevailing among the members of a 
microbial consortium is fundamental for the control and 
optimization of the process.83 However, the performance 
of a consortium is also strongly infl uenced by the operat-
ing conditions of the process, thus requiring the integra-
tion of all aspects determining the outcome of the process 
for optimal process control.

Infl uencing factors in syngas 
biomethanation

Th e operating parameters of biological processes have a 
strong impact on the performance of the culture in terms 
of productivity as these aff ect several aspects of microbial 
growth. Pure culture-based processes are generally oper-
ated at conditions favoring optimal growth and produc-
tivity based on the characteristics and requirements of 
a particular strain. However, the members composing a 
mixed microbial consortium for syngas biomethanation 
rarely share the same optimal growth conditions, which 
make the selection of operational parameters a critical step 
when it comes to optimizing the process. In this section, 
the infl uence of parameters such as temperature, pH and 
gas composition on the CH4 yield and production rate of 
syngas-converting consortia is reviewed.

pH

Th e pH is an important parameter for microbial growth 
due to its infl uence on the regulation of the metabolism 
and the bioenergetics of micro-organisms as it causes 
changes in the intracellular pH and the electrochemi-
cal gradient across the membrane. Acetogenic bacteria 
are perhaps the most versatile microbial group as they 
are able to tolerate a wide range of pH including both 
acidic and alkaline conditions,56 although they are 
known to shift  their generally acidogenic metabolism 
towards  solventogenesis when decreasing the pH.84,85 Th e 
hydrogenogenic microbial group including phototrophic 
and hydrogenogenic bacteria generally exhibit optimal 
growth at neutral pH.55 In turn, most methanogens grow 
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 optimally at either neutral or slightly alkaline pH ranging 
from 6.8 to 8.5,58 being partially inhibited when decreas-
ing the pH. Consequently, most syngas biomethanation 
processes are operated at pH close to neutrality, between 
7.0 and 7.6, to favor the methanogenesis and avoid the 
accumulation of liquid products (Table 2). Nevertheless, 
the infl uence of the pH has not been thoroughly studied 
in syngas biomethanation processes. So far, only Pereira et 
al.86 have investigated the biomethanation of syngas using 
a mixed culture approach under diff erent pH conditions. 
Th is study reported that the combination of low pH and 
high pressures of syngas (2.5 atm) resulted in high inhibi-
tion of the methanogenic activity, obtaining the lowest 
production of CH4 among all conditions tested.86 

Temperature

Th e temperature is one of the most infl uential factors 
in syngas biomethanation processes as it aff ects several 
aspects of the performance of mixed microbial consortia. 
As mentioned already, the temperature of the broth has 
been reported to have an eff ect on the microbial interac-
tions among members of microbial consortia as it appears 
to determine the predominant metabolic pathways used 
by the consortia. Several studies on biomethanation of CO 
indicate that acetate is the main precursor of the metha-
nogenesis at mesophilic conditions, whereas H2 is a more 
relevant precursor at thermophilic conditions. Th is could 
be explained by the higher diversity of carboxydotrophic 
hydrogenogenic bacteria in thermophilic environments. 
However, another possible explanation could be the fact 
that H2-producing reactions become more exergonic with 
increasing temperatures,87 favoring a higher hydrogeno-
genic conversion of CO at thermophilic conditions. In 
either case, it has been shown that these changes in the 
microbial structure of the consortia due to higher tem-
peratures lead to higher conversion rates in syngas biom-
ethanation processes. Guiot and Cimpoia 64 compared the 
rates of CH4 production of a granular sludge at mesophilic 
and thermophilic conditions, fi nding that the CH4 pro-
ductivity at thermophilic conditions (5.6 mmol/g VSS/d 
at 60°C) was much higher than that at mesophilic condi-
tions (1 mmol/g VSS/d at 35°C). Similarly, another study 
investigated the correlation between the rates of conver-
sion of CO and the temperature, observing that the rates 
of conversion of CO and the productivity of CH4 increased 
gradually from 40°C onwards until a maximum was 
reached at 55°C.66 Nonetheless, despite the higher conver-
sion rate and productivity, the increase in temperature 
also poses certain drawbacks related to the lower solubility 

of the gases, which could lead to mass transfer limitations 
in thermophilic processes.

Gas partial pressure

Th e eff ects of the composition of synthesis gas are mainly 
associated with mass transfer processes of the constituents 
of syngas, which are dependent on both the mass transfer 
coeffi  cient (kLa) and consequently on the characteristics 
of the reactor, and the partial pressure of these gases as 
the driving force for their transportation to the liquid 
phase. In this section, the eff ects of the partial pressures 
of the main components of syngas are discussed, while the 
eff ects of the mass transfer rates are addressed in the sec-
tion for process confi gurations. 

Carbon monoxide, besides being a substrate for 
 carboxydotrophs, is also a well-known inhibitor for most 
carboxydotrophic microbial groups. Carboxydotrophic 
methanogens and sulfate-reducers appear to be the most 
sensitive, tolerating partial pressures of CO (PCO) between 
0.5 and 1.0 atm and 0.2-0.5 atm respectively, with some 
exceptions.45,48,78,88 In turn, both acetogens and hydrog-
enogens exhibit a higher tolerance to CO, generally being 
able to grow at PCO higher than 1 atm.4,55 Nevertheless, the 
eff ects of CO on syngas biomethanation processes are not 
limited to direct inhibition of carboxydotrophic growth, 
as other non-carboxydotrophic microbial groups with a 
signifi cant role might also be aff ected, including fatty-
acid oxidizing bacteria, aceticlastic and hydrogenotrophic 
methanogenic archaea. 

In syngas biomethanation processes, the increase in PCO 
generally results in partial inhibition, ultimately aff ect-
ing the yield and the productivity of CH4. Th e eff ects on 
the CH4 yield were evaluated on a mesophilic granular 
sludge fed on syngas, in which a decline in the CH4 yield 
was observed while increasing the total pressure of syngas 
from 1 to 2.5 atm due to the inhibition of the methano-
genic activity.86 In turn, the specifi c carboxydotrophic and 
methanogenic activities of a mesophilic granular sludge 
under diff erent initial PCO were studied by Navarro et al.,70 
observing that the rate of consumption of CO increased 
with the amount of CO supplied until a maximum was 
reached at a PCO of 0.5 atm. However, the rate of produc-
tion of CH4 reached its maximum at 0.2 atm of CO, fol-
lowed by a gradual decline along with the increase of PCO 
until the methanogenic activity was totally inhibited at 
1 atm of CO.70 Additionally, in this study a shift  in the 
metabolic pathways with increasing PCO was observed, 
in which aceticlastic methanogenesis was displaced by 
hydrogenotrophic methanogenesis between 0.5 and 1 atm. 
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Th us, these studies clearly show that CO exerts a strong 
inhibitory eff ect over all microbial groups of the micro-
bial consortium. Nevertheless, the diff erences observed 
between the carboxydotrophic and the methanogenic 
activities illustrate a distinctive inhibition over aceticlastic 
methanogens, which appear to be less tolerant than ace-
togenic, hydrogenogenic bacteria, and hydrogenotrophic 
methanogenic archaea.  Th e lower tolerance of the metha-
nogenic group was also evident during the enrichment 
of a thermophilic methanogenic microbial consortium 
using increasing amounts of syngas along the successive 
transfers.89 In these experiments, both H2/CO2 and CO 
were initially converted into CH4 as the only end product. 
However, the enriched consortium lost its methanogenic 
activity at the fourth transfer due to the inhibition caused 
by the increasing partial pressure of syngas, resulting in 
the production of H2 as an intermediate product and the 
accumulation of acetate and propionate as end products.89 

Th e concentration of H2 seems to have a milder infl u-
ence on the performance of the consortium, although 
changes in the PH2 have been reported to have an eff ect 
on the microbial activity. Th e activity of the hydroge-
nase of a clostridial species denoted as P11 was studied 
under increasing PH2, fi nding that higher PH2 enhanced 
the activity of the hydrogenase.90 However, the effi  ciency 
of the hydrogenase decreased as the pressure of H2 built 
up due to the saturation of the enzyme.90 Th ese fi ndings 
are in line with the results of other experiments using a 
mixed culture approach, in which the production rate 
of CH4 increased sensibly from 0.035 mmol/h to 0.072 
mmol/h upon an increase of the initial pressure of H2/
CO2 from 1 to 5 atm,91 as it can be noted that the increase 
in the productivity appears not to correspond proportion-
ally to the increase of pressure. Th erefore, it is likely that 
the hydrogenases of other H2-utilizing micro-organisms, 
for example hydrogenotrophic methanogens, are also 
aff ected by high PH2 resulting in lower rates of conversion. 
Additionally, in this study the structure of the microbial 
community was found to be aff ected by the PH2, reducing 
its diversity as the PH2 increased due to the more stringent 
conditions.91 

Impurities of synthesis gas

An additional aspect of the composition of syngas is the 
content of impurities typically found in the raw syngas, 
which may aff ect the process of syngas biomethanation 
either causing perturbations in the performance of the 
consortia or altering the operating parameters such as 
pH or redox. Impurities such as tars, NOx and NH3 have 

been found to inhibit the activity of several enzymes in 
acetogenic bacteria.38,92,93 On the other hand, the sulfur 
gases H2S and COS barely aff ected the growth and the 
substrate uptake rate of the acetogen R. productus and the 
methanogen M. barkeri, whereas the hydrogenogen R. 
rubrum and the methanogen M. formicicum were strongly 
inhibited even at low concentrations of these gases.94 Th us, 
each of the microbial groups appears to be aff ected diff er-
ently by the impurities. Guiot et al.95 studied the eff ects 
of HCN, NH3, H2S and aromatic hydrocarbons on the 
overall performance of a methanogenic anaerobic sludge. 
Th e results of this study showed that the performance of 
the mixed culture was not signifi cantly aff ected at levels 
below 500 ppm, 50 ppm, and 1 ppm of NH3, H2S and 
aromatic hydrocarbons, respectively. However, HCN was 
found to inhibit the aceticlastic methanogenic activity at 
levels below 15 ppm. It was thus concluded that aceticlastic 
methanogens were generally the most sensitive microbial 
group, although the activity of all microbial groups was 
inhibited at higher levels of these impurities. Despite it has 
been shown that the activity of microbial consortia is not 
signifi cantly aff ected by low levels of impurities, further 
research in this area is still necessary in order to establish 
the minimum gas clean-up requirements of raw syngas as 
these may have an important infl uence on the overall effi  -
ciency of syngas biomethanation processes.

Some of the infl uencing factors discussed here, such as 
the eff ect of the temperature and the growth inhibition 
due to high PCO, have been studied thoroughly in micro-
bial consortia-driven syngas biomethanation processes. 
Nevertheless, studies on the infl uence of pH and the 
impurities of syngas are still very limited. Additionally, 
other factors such as the redox potential and the trace 
metal content of the media that have been studied in pure 
culture experiments,96,97 have not been investigated yet in 
microbial consortia. Studying the potential interactions 
among the infl uencing factors discussed in this section 
could also provide more insights on possible synergistic 
eff ects on the behavior of microbial consortia. Th erefore, 
further research on both the infl uencing factors and their 
potential interactions is still necessary in order to fully 
comprehend their infl uence over the performance of each 
microbial group and the consortium as a whole.

Process confi gurations 

Besides the limitations related to the inhibitory eff ects of 
CO and other aforementioned factors, syngas biomethana-
tion processes are oft en restricted by poor gas-to-liquid 
mass transfer and low cell concentrations in the reactor, 
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which ultimately reduce the volumetric productivity of 
CH4. In an attempt to address these shortcomings, syngas 
biomethanation processes have been studied in a number 
of process confi gurations including both batch and con-
tinuous operating modes and several reactor designs, each 
one of them having specifi c drawbacks and advantages. 
Th e main characteristics, yields and CH4 productivities 
obtained in such process confi gurations are summarized 
in Table 2. Diff erent syngas fermentation process confi gu-
rations and bioreactor design issues have been reviewed 
before for the production of H2, ethanol and other poten-
tial products. 2,4,9,98 Th erefore, this paper covers only the 
fi ndings related to syngas biomethanation. 

Stirred-tank reactors

Th e traditional stirred-tank reactors have been widely 
used in syngas fermentation processes.60,99–101 In this type 
of reactor, the volumetric mass transfer coeffi  cient (KLa) 
is aff ected by several factors such as the geometry of the 
reactor, the impeller confi guration, the agitation speed, 
and the gas fl ow rate. Typically, higher mass-transfer rates 
are attained by increasing both the agitation speed and the 
gas fl ow rate, which increase the gas-liquid interfacial area 
due to the smaller size of the bubbles. Klasson et al.32 stud-
ied the infl uence of these parameters on the KLa during 
the biomethanation of CO using a triculture of R. rubrum, 
M. formicicum and M. barkeri. Th e KLa was observed to
increase from 28.1 h-1 to 101.1 h-1 when increasing the
agitation speed from 300 rpm to 450 rpm. However, the
authors also observed that the effi  ciency in the conver-
sion of CO decreased sharply while the gas loading rate
increased, being 90% the maximum conversion effi  ciency
reported at a gas loading rate of around 0.2 h-1. It can be
thus concluded that although relatively high KLa values
are attainable in this type of reactors, a high productivity
of CH4 can only be achieved at the expense of low conver-
sion effi  ciencies owing to the high gas fl ow rate needed. An
alternative strategy for increasing the productivity of CH4
is to increase of the concentration of microbial biomass in
the bioreactor. Th is possibility was studied in a continuous
process of biomethanation of H2 and CO2 using a mixed
culture from sewage sludge by including a cell recycling
stream into the bioreactor.102 Th e cell recycle resulted in
an increase of the cell concentration from 2.5 g/L to 8.3
g/L, boosting the volumetric productivity of CH4 from
1.3 LCH4/L/h to 4 LCH4/L/h. Th erefore, an increase in the
productivity of CH4 can be achieved through both cells
recycling and enhancing the gas-to-liquid mass transfer.
Other considerations such as the cost of operation should

also be accounted when scaling up a process as the high 
energy requirements of maintaining a high mixing regime 
in large scale stirred tank reactors oft en can render this 
process not economically feasible.9

Trickle-bed reactors

Trickle-bed reactors are a suitable alternative to stirred 
tank reactors in terms of costs of operation as this type of 
reactors do not require mechanical mixing. Th ese reac-
tors generally off er a more effi  cient gas-to-liquid mass 
transfer while maintaining low gas and liquid fl ow rates 
due to the higher contact surface area between the gaseous 
substrate and the liquid fi lm on the packing material. Th e 
infl uence of the liquid recirculation rate and the thickness 
of the liquid fi lm on the mass transfer and the productiv-
ity of CH4 was studied during the biomethanation of H2 
and CO2 using anaerobic sewage sludge as inoculum.103 A 
correlation between increasing productivities of CH4 and 
decreasing liquid recirculation rates was observed in this 
study, concluding that a high conversion (nearly 100%) 
and productivity (1.49 LCH4/L/d) could be achieved with-
out gas recirculation by just increasing the H2 loading rate 
while decreasing the liquid recirculation rate. Th us, trickle 
bed reactors seem a promising option for their applica-
tion in syngas biomethanation as the plug fl ow regime of 
these reactors allows high gas loading rates while main-
taining high productivities and conversion effi  ciencies. 
Nevertheless, as found in other processes, compromised 
stability of continuous processes due to channeling of the 
gaseous substrate through the packing material attributed 
to the excessive accumulation of microbial biofi lm was 
observed during the biomethanation of H2 and CO2.104 
Kimmel et al.105 compared the performance of two trickle 
bed reactors with diff erent diameters on the process of 
syngas biomethanation using a triculture of R. rubrum, 
M. formicicum and M. barkeri.  Th e productivity of CH4
in the smaller reactor was observed to increase as the gas
loading rate increased, reaching a maximum productivity
of 2-3 mmol CH4/L/h. However, the productivity of the
larger reactor barely reached 0.4 mmol CH4/L/h at very
low gas loading rates, showing a decreasing trend as the
gas loading rate was raised. Apparently, the lower porosity
along with the smaller size of the packing material used
in the smaller reactor favored an enhanced productivity
as the lower pore size of the packing promoted a better
distribution of the liquid medium. Th erefore, trickle bed
reactors have been successfully applied to syngas biom-
ethanation processes achieving high productivities and
conversion effi  ciencies. Nevertheless, there are still  certain
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aspects of the continuous operation of these reactors such 
as biofi lm accumulation, porosity and the size of the pack-
ing material that need further study for attaining full 
exploitation of their potential.

Bubble column and gas-lift reactors

Th e use of bubble columns and gas-lift  reactors has also 
been studied in syngas biomethanation processes as they 
off er a number of benefi ts such as high gas-liquid inter-
facial area, high volumetric mass transfer coeffi  cient, 
non-mechanical mixing, and relatively low cost of opera-
tion. As there is no mechanical mixing, the mass transfer 
coeffi  cient of these reactors generally depends on the gas 
fl ow rate and the size of the bubbles. Th e eff ect of these 
operational parameters on the mass transfer of CO was 
studied in both a bubble column and a gas-lift  reactor, 
showing that the KLa increases along with the increase of 
the gas fl ow rate and the decrease of the pore size of the 
column diff user.106 Th e maximum KLa values reported 
for the bubble column and the gas-lift  reactor were 78.8 
h-1 and 91.1 h-1, respectively, when a gas fl ow rate of 5000 
sccm was combined with a 20 μm bulb diff user.106 Another 
common feature of these reactors is the need of applying 
a high gas recirculation rate in order to attain a relatively 
high conversion effi  ciency for sparingly soluble gases such 
as H2 and CO. Guiot et al.64 studied the eff ects of diff erent 
gas recirculation rates during the biomethanation of CO 
in a gas-lift  reactor using granular sludge. In these experi-
ments, the insuffi  cient gas holdup when gas recirculation 
was not applied resulted in a CO conversion effi  ciency as 
low as 4%; however, when the gas recirculation-to-feed 
ratio was set to 18:1 the conversion effi  ciency increased to 
70%, obtaining an improvement of the productivity from 
0.49 mmol CH4/g VSS/d to 2.55 mmol CH4/g VSS/d. Th e 
increase in partial pressure of CO in the feed was also 
observed to have a positive impact on the productivity, 
although when both high gas recirculation rates and high 
CO partial pressure were applied the conversion effi  ciency 
dropped signifi cantly due to the inhibitory eff ects of CO.64 
Similar results were obtained in batch experiments using 
a bubble column, as the productivity of CH4 from H2 and 
CO2 increased from 480 mmol/L/d to 660 mmol/L/h while 
raising the gas recirculation rate from 18 L/h to 40 L/h.107 
Th e continuous biomethanation of syngas has also been 
tested in a packed bed bubble column using a triculture of 
R. rubrum, M. formicicum and M. barkeri.108 A maximum
conversion effi  ciency of 79% was reached at the lowest
gas fl ow rate tested (1.3 sccm) without gas recirculation,
obtaining a rather low productivity of CH4 of around

0.2 mmol/L/h.108 Higher productivities (0.4 mmol CH4/
L/h) could be achieved when raising the gas fl ow rate to 
13.3–16.6 sccm; this however had a dramatic impact on the 
conversion effi  ciency as it dropped from 79% to 20–25%. 
Th e authors concluded that the low productivity was 
caused by mass transfer limitations and the high porosity 
of the packing material given the low KLa value obtained 
(3.5 h-1). It seems that despite the simplicity of the design 
of these reactors, each of them has a good potential for 
their application in syngas biomethanation processes. 
However, there are several key operational parameters that 
need to be optimized in order to achieve a high productiv-
ity of CH4 while maintaining relatively high conversion 
effi  ciencies.

Other reactor designs

Other reactor designs have also been studied for improv-
ing the productivity of CH4 in syngas biomethanation pro-
cesses by either overcoming the mass transfer limitations 
or increasing the concentration of cells in the bioreactor. 
A novel multi-orifi ce oscillatory baffl  ed bioreactor with 
a unique baffl  e design for improving both mixing and 
mass transfer rates was fully characterized and tested for 
the biomethanation of syngas using a mesophilic granu-
lar sludge as inoculum.109 Th e maximum productivity 
achieved with this bioreactor was 73 mmol CH4/L/d at 
the maximum fl ow rate tested (100 sccm). Nonetheless, as 
the gas loading rate was raised the conversion effi  ciency 
dropped as a result of the intensive mixing at high fl ow 
rates. Another reactor design intended to achieve total 
retention of cells into the bioreactor was also studied for 
its application in syngas biomethanation. Th is design 
consisted in a reverse membrane bioreactor, in which the 
micro-organisms from a thermophilic MSW sludge were 
membrane encased prior to their inoculation in the biore-
actor.110 Th e maximum productivity of CH4 reported for 
the biomethanation of solely syngas was 0.109 LCH4/L/d 
when using a gas fl ow rate of 200 sccm, which was compa-
rable to the productivity of an analogous reactor operated 
with free cells.110 However, the increase of the gas loading 
rate and the organic loading rate by addition of VFA’s as 
co-substrate resulted in a sharp increase in the productiv-
ity of CH4 (0.186 L/L/d) in the reverse membrane reactor, 
whereas in the free cells reactor the productivity gradu-
ally decreased to 0.046 LCH4/L/d as the cells were washed 
out due to the more stringent conditions.110 Th us, the use 
of these membranes seems to eff ectively maintain a high 
concentration of cells in the bioreactor under harsh con-
ditions, yet the eff ect of the membranes on the transport 
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of the gaseous substrates to the micro-organisms still 
remains to be investigated.

As shown in this section, the productivity of CH4 is 
highly dependent on the particular process confi gura-
tion and type of reactor. A high productivity of CH4 can 
be achieved in each type of reactor under specifi c process 
confi gurations. Generally, the most infl uential parameters 
aff ecting the productivity in continuous processes are the 
concentration of cells, the gas-to-liquid mass transfer, the 
gas and liquid fl ow rates, the recycle of these streams and 
the mixing regime. Nevertheless, the relevance of these 
parameters is diff erent for each type of reactor. A common 
feature of stirred tank reactors, bubble columns and gas-
lift  reactors is that for a given gas loading rate there is a 
maximum conversion effi  ciency threshold as a result of the 
mixed-fl ow regime of these reactors when high gas infl ow 
and gas recirculation rates are applied. In turn, trickle-bed 
reactors seem to outperform the other type of reactors in 
several aspects due to their plug-fl ow regime. However, 
the application of microbubble dispersion in stirred tank 
reactors, bubble columns and gas-lift  reactors, not studied 
yet in syngas biomethanation processes, could enhance 
signifi cantly the mass transfer and hence the performance 
of these reactors. Other aspects of the operation of these 
reactors such as scaling-up issues or economic considera-
tions for each of the process confi gurations discussed, 
which have not been accounted for here, may also play a 
crucial role when it comes to determine the feasibility of 
these processes. 

Kinetics and modeling of syngas 
biomethanation processes

Mathematical modeling of bioprocesses is usually applied 
in order to simulate and predict the outcome of diff erent 
process confi gurations, as well as to optimize the pro-
cess in terms of yield and productivity of the desirable 
product(s). Unstructured models are perhaps the most 
simplistic expression of mathematical models, using only a 
few state variables for describing the concentration profi les 
of microbial biomass, substrates and products.111 However, 
unstructured kinetic models are frequently used as they 
are simple and can successfully simulate the eff ects of 
the main variables on the microbial growth and the pro-
ductivity in batch and continuous processes, being thus a 
valuable tool for design and operation of bioprocesses.

Kinetic models used so far for the determination of 
the kinetic properties of several syngas-converting pure 
cultures under diff erent fermentation conditions and 
process confi gurations are shown in Table 3. Vega et al.112 

determined the kinetics of the growth of the acetogen R. 
productus on CO using a modifi ed Monod equation in 
order to simulate the inhibitory eff ects of high PCO.  Th is 
model was then used for studying the conversion rate of 
CO as a function of the gas loading rate and the volumet-
ric mass transfer coeffi  cient in a stirred tank reactor and 
a bubble column. Th e growth kinetics of the acetogen C. 
ljungdahlii were determined using several dual-substrate 
kinetic models in order to study the eff ects of the initial 
pressure of syngas on the simultaneous consumption of H2 
and CO.113 Among all kinetic models tested in this study, 
the combination of Luong and Monod kinetics was found 
to give the best fi tting for simulating growth on mixed 
substrates. Other kinetic models based on diff erent equa-
tions have also been proposed. For instance, the kinetic 
parameters of the growth of C. ljungdahlii on CO and 
syngas were also determined using the Andrew equation 
and a novel equation for simulating microbial growth, cell 
decay and the inhibition of CO.114 Hydrogenogenic cul-
tures have also been studied using kinetic models in order 
to determine the optimum process parameters for the con-
tinuous production of H2. A Monod chemostat model was 
used to determine the kinetic parameters of R. rubrum 
growing on CO during washout experiments in a stirred 
tank reactor with dual impellers.99 Th e productivity of H2 
was then optimized by using this model to determine the 
optimum dilution rate for the particular process confi gu-
ration of this reactor. Another hydrogenogen, C. hydrog-
enoformans, was characterized kinetically using the Han 
and Levenspiel model in order to study the eff ects of the 
PCO and the infl uence of the ratio of substrate/biomass on 
the activity of the culture.115 Th e growth kinetics of other 
relevant microbial groups in syngas biomethanation pro-
cesses such as methanogenic archaea have also been evalu-
ated using a number of kinetic models based on Monod 
kinetics, the Andrew equation and a modifi ed Gompertz 
model, among others.116–119 However, the infl uence of the 
partial pressure of CO on the kinetics of this microbial 
group has not been determined yet, as most of these stud-
ies have been carried out in the frame of anaerobic diges-
tion processes. 

Despite all microbial groups typically found in a syngas-
converting microbial consortium have been characterized 
using kinetic models, a kinetic model able to describe the 
simultaneous growth of these microbial groups in syngas 
biomethanation processes has not been developed yet. 
Th e development of such a model, including, for exam-
ple, the kinetic competition among microbial groups or 
the eff ects of the operating parameters on the growth 
of each microbial group, could contribute to improving 
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the  criteria for the selection of operational parameters 
and easing optimization tasks in syngas biomethanation 
processes. Additionally, the inclusion of microbial interac-
tions in the model could provide a certain control over the 
metabolic pathways dominating the microbial consortium. 
Nonetheless, a more complex model structure would be 
required in order to include the microbial interactions, 
thus complicating the estimation of the kinetic parameters 
describing the behavior of the microbial consortium. More 
structured modeling approaches that intended to describe 
the metabolic network of mixed culture-based processes 
have been proposed on the perspective of modeling 
anaerobic digestion processes 120 or the product distribu-
tion in mixed culture fermentations.121 Th e only attempt 
of  modeling the metabolic network of syngas biomethana-
tion processes has been carried out based on a fl ux balance 
analysis approach, although the low number of compo-
nents of the metabolic network monitored over time lim-
ited the accuracy of the model.109 However, this work sets 
a precedent in modeling of syngas biomethanation pro-
cesses. Research in this direction is thus encouraged here 
given the potential of these models for the control and 
optimization of syngas biomethanation processes. 

Future perspectives

A signifi cant research eff ort is being made worldwide in 
order to develop effi  cient processes for the production of 
biomethane from agricultural, domestic and industrial 
waste streams. Th is is of particular importance to several 
European countries currently showing an increasing inter-
est in the production of biomethane, as it can contribute 
to off set the decreasing trend of production of natural gas 
and reduce their dependency on imported natural gas sup-
plies. Several process confi gurations based on the syngas 
platform are being explored for increasing the share of 
biomethane to be used as a vehicle fuel or injected into the 
natural gas grid. A combined process of gasifi cation and 
syngas biomethanation presents a signifi cant potential as 
it off ers the possibility of producing renewable methane 
from a wide array of waste streams regardless of their 
recalcitrance, broadening the spectrum of biomasses cur-
rently available to anaerobic digestion systems. In the near 
future, the biomethanation of syngas could become a suit-
able alternative for increasing the fl exibility of gasifi cation 
plants exploiting syngas for heat and electricity produc-
tion. As opposed to the catalytic methanation process, 
the biological conversion of syngas to methane could be 
economically feasible for small-scale gasifi cation plants 

due to its lower operational costs, which would provide an 
alternative outlet to the excess energy generated during 
periods of low heat and electricity demand. Other pro-
cess confi gurations considered include the integration of 
anaerobic digestion and syngas biomethanation processes 
as their combination could result in a much higher bio-
mass conversion effi  ciency and methane productivity. Th e 
gasifi cation of either source-separated organic waste or 
solid digestate and re-injection of syngas into the bioreac-
tor would certainly enhance the productivity of methane, 
achieving a nearly complete conversion of the biomass. 
However, the overall effi  ciency of the process could be 
compromised by the high moisture content of the solid 
digestate as an intensive drying process would be required 
in order to lower its moisture content to the optimal range. 
Th erefore, regardless of the process confi guration consid-
ered, there are still several challenges to be overcome in 
both the gasifi cation of biomass and the biomethanation of 
syngas in order for these technologies to be commercially 
applicable.

Research on syngas biomethanation processes have 
undergone a considerable progress over the last years, 
evolving from the early pure culture-based studies aim-
ing at understanding the metabolism of carboxydotrophic 
micro-organisms to the current mixed culture-based 
approach for its industrial exploitation in the bioenergy 
sector. Th e continuous biomethanation of syngas has 
so far been successfully applied in a number of bioreac-
tor designs and process confi gurations, achieving high 
yield and conversion effi  ciency for both CO and H2/CO2. 
Nevertheless, the performance of the bioreactors could 
still be further improved in order to achieve a higher con-
version effi  ciency and productivity. Recent advances in the 
design of hollow fi ber membrane reactors and microbub-
ble spargers have been applied in other syngas fermenta-
tion processes, and seem a promising way for overcoming 
the mass transfer limitation. More research is also nec-
essary in order to improve our knowledge on microbial 
consortia-driven processes. In this sense, adopting a 
cross-disciplinary approach is crucial for understand-
ing the nature of the metabolic interactions in microbial 
consortia, and how these are aff ected by changes in the 
operational conditions of continuous processes. Important 
advances have been made so far in characterizing the 
eff ects of the operating conditions on the performance of 
microbial consortia, fi nding common patterns of activity 
on microbial consortia originated from diff erent sources. 
However, further studies are still necessary in this area 
in order to fi nd possible interactions between infl uencing 
factors, and to correlate these eff ects to the behavior of the 
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population dynamics of microbial consortia. Th e poten-
tial of modelling tools for the control and optimization of 
mixed culture-based bioprocesses has also been discussed 
here. Th is area still remains practically unexplored in 
syngas biomethanation processes. However, the develop-
ment of new models capable of describing the eff ects of the 
operating conditions on the behavior of mixed cultures 
could contribute to achieve a higher level of control over 
the performance of continuous processes.

Th e progress achieved over the last years opens good 
perspectives for the further development of syngas biom-
ethanation processes. However, this technology has not 
reached commercial application yet, mainly due to the 
relatively high sales prices that are needed to supporting 
it.122 Th is can be overcome if (i) syngas biomethanation 
occurs in the frame of an already industrial gasifi cation 
activity, i.e., in combined heat and power plants and (ii) 
further advancing the syngas biomethanation process tar-
geting higher productivities than the ones achieved so far. 
Nowadays, where exploitation of the residual biomass is 
more than ever imperative, syngas biomethanation should 
be re-visited. Future advances in the areas outlined here 
will contribute to overcome the current limitations of the 
process, unlocking thus the potential of this technological 
application.
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Abstract 

Background: The production of ethanol through the biochemical conversion of syngas, a mixture of  H2, CO and  CO2, 
has been typically studied using pure cultures. However, mixed microbial consortia may offer a series of benefits such 
as higher resilience and adaptive capacity, and non‑sterile operation, all of which contribute to reducing the utility 
consumption when compared to pure culture‑based processes. This work focuses on the study of strategies for the 
enrichment of mixed microbial consortia with high ethanologenic potential, investigating the effect of the opera‑
tional conditions (pH and yeast extract addition) on both the ethanol yield and evolution of the microbial community 
along the enrichment process. The pH was selected as the main driver of the enrichment as it was expected to be a 
crucial parameter for the selection of carboxydotrophic bacteria with high ethanologenic potential. Additionally, a 
thermodynamic analysis of the network of biochemical reactions carried out by syngas‑converting microbial consor‑
tia was performed and the potential of using thermodynamics as a basis for the selection of operational parameters 
favoring a specific microbial activity was evaluated.

Results: All enriched consortia were dominated by the genus Clostridium with variable microbial diversity and spe‑
cies composition as a function of the enrichment conditions. The ethanologenic potential of the enriched consortia 
was observed to increase as the initial pH was lowered, achieving an ethanol yield of 59.2 ± 0.2% of the theoretical
maximum in the enrichment at pH 5. On the other hand, yeast extract addition did not affect the ethanol yield, but 
triggered the production of medium‑chain fatty acids and alcohols. The thermodynamic analysis of the occurring bio‑
chemical reactions allowed a qualitative prediction of the activity of microbial consortia, thus enabling a more rational 
design of the enrichment strategies targeting specific activities. Using this approach, an improvement of 22.5% over 
the maximum ethanol yield previously obtained was achieved, reaching an ethanol yield of 72.4 ± 2.1% of the theo‑
retical maximum by increasing the initial acetate concentration in the fermentation broth.

Conclusions: This study demonstrated high product selectivity towards ethanol using mixed microbial consortia. 
The thermodynamic analysis carried out proved to be a valuable tool for interpreting the metabolic network of micro‑
bial consortia‑driven processes and designing microbial‑enrichment strategies targeting specific biotransformations.
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Background
Over the past decades, the rising concerns about climate 
change and the depletion of fossil fuels, along with the 
ever increasing demand of transportation fuels, have led 
to the global implementation of policies fostering biofuel 
production. As a result of these policies, the biofuel mar-
ket underwent a rapid expansion rising from less than 20 
billion liters/year in 2001 to over 100 billion liters/year 
in 2011 [1]. However, the rapid growth of this market, 
strictly based on first generation biofuels, brought along 
a series of environmental and socioeconomic impacts 
derived from the competition with food crops such as 
land use change, rising food and feed prices, and poor 
greenhouse gas emission savings [2, 3]. Developing sec-
ond-generation biofuel technologies is thus considered 
an important step forward as these are based on the use 
of non-food biomasses and waste streams as feedstock, 
and are expected to overcome the limitations of first-gen-
eration biofuels in terms of environmental impacts and 
range of exploitable feedstocks.

Among the different approaches within second-gener-
ation biofuel technologies, syngas fermentation is one of 
the most promising as it combines the benefits of both 
thermochemical and biochemical biomass conversion 
processes. Typically, this process comprises thermo-
chemical conversion of the biomass through gasifica-
tion into synthesis gas, a mixture of mainly  H2,  CO2 and 
CO, followed by its biological conversion into a variety 
of chemicals and fuels [4–7]. The fermentation of syngas 
is carried out by anaerobic acetogenic bacteria, which 
are able to use both CO and  H2/CO2 as the sole carbon 
and energy source through the Wood–Ljungdahl path-
way. So far, mostly pure cultures have been employed in 
syngas fermentation processes, with the most common 
wild-type strains being C. autoethanogenum [8], C. ljun-
gdahlii [9], C. ragsdalei [10] and C. carboxidivorans [11]. 
However, several studies have reported that microbial 
growth on CO and  H2/CO2 can be significantly inhib-
ited by the impurities of syngas [12, 13], which may result 
in decreased productivity of syngas fermentation sys-
tems and/or higher raw syngas clean-up requirements. 
Another limitation is the fact that sterile operation is 
necessary to avoid a possible microbial contamination 
of the monoculture, which increases the energy input 
requirements.

A possible alternative to overcome these limitations 
is to use open-mixed microbial consortia. Developing 
microbial consortia-driven processes may allow reduc-
ing the cleaning requirements of raw syngas as they 
present a higher resilience and adaptive capacity due to 
their microbial diversity [14]. Additionally, sterilization 
is not necessary when using microbial consortia [15], 
which contributes to reducing the utility consumption. 

Nonetheless, their higher complexity often entails an 
inadequate understanding of the microbial interactions 
within the consortium, resulting in limited process con-
trol. Low product selectivity is another challenge gener-
ally encountered in microbial consortia-driven processes, 
ultimately lowering the yield of the desired product.

Although the use of open-mixed microbial consortia in 
syngas fermentation processes is still rather limited com-
pared to pure cultures, the potential of microbial con-
sortia for producing  H2 [16],  CH4 [17], carboxylic acids 
[18–20] and higher alcohols [21] has been demonstrated 
in a number of studies. The production of solvents 
through the reduction of carboxylic acids using either 
syngas or  H2 as electron donor has also been studied [22, 
23]. However, scientific literature on the production of 
ethanol by mixed microbial consortia using syngas as the 
sole carbon source is scarce, with only two studies show-
ing a significant ethanologenic potential. Singla et al. [24] 
were the first demonstrating a high ethanol production 
using an enriched mixed culture from the culture col-
lection of TERI University. In their study, the operating 
conditions were optimized for maximizing the ethanol 
yield in batch experiments, obtaining a maximum con-
centration of 1.54 and 0.9 g/l of ethanol and acetic acid, 
respectively. In turn, Ganigué et  al. [21] studied the 
enrichment of a pre-acclimatized open-mixed microbial 
consortium using 2-bromoethanesulfonate for inhibiting 
methanogenic activity, where significant amounts of eth-
anol, butanol and hexanol were produced through syngas 
fermentation and chain elongation. Nevertheless, a dedi-
cated study on enrichment of mixed microbial consortia 
aiming at enhancing the product selectivity towards etha-
nol has not been conducted yet.

This work focuses on the study of selective enrichment 
strategies for developing microbial consortia with high 
ethanologenic potential, laying special emphasis on the 
effect of the enrichment conditions on both the ethanol 
yield and selectivity, and the evolution of the microbial 
community along the enrichment process. Additionally, 
the thermodynamics of the network of biochemical reac-
tions of microbial consortia is evaluated based on the 
Gibbs free energy change at different enrichment condi-
tions with the perspective of using thermodynamics as a 
tool for developing selective enrichment strategies tar-
geting specific biotransformations.

Methods
Inoculum source
The inoculum used was a combination of two different 
types of anaerobic sludge collected from the Lundtofte 
wastewater treatment plant (Denmark) and from a lab-
scale anaerobic digester fed with manure (at Chemical 
and Biochemical Engineering Department, Technical 
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University of Denmark). The inoculum was prepared 
by mixing the two anaerobic sludges in equal amounts 
(50/50 v/v) and adjusting the pH to 6 with 1 M HCl while 
flushing with  N2 to ensure anaerobic conditions.

Unless otherwise stated, the starting inoculum used in 
the enrichments (see “Enrichment experiments and con-
ditions”) underwent a heat-shock treatment to suppress 
the methanogenic activity. The heat-shock treatment was 
carried out by heating the mixture of anaerobic sludges 
up to 90 °C for 15 min while flushing with  N2.

Growth medium composition
A modified basal anaerobic (BA) medium was used in all 
experiments, which consisted of six stock solutions con-
taining phosphate buffer, vitamins, trace elements, salts, 
chelating agents and reducing agents. The stock solu-
tions had the following composition: solution A  (NH4Cl, 
100  g/l; NaCl, 10  g/l;  MgCl2∙6H2O, 10  g/l;  CaCl2∙2H2O, 
5  g/l), vitamins solution according to Wolin et  al. [25], 
trace metal solution  (FeCl2∙4H2O, 2000  mg/l;  H3BO3, 
50  mg/l;  ZnCl2, 50  mg/l;  CuCl2, 30  mg/l;  MnCl2∙4  H2O, 
50 mg/l;  (NH4)6Mo7O24∙4  H2O, 50 mg/l;  AlCl3, 50 mg/l; 
 CoCl2∙6H2O, 50  mg/l;  NiCl2, 50  mg/l;  Na2SeO3∙5H2O, 
100 mg/l;  Na2WO4∙2H2O, 60 mg/l), chelating agent solu-
tion (Nitrilotriacetic acid, 1 g/l) and reducing agent solu-
tion  (Na2S∙9H2O, 25 g/l).

The medium was prepared by adding 10  ml/l of solu-
tion A, 1 ml/l of trace metal solution, 10 ml/l of vitamins 
solution, 10  ml/l of reducing agent solution, 20  ml/l of 
chelating agent solution and distilled water up to 1 l. The 
pH was adjusted with phosphate buffer (50  mM) using 
three stock solutions  (K2HPO4∙3H2O, 200  g/l;  KH2PO4, 
136 g/l;  H3PO4, 98 g/l). When relevant, yeast extract (YE) 
and sodium acetate were added to the medium with a 
final concentration of 0.5 g/l and 20 mM, respectively.

Enrichment experiments and conditions
All enrichment experiments were performed in 330  ml 
serum flasks with an active volume of 100  ml and an 

inoculum size of 15% v/v (15  ml). The medium (85  ml) 
was added to the flasks and was flushed with  H2 to create 
anaerobic conditions. After the flasks were sealed with 
rubber stoppers and screw plugs, the remaining gases 
(CO and  CO2) were added up to a total pressure of 2 atm 
prior to inoculation using a precision pressure indica-
tor (model CPH6400, WIKA, Germany). All gases used 
had purity above 99.9%, and were purchased from AGA 
(Denmark). After inoculation, the total initial pressure 
increased to 2.14 atm and the final gas composition of the 
headspace corresponded to approximately 10.1 mmol of 
 H2, 4.5 mmol of CO and 5.5 mmol of  CO2 at 25 °C. The 
fermentation flasks were incubated in the dark at 37  °C 
and 100  rpm. Control experiments were performed at 
the same incubation conditions with no addition of gase-
ous substrates, adjusting the gaseous composition of the 
headspace to 1.44 atm of  N2 and 0.56 atm of  CO2 prior to 
inoculation.

A batch-enrichment technique was used in all enrich-
ment series, consisting in the successive transfer of a 
fraction of the fermented broth (used as inoculum) into 
a new flask with fresh medium and substrate (Fig.  1). 
Each enrichment series comprised a total of six trans-
fers and seven fermentations using a 15% v/v inoculum 
size for each transfer. The enrichments were performed 
in duplicates with the best performing one being used 
as inoculum for the next transfer. The selection of the 
individual duplicate to be transferred was based on the 
ethanol yield, i.e., only the best ethanol-producing con-
sortium was transferred to the next set of duplicates. The 
enrichment strategies were based on the pH conditions 
and the presence of syngas as the main drivers for select-
ing the most effective and efficient ethanologenic consor-
tia. Yeast extract was also added to selected enrichment 
series to improve growth at low pH conditions. The 
enrichment conditions used, including starting inocu-
lum, pH, substrates and nutrient supplements, are given 
in Table 1.

Anaerobic 
sludge 

Enrichment 
condi�ons: 
• Inoculum 

Heat-treated/ 
 Non-treated 
• Ini�al pH 

6 / 5.5 / 5 
•Yeast extract 

 0.5 g/L / 0 g/L 

15%v/v 15%v/v 15%v/v 15%v/v 15%v/v 15%v/v 

Fig. 1 Scheme of the microbial enrichment in batch cultures
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The enrichment series HT5YE was interrupted at 
transfer T4 and presented a significant loss of solvento-
genic activity upon resuming the enrichment. Thus, this 
enrichment was extended for one more transfer to con-
firm the recovery of the previous activity.

Samples for the determination of the metabolites 
concentration and yield in each transfer were taken at 
the beginning of the experiments and after the culture 
reached the stationary phase. Samples for microbial 
growth determination were taken from transfer T3, when 
the solids from the anaerobic sludge were completely 
diluted and did not interfere with the absorbance of 
the fermentation broth. As it was not possible to meas-
ure microbial growth during the first transfers of the 
enrichments, the distinction between exponential and 
stationary growth phase was based on the profile of the 
consumption of  H2 and CO over time.

DNA extraction, sequencing and microbial population 
analysis
For analysis of microbial composition, selected fermen-
tation steps during enrichments were sampled at both 
exponential and stationary growth phase. 5 ml of culture 
was spun down and genomic DNA was isolated using 
DNeasy Blood & Tissue Kit, following manufacturer 
recommendations for Gram-positive bacteria (Qiagen, 
Copenhagen).

The DNA sample was submitted to Macrogen Inc. 
(Korea) for 16S rRNA amplicon library preparation and 
sequencing using Illumina Miseq instrument (300  bp 
paired-end sequencing). Amplification of V3 and V4 
region of 16S rRNA gene was done with Pro341F 5′-CCT 
ACG GGNBGCASCAG-3′ and Pro805R 5′-GAC TAC 
NVGGG TAT CTA ATC C-3′ [26]. Sequences contain-
ing primers were trimmed with cutadapt and all other 
reads filtered out [27]. Subsequently, filtering, genera-
tion of operational taxonomic units (OTUs) and mapping 
of reads to OTUs were performed using the UPARSE/
unoise3 pipeline [28]. Taxonomy was assigned to 
OTUs using SINTAX and NCBI database of 18421 16S 

ribosomal RNA sequences from NCBI RefSeq Targeted 
Loci Project [29]. Subsequently, OTU table was corrected 
using the UNCROSS algorithm [30], normalized with 
respect to 16S copy number and primer mismatches with 
UNBIAS algorithm [31]. Each sample was normalized 
to the depth of the sample with least counts. OTUs with 
overall count less than 100 were filtered out and sample 
data from available replicate runs have been collapsed 
based on the mean count. Downstream analyses were 
performed with Phyloseq R [32] package and Microbi-
omeAnalyst web service, available at http://www.micro 
biome analy st.ca/ [33]. Fitting of environmental variables 
onto ordination plots was performed with R Vegan pack-
age [34].

Analytical methods
The gaseous composition of the headspace  (H2, CO,  CO2 
and  CH4) was determined using a gas chromatograph 
(model 8610C, SRI Instruments, USA) equipped with a 
thermal conductivity detector and two packed columns, 
a 6′ × 1/8″ Molsieve 13× column and a 6′ × 1/8″ silica
gel column connected in series through a rotating valve. 
The column temperature was maintained at 65  °C for 
3 min, followed by a temperature ramp of 10  °C/min to 
95 °C and 24 °C/min from 95 to 140 °C. Gaseous samples 
of 50  µl were collected with a gas-tight syringe (model 
1750SL, Hamilton). Volatile fatty acids (VFA) (acetate, 
propionate, iso-butyrate, butyrate and caproate) and 
alcohols (ethanol and 1-butanol) were determined using 
a high performance liquid chromatograph (Shimadzu, 
USA) equipped with a refractive index detector and an 
Aminex HPX-87H column (Bio-Rad, USA) at 63  °C. A 
solution of 12  mM  H2SO4 was used as eluent at a flow 
rate of 0.6 ml/min. Volatile Suspended Solids (VSS) con-
centration in the fermentation broth was determined 
according to standard methods [35]. Microbial biomass 
growth was monitored by measuring the absorbance 
of liquid samples at 600  nm using a spectrophotometer 
(DR2800, Hach Lange), and was correlated to the volatile 

Table 1 Enrichment conditions based on initial pH and initial addition of acetate

The pH was not stable during the course of the fermentations

Enrichment series Inoculum treatment Initial pH Syngas composition (%H2, 
%CO, %CO2)

Co-substrate YE (g/l)

HT6 Heat‑shock 5.95 ± 0.06 50%, 22.2%, 27.8% – –

HT5.5 Heat‑shock 5.51 ± 0.09 50%, 22.2%, 27.8% – –

HT5 Heat‑shock 5.05 ± 0.02 50%, 22.2%, 27.8% – –

HT5.5YE Heat‑shock 5.43 ± 0.13 50%, 22.2%, 27.8% – 0.5

HT5YE Heat‑shock 5.02 ± 0.10 50%, 22.2%, 27.8% – 0.5

NT5YE Non‑treated 5.04 ± 0.13 50%, 22.2%, 27.8% – 0.5

HT5YE‑Ac Heat‑shock 4.99 ± 0.08 50%, 22.2%, 27.8% NaCH3COO (20 mM) 0.5
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suspended solids (VSS) concentration of the fermenta-
tion broth.

Product yield and efficiency calculations
The product yields were calculated using CO,  H2 and 
acetate (when applicable) as substrates and are given in 
mol product/e-mol substrate for them to be expressed on 
a common basis for all substrates according to:

where n(i) is the number of moles of compound i, and 
ne−H2

 , ne−CO and ne-Acetate are the number of e-mol per 
mol of  H2, CO and acetate, respectively. Acetate was 
included as substrate in the calculations only for enrich-
ments and fermentations with initial addition of acetate 
that resulted in net consumption of acetate.

The efficiency of the enriched mixed microbial con-
sortia was calculated based on the recovery of e-mol and 
carbon from the different substrates  (H2, CO and  CO2) 
in the products. The recovery of e-mol from  H2 and CO 
in products was corrected by subtracting the total e-mol 
produced in control experiments according to:

where ne−(i) is the number of e-mol per mol of compound 
i. Similarly, the recovery of carbon from CO and  CO2 in
the products was calculated taking into account the pro-
duction in control experiments and the concentration of
 CO2 (aq),  HCO3

−, CO3
−2 as a function of the initial and

the final pH according to Eqs. 3, 4, 5 and 6.

(1)Yi

(

mol

e-mol

)

=
n(i)produced

nH2consumed · ne−H2
+ nCO consumed · ne−CO + nAcetate consumed · ne−Acetate

(2)e-mol recovery (%) =

∑

N

i=1

(

n(i)produced− n(i)control
)

· ne−(i)

nH2consumed · ne−H2
+ nCO consumed · ne−CO

· 100

(3)Cmol recovery (%) =

∑

N

i=1 Cmol(i)produced− Cmol(i)control

nCOconsumed+ nCO2consumed+ nHCO−

3
consumed+ n

CO−2
3
consumed

·100

(4)[CO2(aq)] = KHCO2 · PCO2

(5)
[

HCO−

3

]

=
[CO2(aq)] · Ka1

[

H+
]

(6)
[

CO−2
3

]

=
Ka2 · [CO2(aq)] · Ka1

[

H+
]2

The dissociation constants  Ka1 and  Ka2 were corrected 
for the ionic strength of BA medium (I = 0.08  M) by 
solving Eq.  7 for Ka. The standard Gibbs free energy of 
formation (ΔfG°) of the carbonate species was extracted 
from Alberty [36] and corrected using the extended 
Debye–Hückel equation (Eq.  8) prior to calculating the 
Gibbs free energy change of the dissociation reactions 
(∆rG°) [37].

Thermodynamic calculations
The thermodynamics of the net biochemical reactions 
was evaluated through the Gibbs free energy change 
(∆rG°) of reactions under the specific operating condi-
tions of the enrichment series. To study the effect of the 
enrichment conditions on the feasibility of each bio-
chemical reaction, the ∆rG° of all reactions was corrected 
for ionic strength, pH, temperature and concentration of 
substrates and products. Standard Gibbs free energies 
of formation (ΔfG°) and standard enthalpies of forma-

tion (ΔfH°) were extracted from Amend and Shock [38] 
and Alberty [36]. The ΔfG° and ΔfH° were corrected for 
the ionic strength of BA medium (I = 0.08 M) using the
extended Debye–Hückel equation:

where zi is the charge number of compound i, A equals 
1.1758 kg1/2/mol1/2 in water at 25 °C and B is an empiri-
cal constant that equals 1.6  L1/2/mol1/2 within a ionic 
strength range of 0.05–0.25 M [36]. Next, the initial con-
centration of products and substrates in the medium 
and partial pressure of gases was corrected using Eq. 10, 

(7)0 = �rG
◦(I = 0.08M)+ RT ln Ka

(8)�fG
◦

i (I) = �fG
◦

i (I = 0)−
RTAz

2
i
I1/2

1+ BI1/2

(9)�fH
◦

i (I) = �fH
◦

i (I = 0)+
1.4775z2

i
I1/2

1+ BI1/2
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and the pH was taken into account according to Stein-
busch et al. [22]. Note that the reaction quotient in Eq. 10 
denotes the concentration of products and reactants of 
the general reaction aA + bB ↔ cC + dD. Finally, ∆rG′
of all reactions was adjusted to the incubation tempera-
ture of the enrichment experiments (310.15 K) using the 
Gibbs–Helmholtz Eq. 11. The reactions considered in the 
thermodynamic analysis are given in Table 2.

Thermodynamic potential factor (FT)
The thermodynamic potential factor (FT), introduced 
by Jin and Bethke [39], was calculated with the pur-
pose of identifying a possible thermodynamic control 
on the rates of the biochemical reactions considered. 
Jin and Bethke [39] introduced this factor as a modifica-
tion of usually employed rate laws, e.g., Monod equation 
( r = kmax·S

ks+S
· X · FT ), to make them thermodynamically 

consistent by taking into account the energy available 
and the energy conserved along a particular metabolic 
pathway. Thus, the thermodynamic potential factor 
(FT) determines whether the net biochemical reactions 
are subject to either thermodynamic or kinetic control 
depending on the thermodynamic driving force of each 
reaction, and is calculated according to the following 
equation:

where ∆GA corresponds to the energy available through 
each biochemical reaction (−∆rG′310  K calculated as
described in “Thermodynamic calculations”) in kJ per 
reaction; ∆GC is the energy conserved determined by 
the number of ATP produced in each metabolic pathway 
multiplied by the Gibbs free energy of phosphorylation 
(∆Gp); and χ is the average stoichiometric number and 
represents the number of times a rate-determining step 
takes place in the overall reaction or metabolic pathway. 
When ∆GA ≫ ∆GC, there is a strong thermodynamic 
driving force for the forward reaction and FT approaches 
1, indicating that the rate of the reaction is strictly 
dependent on the kinetics of the biochemical reaction. 
Conversely, when ∆GA approaches ∆GC, there is a small 
thermodynamic drive and FT approaches 0, indicating 
a thermodynamic control of the reaction as FT exerts a 

(10)�rG
′
= �rG

◦(I = 0.08M)+ RT ln
[C]c[D]d

[A]a[B]b

(11)
�rG

′

T = �rG
′

298.15K ·
T

298.15K
+�rH

′

298.15K ·
298.15K − T

298.15K

(12)FT = 1− exp

(

�GA +�GC

χRT

)

strong effect on the reaction rate. Finally, ∆GA equal to 
or lower than ∆GC results in a FT of 0 or negative, respec-
tively, indicating that the thermodynamic drive vanishes 
and the metabolism ceases.

The calculations of the FT for the direct conversion of 
 H2/CO2 and CO into acetate and ethanol were carried 
out using ATP yields given by Bertsch and Müller [40]. 
The chain elongation reaction was assumed to yield 
1 mol ATP per reaction, obtained through substrate level 
phosphorylation, according to Angenent et  al. [41]. The 
reduction of acetic acid into ethanol with  H2 as electron 
donor was assumed to follow the acetate activation path-
way via acetyl-CoA at the expense of 1 ATP, which would 
be compensated through the translocation of four pro-
tons across the membrane resulting in 0.33 mol ATP per 
reaction, as suggested by González-Cabaleiro et al. [42]. 
The analogous acetic acid reduction to ethanol using CO 
was assumed to follow the same pathway; however, a ten-
tative yield of 0.66 mol of ATP per reaction was used, as 
the ATP yield of this reaction would be expected to be 
higher due to the oxidation of the additional reduced 
ferredoxin produced by CO dehydrogenase. The stoichi-
ometry of the ATP synthesis through ion translocation 
used for the calculated ATP yields corresponded to a 
fixed ratio of 3 mol of  H+/Na+ per mol of ATP. The aver-
age stoichiometric number (χ) was determined by the 
number of ions translocated across the membrane for 
all reactions, except for the chain elongation, in which 
the substrate level phosphorylation was used instead. 
It should be noted that the ATP yields used here were 
not determined experimentally, and thus, are subject to 
uncertainties derived from the assumptions made in each 
case. To account partially for these uncertainties and give 
an idea of the sensitivity of the thermodynamic potential 
factor (FT) to the energy conservation parameter, a rather 
broad range of Gibbs free energy of phosphorylation was 
used for the calculations corresponding to 45 kJ/mol ATP 
[43], 57.5 kJ/mol ATP and 70 kJ/mol ATP [44]. The values 
used for the calculations are summarized in Table 2.

Results and discussion
Enrichment of syngas-converting microbial consortia 
based on pH
Ethanologenic potential of enriched consortia
A number of enrichment strategies using the pH as the 
main selective driver were designed to study the evolu-
tion of the ethanologenic activity during the enrichment 
of microbial consortia at different initial conditions. 
Different initial pH conditions were tested using a heat-
shock-treated inoculum (pH 6, 5.5 and 5) and a non-
treated inoculum (pH 5).

All enrichment strategies successfully suppressed 
the methanogenic activity of the anaerobic sludge as 
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methane was not detected in any transfer of the enrich-
ments. This was expected in the enrichments using a 
heat-shock-treated inoculum, since spore-forming bacte-
ria should be predominant in the anaerobic sludge as a 
result of the heat treatment [45]. In turn, small amounts 
of methane were expected when using the non-treated 
inoculum due to the abundance of methanogenic archaea 
in the anaerobic sludge, as observed by Steinbusch et al. 
[46]. However, in this study, the low initial pH (pH 5) of 
experiments using the non-treated inoculum inhibited 
both methanogenic and acetogenic growth when YE 
was not added to the growth medium, whereas experi-
ments with YE addition presented exclusively acetogenic 
growth. This indicates that the methanogenic activity of 
the sludge was inhibited by the combination of low pH 
and toxicity of CO. Thus, open-mixed cultures could be 
used in syngas fermentation processes with no need of 
heat treatment or methanogenic inhibitors, just by oper-
ating at harsh conditions for methanogenic archaea.

All enrichment conditions presented a very low etha-
nol production in the first transfer, with the product 
spectrum being initially dominated by acetate (Fig.  2). 
However, as the enrichments progressed, the distribu-
tion of products rapidly shifted following different trends 
depending on the operating conditions and seemed to 
be relatively stable after two to three transfers in most of 

the enrichments. The enrichment with initial pH 6 (HT6) 
resulted in the narrowest product spectrum with acetate 
as the main end product, and small amounts of ethanol 
and butyrate produced irregularly during the enrich-
ment (Fig. 2a). As expected, decreasing the initial pH to 
5.5 (HT5.5) improved the production of ethanol, which 
increased gradually along the enrichment reaching a 
maximum ethanol yield of 0.025 mol/e-mol (30.4% of the 
stoichiometric maximum) and an average of duplicates of 
0.020 ± 0.005 mol/e-mol at transfer T5 (Fig. 2b). Never-
theless, the lower initial pH of this enrichment negatively 
affected the growth of the microbial consortium as the 
enrichment advanced until transfer T5, at which the cul-
ture could not be reactivated anymore. The enrichment 
with initial pH 5 (HT5) did not present any growth (data 
not shown); indicating that the microbial activity of the 
inoculum used was inhibited by the low initial pH of this 
enrichment. Consequently, enrichments with initial pH 
5.5 and 5 were restarted and supplemented with YE to 
favor a better microbial growth. The addition of YE to the 
enrichment with initial pH 5.5 (HT5.5YE) indeed allowed 
a much better microbial growth as the lag phase of the 
culture was significantly reduced (Additional file  1: Fig-
ures S1–S4), and did not have any effect on the final etha-
nol yield when compared to enrichment HT5.5 (Fig. 2b, 
c). Further decreasing the initial pH to 5 significantly 

Table 2 Biochemical reactions, ATP yield and  average stoichiometric number used in  the  thermodynamic potential 
factor calculation

a Bertsch and Müller [40] predicted an ATP yield of − 0.1; however, the possibility of a positive ATP yield was also evaluated

Stoichiometry of biochemical reactions ATP yield (mol per reaction) χ Refs.

H2/CO2 conversion into acetate/ethanol

4  H2 + 2  CO2 → CH3COO− + H+ + 2  H2O 0.3 2 [40]

6  H2 + 2  CO2 → CH3CH2OH + 3  H2O − 0.1/0.3a 3 [40]

CO conversion into acetate/ethanol

4 CO + 2  H2O → CH3COO− + H+ + 2  CO2 1.5 4 [40]

 6 CO + 3  H2O → CH3CH2OH + 4  CO2 1.7 6 [40]

VFA reduction to corresponding alcohols

 CH3COO− + H+ + 2  H2 → CH3CH2OH + H2O 0.33 4 [42]

CH3(CH2)2COO− + H+ + 2  H2 → CH3(CH2)2CH2OH + H2O 0.33 4 [42]

 CH3COO− + H+ + 2 CO + H2O → CH3CH2OH + 2  CO2 0.66 5

CH3(CH2)2COO− + H+ + 2 CO + H2O → CH3(CH2)2CH2OH + 2  CO2 0.66 5

Chain elongation

 5  CH3CH2OH + 3  CH3COO− → 4  CH3(CH2)2COO− + H+ + 3  H2O + 2  H2 1 1 [41]

(See figure on next page.)
Fig. 2 Product yields (mol/e‑mol) obtained in each transfer for all enrichment conditions and final pH at the moment of the transfer. The columns 
show the values for the fermentation transferred and the error bars indicate the corresponding values of the duplicate experiment. Additional 
information on substrate consumption and apparent biomass yields can be found in Additional file 1: Figure S5. a Enrichment HT6 at an initial pH 
of 6; b enrichment HT5.5 at an initial pH of 5.5; c enrichment HT5.5YE at an initial pH of 5.5 with YE (0.5 g/l); d enrichment HT5YE at an initial pH of 5 
with YE (0.5 g/l); e enrichment NT5YE at an initial pH of 5 with YE (0.5 g/l)
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enhanced the solventogenic activity in enrichment 
HT5YE, with ethanol becoming the main end product 
and obtaining a maximum ethanol yield of 0.050 mol/e-
mol (59.5% of the stoichiometric maximum) and an aver-
age of 0.045 ± 0.005 mol/e-mol at transfer T7 (Fig. 2d).

The enrichment with initial pH 5 using the non-treated 
inoculum (NT5YE) presented a similar trend with 
enrichment HT5YE, as the solventogenic activity was 
rapidly boosted along the successive transfers (Fig.  2e). 
However, the maximum ethanol yield obtained in enrich-
ment NT5YE at transfer T6, namely, 0.033  mol/e-mol 
and 39.7% of the stoichiometric maximum (average of 
0.032 ± 0.002  mol/e-mol), was not as high as that of
enrichment HT5YE. An explanation for this difference in 
the product yields could be based on the heat treatment 
of the inoculum, as the enrichment HT5YE presented 
a more abrupt response upon exposure to the enrich-
ment conditions (from T0 to T1) compared to enrich-
ment NT5YE, where changes in the product profile took 
place gradually (from T0 to T2). Thus, it is possible that 
the higher degree of sporulation derived from the heat 
treatment of the initial inoculum favored a faster micro-
bial selection process ultimately resulting in a different 
ethanologenic activity in these two enriched consortia. 
Besides the quantitative difference in the final ethanol 
yield, the high similarity in the behavioral traits of these 
microbial consortia is also supported by their common 
response upon reactivation of the cultures. As shown in 
Fig. 2d, e, a noticeable decrease of solventogenic activity 
was observed in both enrichments after stopping them 
for 2  months at transfer T4 (HT5YE) and T2 (NT5YE). 
Additionally, a very similar or even higher solventogenic 
activity was recovered after two transfers upon resuming 
the enrichments in both microbial consortia.

The apparent biomass yield was observed to be affected 
by both the initial pH of the enrichments and the addi-
tion of YE. Generally, the average biomass yield along the 
enrichments varied between 1.7 and 2.8 mg VSS/e-mol, 
with enrichment HT5.5 presenting the lowest biomass 
yield and enrichments HT5YE and NT5YE exhibiting the 
highest biomass yields (Additional file 1: Figure S5). No 
statistically significant differences were found between 
the average biomass yield of the enrichments at differ-
ent pH, with P values above 0.05 in all cases when com-
paring HT6 to the rest of the enrichments (Additional 
file 1: Figure S5 and Table S1). However, the fact that the 
enrichment HT5.5 could not be reactivated at transfer 
T6 and that enrichment HT5 did not present any growth 
indicates a clear negative effect of the pH on micro-
bial growth. In turn, the addition of YE was observed to 
improve the biomass yield of the enrichment cultures as 
statistically significant differences with P values below 
0.05 were found between enrichment HT5.5 and all 

enrichments with YE addition, namely, HT5.5YE, HT5YE 
and NT5YE (Additional file 1: Table S1).

A low pH is commonly applied in syngas fermentation 
studies [47, 48] based on the hypothesis that the higher 
diffusion of VFAs through the cell membrane at acidic 
pH triggers solventogenesis as a means of preventing a 
further intracellular pH drop [49, 50]. The observations 
made in this study are in agreement with this hypothe-
sis as (i) the highest ethanol yields were obtained in the 
enrichments at the lowest initial pH tested, and (ii) the 
final pH of the fermentations oscillated around 4.3–4.6 
in most enrichment conditions and seemed not to be 
related to the initial pH conditions (Fig. 2c, d). Thus, it is 
likely that intracellular pH homeostasis may have driven 
a higher ethanol production by the enriched consortia.

The addition of YE appeared to have no effect on the 
final yield of ethanol in enrichments at an initial pH of 
5.5 (Fig. 2b, c), but triggered the production of butyrate, 
butanol and small amounts of caproate leading to a 
broader product spectrum in all YE-supplemented 
enrichments (Fig. 2c–e). The production of butyrate and 
butanol was observed to take place in a two-step reac-
tion, which indicates that they were produced through 
chain elongation and reduction of VFAs (Additional 
file  1: Figures  S6, S7). The potential of microbial con-
sortia for producing medium-chain fatty acids (MCFAs) 
through chain elongation has been shown in a number of 
studies [18, 51]. However, when it comes to ethanol pro-
duction, the chain elongation process is often regarded 
as a major drawback as it reduces the selectivity of the 
mixed culture towards ethanol due to the conversion of 
ethanol and VFAs into MCFAs, as found in El-gammal 
et  al. [52]. In this study, a significant chain-elongating 
activity appeared to be prevented by the low pH of the 
fermentations (generally ranging between 4.3 and 4.6 at 
the end of the experiments), since both acetate and etha-
nol remained as the major end products at all enrich-
ment conditions. Ganigué et  al. [21] reached similar 
conclusions in a study targeting the production of higher 
alcohols, in which low pH was found to affect negatively 
the chain elongation process. Nevertheless, the reduced 
chain-elongating activity found in the present study 
allowed achieving high ethanol yield in enrichments at 
pH 5.

A maximum ethanol yield of 0.050  mol/e-mol (59.5% 
of e-mol recovery) and an ethanol-to-acetate ratio of 
1.58 g/g was achieved in enrichment HT5YE. The max-
imum ethanol-to-acetate ratio obtained was signifi-
cantly higher than those often reported in other batch 
experiments using pure cultures such as C. ragsdalei 
(1.30  g/g) [10], C. autoethanogenum (0.39  g/g) [8] and 
C. ljungdahlii (0.70 g/g) [53], and in other mixed-culture
studies with ratios below 0.4  g/g [20, 52]. Yet, higher
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ethanol-to-acetate ratios were reported by Singla et  al. 
(2014) using the enriched culture TERI-SA1 (2.46 g/g).

The analysis of the production efficiency on fermenta-
tions carried out by the enriched consortia showed that 
both the pH and YE had a significant effect on the per-
formance of the cultures. Table 3 shows the production 
efficiencies, calculated on a Cmol and e-mol recovery 
basis, for all enriched consortia. The calculated Cmol 
and e-mol recoveries were in relatively good agreement, 
with a maximum deviation of 10% corresponding to the 
enriched consortium HT6. Generally, the efficiency of the 
fermentations remained at a high levels for all enriched 
consortia and was consistent with previously reported 
e-mol recoveries [54]. Nonetheless, differences can be
observed in Table  3, where the production efficiency
of the enriched consortium HT5.5 resulted to be much
lower than that of the consortia HT6 and HT5.5YE. A
statistically significant difference was found when com-
paring the Cmol recovery of the enriched cultures HT5.5
and HT5.5YE (P value of 0.0003), indicating that the
addition of YE had a positive effect on the production
efficiency. On the other hand, the decrease in pH had an
adverse effect on the production efficiency since a statis-
tically significant difference (P value of 0.017 and 0.012
for Cmol and e-mol recovery, respectively) was found
between the product recovery of the consortia enriched
at pH 5.5 (HT5.5) and at pH 6 (HT6). However, the nega-
tive effects of reducing the initial pH were not significant
as long as YE was added to the medium (Additional file 1:
Table S2). These effects of pH and YE on the production
efficiency were in fact anticipated as increasing both pH
(in the range tested) and YE has been previously reported
to favor biomass growth [8], which in turn reduces the

maintenance requirements for cell metabolism and 
allows a higher production efficiency. Interestingly, the 
product distribution had no effect on the production effi-
ciency of the fermentations, indicating that the latter was 
strictly dependent on the growth conditions.

Microbial characterization of enrichment cultures
A total of 49,736,621 sequences were obtained from all 
investigated samples after quality checking and data 
filtering, with an average of 956,473 reads per sample 
(range 309.337–8,985,816 reads per sample). Replica-
tion, error correction, denoising with unoise algorithm 
and filtering of OTU table resulted in 6183 OTUs with 
all but one OTUs belonging to bacteria domain. Consid-
ering all sequences retrieved in the present study, Firmi-
cutes accounted for the largest fraction (78% of the total), 
mainly represented by the classes Clostridia, Tissierella 
and Bacilli.

The analysis of the microbial composition of the enrich-
ment samples at genus level revealed significant dif-
ferences between the initial inocula and the different 
enrichment cultures. The untreated (NT) and heat-shock-
treated (HT) inocula were initially dominated by the gen-
era Sedimentibacter (32.8% and 22.5% of reads mapping 
to corresponding OTUs for NT and HT, respectively) and 
Butyricicoccus (34.9 and 10.6% for NT and HT, respec-
tively), while other genera like Clostridium represented 
only a minor fraction (below 1% in both cases) (Additional 
file 2: Table S1). However, upon exposure to the different 
operating conditions, the composition of all enrichment 
cultures rapidly shifted with a clear and stable dominance 
of the genus Clostridium from transfer T3. As shown in 
Fig. 3, the degree of dominance of the genus Clostridium 

Table 3 Efficiency calculated in terms of e-mol and Cmol recovery and product yields for all enriched microbial consortia

a The efficiency and product yields of HT5.5 were calculated using the results for transfers T4 and T5 of the enrichment
b Additional information on the production of control experiments is provided in Additional file 1: Table S3

HT6 HT5.5a HT5.5YE HT5YE NT5YE

Recovery (%)b

e‑mol 92.92 ± 0.54 85.83 ± 2.46 89.84 ± 1.80 88.57 ± 1.77 95.01 ± 3.29

 Cmol 83.16 ± 0.70 77.33 ± 2.31 93.18 ± 1.69 80.29 ± 0.83 91.60 ± 6.41

Product yield (% e‑mol/e‑mol)

 Acetate 83.32 ± 0.81 61.15 ± 7.41 41.38 ± 1.75 29.29 ± 0.63 27.68 ± 1.67

 Propionate 0.00 ± 0.00 0.11 ± 0.20 0.01 ± 0.08 2.11 ± 0.38 0.26 ± 0.04

 Iso‑butyrate 1.55 ± 0.09 0.00 ± 0.00 1.82 ± 0.78 0.00 ± 0.00 1.17 ± 0.31

 Butyrate 0.00 ± 0.00 0.00 ± 0.00 11.59 ± 4.82 2.05 ± 0.74 16.51 ± 1.07

 Ethanol 8.16 ± 0.49 25.20 ± 5.32 29.40 ± 5.36 59.15 ± 0.18 34.81 ± 2.27

 Butanol 0.00 ± 0.00 0.00 ± 0.00 15.37 ± 1.55 3.50 ± 0.64 21.82 ± 1.45

 Caproate 0.00 ± 0.00 0.00 ± 0.00 1.39 ± 0.03 3.33 ± 0.20 1.09 ± 0.09

Biomass yield (g VSS/e‑
mol)

2.10 ± 0.11 1.83 ± 0.42 3.21 ± 0.51 3.13 ± 0.20 2.85 ± 1.06
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was variable across the different enrichment conditions. 
Samples from enrichments HT6 and HT5.5YE presented 
the highest diversity in terms of genera, with the genus 
Clostridium representing an average of 41.5 ± 3.3% and 
37.1 ± 6.3% of the total reads mapped, respectively. In
turn, samples from enrichments HT5.5, HT5YE and 
NT5YE exhibited a lower diversity at genus level with 
a much larger representation of the reads mapping to 
OTUs corresponding to Clostridium with an average of 
94.7 ± 4.7%, 73.4 ± 10.0% and 90.2 ± 3.3%, respectively.
These results show that Clostridium was among the most 
resilient genera found in the microbial consortia since its 
dominance increased with harsher enrichment condi-
tions, i.e., decreasing pH or absence of YE.

Despite the clear dominance of OTUs belonging to the 
genus Clostridium in all enrichments, the abundance of 
individual OTUs found in the enrichment samples var-
ied depending on the enrichment conditions (Additional 
file 2: Table S3). The mean relative frequencies between 
the OTU abundances were compared across all sam-
ples with and without addition of YE. It was found that 

representative sequences of abundant OTUs identified 
solely in enrichments without addition of YE (HT6 and 
HT5.5), aligned with high identity (98.4–100%) to 16S 
rRNA genes from Clostridium autoethanogenum and 
Clostridium ljungdahlii. Abundances of these OTUs 
(2;1302;1233;1249;1983) were 81.5% and 41.4% in sam-
ples HT5.5T5SP and HT6T6SP, respectively (Additional 
file  2: Table  S3). In turn, reads mapping to these OTUs 
were negligible in YE-supplemented enrichments. 
Moreover, identified OTUs exclusively present in YE-
supplemented enrichments and their representative 
sequences exhibited the best alignment (97–100% iden-
tity) with 16S rRNA sequences of Clostridium drakei and 
Clostridium carboxidivorans. Abundance of these OTUs 
(1;337;434;359) was up to 87.5% in sample NT5YET6SP 
(Additional file  2: Table  S3). These differences indicate 
that the addition of YE, besides promoting better growth 
conditions for the entire microbial consortium, also 
played a determining role as a selection factor in addition 
to the pH conditions and the substrate composition.

Fig. 3 Relative taxonomic abundance of the analyzed microbial consortia in pH‑based enrichments at genus level. The label of the samples 
is encoded according to the enrichment name, transfer number and growth phase at the moment of the sampling. ME and SP stand for 
mid‑exponential and stationary growth phase, respectively. The label NA corresponds to the sum of all genera with a relative abundance below 1%
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The range of metabolites found in each of the enrich-
ment series was in agreement with the product portfo-
lio of the putative dominant species identified in the 
enrichment samples. As mentioned above, acetate and 
ethanol were the main metabolites in enrichments HT6 
and HT5.5 where the putative dominant species were C. 
autoethanogenum and C. ljungdahlii, while longer car-
bon chain products such as butyrate and butanol were 
also found in YE-supplemented enrichments (HT5.5YE, 
HT5YE and NT5YE) with C. drakei and C. carboxidi-
vorans as putative dominant species. Both C. autoetha-
nogenum and C. ljungdahlii have been reported to 
produce only acetate and ethanol when fermenting syn-
gas in batch cultures [55, 56]. In turn, C. drakei and C. 
carboxidivorans present a broader product spectrum 
including butyrate, butanol, and even caproate and hex-
anol in the case of C. carboxidivorans [57, 58], which are 
produced through re-assimilation, chain elongation and 
reduction of the primary metabolites [59]. Additionally, 
the optimum growth conditions for all these species vary 
between a pH of 5.5 and 6.2 and temperatures around 
37  °C, which explains the dominance of these species 
during the enrichments. Therefore, most likely the domi-
nant species identified were the major contributors to the 
formation of products observed during the enrichments.

The ethanol yield seemed to be independent of the 
microbial composition of the enrichment cultures at 
genus level. Enrichments HT6 and HT5.5YE resulted in 
a similar microbial composition (Fig. 3) and presented a 
maximum ethanol yield along the enrichment of 0.015 
and 0.028  mol/e-mol, respectively (Fig.  2). Similarly, 
enrichments HT5.5, HT5YE and NT5YE also presented 
similar microbial composition with a clear dominance of 
the genus Clostridium (Fig. 3) and resulted in a maximum 
ethanol yield of 0.025  mol/e-mol, 0.050  mol/e-mol and 
0.034  mol/e-mol, respectively (Fig.  2). On the contrary, 
enrichments at similar operating conditions and different 
microbial composition (HT5.5 and HT5.5YE) resulted 
in similar maximum ethanol yields. Thus, despite the 
clear effect of the pH on the microbial composition of 
the enriched consortia, it can be concluded that the shift 
towards ethanol observed in the enrichment experiments 
was probably the result of the metabolic response to the 
different initial pH conditions and not so dependent on 
the microbial composition of the enrichment cultures.

A direct comparison with the literature is not possible 
since the only quantitative analysis of the composition of a 
syngas-converting microbial consortium using a 16S rRNA 
amplicon-based sequencing method was performed under 
higher pH conditions (pH 7.5), and thus, resulted in signif-
icantly different microbial composition [54]. However, the 
species identified in other studies carried out at a compa-
rable pH range (pH 6.2–6.0) which were entirely consistent 

with the results found here [21, 24]. Ganigué et al. (2016) 
studied the composition of a microbial consortium dur-
ing the conversion of syngas into higher alcohols using 
PCR-DGGE analysis and identified both of the putative 
dominant species reported here (C. autoethanogenum/C. 
ljungdahlii and C. drakei/C. carboxidivorans). In their 
study, C. autoethanogenum/C. ljungdahlii were found to 
be the main species carrying out the carbon fixation. In 
turn, Singla et al. [60] found that C. drakei and C. scatalo-
genes were either the main or possibly the only members 
of the enriched microbial consortium TERI-SA1. Interest-
ingly, YE was not added in the medium used by Ganigué 
et  al. [21] during the enrichment, while Singla et  al. [60] 
added 1  g/l of YE to the medium. Taking this into con-
sideration, the findings reported in the literature and the 
results reported here follow the same trend, with the puta-
tive dominant species of the enrichment cultures being 
C. autoethanogenum/C. ljungdahlii when YE was absent
in the growth medium and C. drakei/C. carboxidivorans
when YE was added to the medium.

Thermodynamic analysis of the metabolic network 
of the enriched consortia
The enriched consortia developed through pH-based 
enrichments were observed to produce ethanol with rela-
tively high selectivity. However, the production of ethanol 
took place during the exponential phase of the fermenta-
tions, and thus, it was not possible to distinguish between 
direct production of ethanol and reduction of acetic 
acid to ethanol. Therefore, a thermodynamic analysis of 
the metabolic network of net biochemical reactions tak-
ing place during the activity of the enriched consortia 
was performed to identify possible bioenergetic drivers 
of the metabolic shift observed under different enrich-
ment conditions. Based on experimental observations, 
the reactions considered for evaluating the ∆rG′310 K and 
the thermodynamic potential factor (FT) under chang-
ing process conditions were the production of ethanol 
and acetic acid from  H2/CO2 and CO, the production of 
butyric acid through chain elongation, and the reduction 
of both acetic and butyric acid into their corresponding 
alcohols using either  H2 or CO as electron donor.

Analyzing the ∆rG′310  K of the metabolic network of 
the enriched microbial consortia revealed that several 
reactions could be affected upon changing the initial pH 
conditions. As shown in Fig.  4a, the production of ace-
tate would be favored over ethanol when considering the 
direct conversion of either  H2/CO2 or CO, as the ∆rG′310 K 
of acetate-producing reactions are always below that 
of ethanol regardless the pH conditions. However, ace-
tate-producing reactions from both substrates become 
less exergonic as the pH decreases, while the analogous 
ethanol-producing reactions remain unaffected by pH 

134



Page 13 of 22Grimalt‑Alemany et al. Biotechnol Biofuels  (2018) 11:198 

changes. The chain elongation to butyrate follows a simi-
lar trend with acetate production, becoming thermody-
namically less favorable upon decreasing the pH. In turn, 
the reduction of acetic and butyric acid using either  H2 or 
CO as electron donor is significantly boosted by the pH 
decrease until the ∆rG′310 K stabilizes at around pH 3.5–4. 
Overall, besides the fact that acid-producing reactions 
are negatively affected by the lower pH, it seems that the 
only reactions clearly favored upon decreasing the initial 
pH conditions are the reduction of VFAs into their corre-
sponding alcohols. However, the analysis of the thermo-
dynamic potential factor (FT) shows that not all reactions 
are equally affected by the changes in ∆rG′310 K liberated. 
The FT of both acetate- and ethanol-producing reactions 
from  H2/CO2 and CO approach 1 at all pH conditions, 
indicating that these reactions would provide enough 
thermodynamic driving force to proceed forward regard-
less of the pH conditions considered and would not be 
significantly affected by the changes in ∆rG′310 K (Fig. 4). 
Therefore, rather than being thermodynamically con-
trolled, the rates of direct production of either acetate 
or ethanol would be ultimately controlled by the specific 

enzyme kinetics of each metabolic pathway, which in 
turn would be dependent on the concentration of inter-
mediate metabolites and reduced cofactors during the 
fermentation. On the other hand, the evaluation of the 
FT for the reduction of VFAs into their corresponding 
alcohols, using either  H2 or CO, and the chain elongation 
reaction resulted in values between 0 and 1 depending on 
the pH conditions considered (Fig. 4b). This implies that 
the energy generated through these reactions is close to 
their energy conservation requirements, and as a result, 
the thermodynamic drive for these reactions to pro-
ceed forward is limited and pH-dependent. As opposed 
to direct acetate- and ethanol-producing reactions, the 
feasibility and the rate of VFA-reducing and chain elon-
gation reactions are very sensitive to the changes in 
∆rG′310 K obtained at different pH conditions (Fig. 4a).

According to the thermodynamic analysis, the direct 
conversion of  H2/CO2 and CO into either acetate or 
ethanol is not expected to be thermodynamically con-
trolled until these substrates become severely depleted. 
However, the higher thermodynamic driving force 
(lower ∆rG′310 K) and ATP yield per mol of substrate for 

Fig. 4 a Calculated ∆rG′310 K for the metabolic network of microbial consortia as a function of pH, normalized for e‑mol transferred per reaction. 
Process conditions considered were: temperature of 310.15 K, ionic strength of 0.08 M,  PH2 of 1.05 atm,  PCO2 of 0.6 atm,  PCO of 0.45 atm and 
concentration of metabolites of 0.001 M. b Thermodynamic potential factor calculated for all reactions as a function of pH. Solid lines represent FT 
calculated using a ∆Gp of 57.5 kJ/mol of ATP. Dashed lines represent the upper and lower boundary of FT when using a ∆Gp of 45 and 70 kJ/mol of 
ATP, respectively. The upper and lower boundaries are shown only for acetate‑reducing reactions and the chain‑elongation reaction
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acetate-producing reactions suggest that these would 
prevail over direct ethanol-producing reactions under 
kinetic control. Besides, calculations carried out by 
Bertsch and Müller [40] for the model organism Aceto-
bacterium woodii indicate that the production of etha-
nol from  H2/CO2 might not be possible, as this reaction 
would require a net input of 0.1 mol of ATP per mol of 
ethanol.

As opposed to direct conversion route from  H2/CO2 
and CO to liquid products, VFA-reducing reactions are 
subject to thermodynamic control under the operat-
ing conditions considered and are clearly favored upon 
decreasing the pH. The FT values for all VFA-reducing 
reactions show that changes in ∆rG′310 K at the pH range 
studied have a strong effect on the rates of these reactions, 
which could explain the higher ethanol yield obtained 
in the enrichment experiments at an initial pH of 5. As 
illustrated in Fig. 4b, a high pH in the fermentation broth 
renders the reduction of acetate with  H2 unfeasible (nega-
tive FT values). However, the boundaries of feasibility for 
this reaction cannot be accurately delimited due to the 
high sensitivity of FT to the values of ATP yield and Gibbs 
free energy of phosphorylation (∆Gp) used in the calcula-
tions. Considering an ATP yield of 0.33 mol per reaction 
and a ∆Gp of 45 kJ/mol of ATP, the reduction of acetate 
would be feasible below a pH of 5.6, whereas using a ∆Gp 
of 70 kJ/mol of ATP would render this reaction unfeasi-
ble at any pH resulting in a maximum FT of − 0.23 at pH
3. Thus, detailed conclusions on whether this reaction is
possible as a function of pH cannot be drawn, although it
is obvious that this reaction is more likely to occur at the
lower range of pH studied. On the other hand, using CO
as electron donor for the reduction of acetate provides a
much lower ∆rG′310  K, reducing the uncertainties on the
activity of this reaction. In this case, the use of CO as elec-
tron donor is possible at all conditions regardless of the
∆Gp considered (Fig. 4b). Furthermore, decreasing the pH
from 6 to 5 causes the FT of this reaction to increase from
0.68 to 0.79 (Fig. 4b), indicating that the acetate-reducing
activity is significantly boosted as the pH decreases. Thus,
it can be concluded that acetate-reducing reactions played
an important role on the solventogenic activity observed
in the enrichment experiments. Additionally, based on the
FT for these reactions, the acetate-reducing activity using
CO rather than  H2 as electron donor was probably more
significant during the enrichments. This is in line with the
observations made by Hu et  al. [61] while studying the
thermodynamics of the oxidation of CO and  H2, where
it was concluded that the use of CO as a source of elec-
trons is thermodynamically more favorable than  H2 at all
conditions.

In “Ethanologenic potential of enriched consortia”, it 
was hypothesized that the chain elongation reaction was 

inhibited by the decrease of pH during the fermenta-
tion, as both acetate and ethanol remained as the main 
products of the fermentation and were only partially con-
verted into butyrate (Additional file  1: Figures  S6, S7). 
However, the results of the FT for this reaction at differ-
ent pH conditions show that the chain elongating activity 
is negatively affected by the decrease of pH when consid-
ering a ∆Gp of 70 kJ/mol, with FT values corresponding to 
0.98, 0.86 and 0.68 at pH 6, 5 and 4, respectively (Fig. 4b). 
Therefore, the inhibition due to pH drop observed exper-
imentally could be grounded on a limitation in the ther-
modynamic driving force for this reaction to proceed 
forward.

The thermodynamic analysis carried out here suggests 
that a significant amount of ethanol was produced via 
a two-step reaction, where direct production of acetic 
acid was initially favored followed by its reduction into 
ethanol in a second step. This is consistent with the dis-
tinction between acidogenic and solventogenic growth 
phases commonly applied in syngas fermentation pro-
cesses [48, 62]. Furthermore, the limited thermodynamic 
drive for chain-elongating activity found when decreasing 
the pH could explain the high selectivity towards ethanol 
observed in enrichments at pH 5. Thus, the methodo-
logical approach used here proved to be useful for a 
qualitative interpretation of how the metabolic network 
of mixed microbial consortia responds when changing 
operational conditions. Of course, microbial growth 
inhibition phenomena due to high VFAs/solvents con-
centration are not taken into account in this method and 
need to be considered from a microbiological perspec-
tive; however, the enrichment experiments took place at 
low substrate and product concentration and were not 
expected to present such inhibition phenomena. This 
method presented low accuracy when attempting to draw 
definite boundaries on the feasibility of the acetate reduc-
tion with  H2 due to the broad range of ∆Gp used in the 
calculations. Other limitations identified were the fact 
that the energy conservation requirements, determined 
by the ATP yield and the ∆Gp, were assumed to be con-
stant regardless of the reaction and operating conditions 
considered. The stoichiometry of ATP synthesis was also 
assumed to have a fixed ratio of 3 ions translocated per 
mol of ATP. Nevertheless, both the ∆Gp and the stoichi-
ometry of ATP synthesis have been shown to be subject 
to variation depending on several factors such as intra-
cellular ATP/ADP ratio, electrochemical membrane 
potential, electron donors and acceptors considered, or 
even the species carrying out the reaction [44].

Despite the limitations outlined above, the thermody-
namic analysis allowed for interpretation of the effects 
of operating conditions on the network of biochemi-
cal reactions prevailing in mixed microbial consortia. 
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Thus, this method could be used for the selection of 
operational conditions with the aim of boosting spe-
cific reactions. To test the validity of this method for 
predicting changes in the microbial activity of enriched 
consortia and improving further the ethanol yield 
obtained previously, an additional experiment series 
was performed.

Enrichment strategies based on thermodynamics 
of the metabolic network
Thermodynamic predictions of the microbial activity
From a thermodynamic perspective, the metabolic net-
work of microbial consortia can be affected by several 
operating parameters such as the partial pressure of 
gases, the concentration of products or the pH. Several 
of these parameters could potentially enhance the pro-
duction of ethanol due to their distinct effect on dif-
ferent reactions such as the pH already discussed, the 
partial pressure of  CO2 given the distinct stoichiomet-
ric  CO2 formation in acetate- and ethanol-producing 

reactions, the partial pressure of  H2 and CO affecting 
acetate-reducing reactions, and the initial concentra-
tion of acetate and ethanol affecting the whole metabolic 
network. In this case, given the effect of the pH on the 
acetate-reducing activity discussed in “Thermodynamic 
analysis of the metabolic network of the enriched consor-
tia”, it was decided to study the effect of the initial acetate 
concentration in the medium to boost these reactions 
even further. However, this can be regarded as a proof-
of-concept since this method could be used to evaluate 
the effect of the abovementioned parameters on any reac-
tions taking place under thermodynamic control, e.g., in 
systems operating in continuous mode under substrate-
limiting conditions.

The analysis of the ∆rG′310 K indicated that the results 
obtained at pH 5 could be further improved by chang-
ing the initial concentration of acetate as several reac-
tions would be significantly affected. As shown in Fig. 5a, 
the ∆rG′310  K of ethanol-producing reactions from  H2/
CO2 and CO would be neither positively nor negatively 

Fig. 5 a Calculated ∆rG′310 K for the metabolic network of microbial consortia as a function of acetate concentration, normalized for e‑mol 
transferred per reaction. Process conditions considered were: temperature of 310.15 K, ionic strength of 0.08 M,  PH2 of 1.05 atm,  PCO2 of 0.6 atm,  PCO 
of 0.45 atm, concentration of other metabolites of 0.001 M and pH 5. b Thermodynamic potential factor calculated for all reactions as a function 
of pH. Solid lines represent FT calculated using a ∆Gp of 57.5 kJ/mol of ATP. Dashed lines represent the upper and lower boundary of  FT when 
using a ∆Gp of 45 and 70 kJ/mol of ATP, respectively. The upper and lower boundaries are shown only for acetate‑reducing reactions and the chain 
elongation reaction
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affected by the initial concentration of acetate. In turn, all 
reactions involving the use of acetate as product or sub-
strate present significant variations in the ∆rG′310 K upon 
changes in acetate concentration. While acetate-produc-
ing reactions are negatively affected by the increase of 
acetate, the reactions consuming acetate become thermo-
dynamically favored. However, based on the FT obtained 
for each reaction, only acetate-reducing reactions and the 
chain elongation could be thermodynamically controlled 
upon changing the initial acetate concentration (Fig. 5b). 
The production of acetate from both  H2/CO2 and CO 
would not be sensitive to changes in ∆rG′310 K, as the free 
energy liberated would be high enough to drive these 
reactions forward independently of the concentration of 
acetate (Fig. 5b).

Comparing the effect of the pH and the initial acetate 
concentration on acetate-reducing reactions, the analy-
sis of the changes in ∆rG′310 K and FT shows that the con-
centration of acetate has a stronger effect on the activity 
rates of these reactions. An increase in acetate concentra-
tion from 1 mM to 20 mM would significantly boost the 
acetate-reducing activity as the FT would increase from 
0.79 to 0.88 when using CO as electron donor, and from 
− 0.13 to 0.45 when using  H2. In this case, at an initial
acetate concentration of 20  mM, both reactions would 
be clearly feasible regardless of the ∆Gp considered, even 
when using the more conservative ∆Gp of 70  kJ/mol of 
ATP (Fig.  5b). Thus, according to these calculations, an 
enrichment at pH 5 and 20 mM of initial concentration 
of acetate would be expected to boost the ethanologenic 
potential of the microbial consortium by increasing its 
acetate-reducing activity.

As opposed to lowering the pH, increasing the initial 
concentration of acetate would favor the chain-elongat-
ing activity. In this case, the  FT for chain elongation would 
remain constant at values approaching 1 by increasing 
the initial concentration of acetate from 1 mM to 20 mM 
when using a ∆Gp of 57.5 kJ/mol of ATP (Fig. 5b). Con-
sidering the most conservative ∆Gp of 70 kJ/mol of ATP, 
the FT would increase from 0.86 to approx. 1. Therefore, 
the rate of this reaction would be clearly boosted by the 
increase of initial acetate concentration in the fermenta-
tion broth. This would theoretically decrease the etha-
nologenic potential of the microbial consortium, as also 
shown experimentally by El-gammal et al. [52]. However, 
as the pH was anticipated to decrease during the course 
of the fermentation, the inhibition of the chain-elongat-
ing activity due to the low pH observed in this and other 
studies [21] was expected to play an important role in 
such enrichment conditions by preventing a significant 
activity.

Enrichment with acetate addition: ethanol yield 
and microbial community
The results of the enrichment showed that the produc-
tion of ethanol was enhanced by the addition of acetate. 
The higher ethanologenic potential of the microbial con-
sortium at these enrichment conditions was evident as, at 
the first transfer, ethanol was already the main product of 
the fermentation and the ethanol yield was significantly 
higher than that of enrichment HT5YE without acetate 
addition (Fig. 6). As the enrichment proceeded, the ethanol 
production rapidly improved reaching an ethanol yield of 
0.055 mol/e-mol (65.58% of the stoichiometric maximum) 
at transfer T2. Nevertheless, from transfer T0, both acetate 
and ethanol started to be used as substrates for the chain 
elongation reaction, resulting in increasing amounts of 
butyrate produced from transfer T0 to T3. Figure 6 shows 
the product yields obtained along the enrichment for the 
two replicates, where a high disparity between replicates 
and a high tendency for chain elongation can be observed, 
with butyrate even becoming the main product in one of 
the replicates at transfer T3. The large variations observed 
in transfer T3 derive from the fact that butyrate was pro-
duced through a two-step reaction, thus causing high devi-
ations depending upon when the chain-elongation reaction 
started during the fermentation (fermentation profiles of 
transfer T3 can be found in Additional file  1: Figures  S9 
and S10). Although it was possible to perform the transfers 
while ethanol was still the main product of the fermenta-
tion in at least one of the replicates, at transfer T2 it was 
obvious that the chain-elongating microbial group was 
being enriched in the microbial consortium. Therefore, the 
enrichment strategy was modified from transfer T2 in an 
attempt to wash out the chain-elongating microbial group 
by transferring the cultures as soon as consumption of both 
CO and  H2 started. This strategy was expected to select 
exclusively for carboxydotrophic microorganisms as these 
would be the only microbial group able to reach exponen-
tial growth phase at the moment of the transfer, favoring a 
gradual wash out of the chain-elongating microbial group. 
As expected, changing the enrichment strategy allowed 
reducing the chain-elongating activity of the microbial con-
sortium, yet a complete wash out of this microbial group 
was not achieved since a residual amount of butyrate was 
still produced by the end of the enrichment. However, the 
decline in chain-elongating activity enabled increasing fur-
ther the ethanol yields obtained during the enrichment, 
reaching a maximum of 0.059 mol/e-mol (70.24% of stoi-
chiometric maximum) at transfer T6.

The thermodynamic analysis predicted a much higher 
acetate-reducing and chain-elongating activity in the 
microbial consortium enriched with acetate (HT5YE-
Ac) when compared to the enrichment at pH 5 (HT5YE). 
The higher acetate-reducing activity could be clearly 
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observed in the fermentation profile shown in Fig.  7, 
where the consumption of  H2, CO and acetate with con-
comitant ethanol production was apparent. This empha-
sizes the bioenergetic component of the metabolic shift 
towards ethanol, as increasing the initial acetate concen-
tration clearly boosted the activity of acetate-reducing 
reactions. On the other hand, the chain elongation was 
expected to be inhibited by the decrease of pH along the 
fermentations even though this reaction would be ther-
modynamically favored by the addition of acetate. Nev-
ertheless, during the course of the fermentations, the 
pH of the fermentation broth increased significantly as 
a result of the acetate conversion into ethanol (Fig.  7), 
which probably favored the fact that the pH inhibition 
of the chain-elongating activity did not operate during 
the enrichment. Thus, it seems that an automated pH 
control would be necessary to successfully prevent the 
chain-elongating activity through pH inhibition under 
these enrichment conditions. The results obtained here 
differed significantly from those reported by El-gammal 
et  al. [52] since, in their study, acetate-reducing reac-
tions were not enhanced upon addition of acetate, result-
ing in net acetate production at all times. However, in 
their study a pH of 6 and an initial acetate concentra-
tion of 13 mM was used, which reduced the effect on the 
∆rG′310 K for acetate-reducing reactions. In this study, the 
fermentation carried out by the enriched consortium 

HT5YE-Ac (Fig.  7) resulted in a net consumption of 
0.021 ± 0.004  mol of acetate/e-mol of syngas and an
ethanol yield of 0.060 ± 0.002  mol/e-mol (72.44 ± 2.11% 
of the stoichiometric maximum), increasing the ethanol 
yield obtained with the enriched consortium HT5YE by 
22.49%. Similar yields, corresponding to 58.6 ± 7.4% of 
the stoichiometric maximum, were reported by Stein-
busch et al. [22] while studying the reduction of acetate 
into ethanol with  H2 as electron donor using a heat-
shock-treated anaerobic sludge as inoculum. Addition-
ally, a high chain-elongating activity was also reported in 
their study, where ethanol was produced in the first stage 
of the fermentation and was subsequently converted into 
butyrate.

The analysis of the microbial composition revealed 
strong similarities with the pH-based enrichment sam-
ples analyzed. In this case, the samples were withdrawn 
at transfers T1 and T3, which allowed evaluating the evo-
lution of the microbial composition at an earlier stage 
in the enrichment. Interestingly, the results showed that 
the composition of the microbial community at genus 
level had already changed drastically at transfer T1 and 
remained stable until transfer T3 (Fig. 8). As in the pH-
based enrichments, all enrichment samples were clearly 
dominated by the genus Clostridium with an average 
abundance of 63.2 ± 5.4%. However, it was not possible
to identify the dominant species. There was a significant 

Fig. 6 Product yields (mol/e‑mol), net consumption/production of acetate (mol/e‑mol of syngas consumed) and final pH for each fermentation 
in enrichment at pH 5 with addition of acetate (20 mM). The maximum theoretical net consumption of acetate corresponds to 0.25 mol acetate 
consumed/e‑mol of syngas consumed. The columns show the values for the fermentation transferred and the error bars indicate the corresponding 
values of the duplicate experiment. Additional information on substrate consumption can be found in the Additional file 1: Figure S8
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proportion of diverse OTUs (between 79.9 and 85.9% in 
all samples) that could not be reliably classified at this 
level (bootstrap value of 80% using SINTAX) (Additional 
file 2: Table S2). SINTAX-classified OTUs with relatively 
high abundance were classified as C. nitrophenolicum 
and C. kluyveri and were present in the enrichment sam-
ples within a range of 10.6–18.4% and 0–2.8%, respec-
tively. This magnitude of abundances suggests a possible 
role during the fermentations. C. nitrophenolicum has 

never been described to consume neither CO nor  H2. 
The only mention of C. nitrophenolicum in gas fermen-
tation-related literature corresponds to a study on bio-
H2-mediated production of commodity chemicals using 
bioelectrochemical systems, where this species had a 
relative abundance between 2.7% and 3.6% in the cathode 
biofilm [63]. In turn, C. kluyveri is generally referred to 
as the model organism for the chain elongation process 
in several studies using both co- and mixed cultures [51, 
64]. Additionally, C. kluyveri was identified in an enrich-
ment study aiming at the conversion of syngas into higher 
alcohols, in which this species was found to participate 
in the chain elongation of acetate and ethanol [21]. In 
this study, the relative abundance of selected OTUs cor-
responding to C. kluyveri increased from transfer T1 to 
T3 during the enrichment, where butyrate was observed 
to be produced through chain elongation (Additional 
file 1: Figures S9 and S10). It can be thus concluded that 
this species clearly contributed to the increasing chain-
elongating activity observed during the early stage of this 
enrichment.

Effect of enrichment conditions on microbial diversity
Comparing the microbial diversity of all enrichment sam-
ples revealed important differences across enrichment 
conditions. Figure  9a shows the alpha diversity calcu-
lated for all samples sorted by initial pH conditions. The 
results show that both inocula used presented among the 
highest alpha diversity, which gradually decreased with 
harsher enrichment conditions. The comparison across 
enrichment conditions shows a clear decreasing trend in 
alpha diversity as the pH decreases. Although the addi-
tion of YE contributed to a higher diversity, as it can be 
seen by comparing the two enrichments at pH 5.5 (HT5.5 
and HT5.5YE), further decreasing the pH to 5 resulted in 
a drastic drop in diversity despite YE addition. Thus, the 
pH seems to be the major factor driving the reduction of 
complexity observed in the enrichment cultures. Similar 
trends were observed when studying the microbial diver-
sity during a hydrogenotrophic enrichment at different 
pH conditions using cow manure as inoculum, where 
it was shown that pH 5 and pH 7 sustained the lowest 
and the highest microbial diversity among all conditions 
studied [65].

The non-metric multidimensional scaling (nMDS) 
analysis (Fig. 9b) illustrates the degree of microbial com-
position similarity between enrichment samples based 
on their relative distance. The results show that the 
samples from each enrichment are grouped together as 
a result of their higher similarity, which indicates that 
the enrichment cultures had reached a stable microbial 
composition at transfer T3. Comparing across enrich-
ment conditions, it can be seen that enrichments HT6 

Fig. 7 Fermentation profile of the enriched consortium HT5YE‑Ac. 
a Gas composition of the headspace (mmol). b Concentration of 
products in the fermentation broth (mM). c Microbial growth and pH 
of the fermentation broth
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and HT5.5YE, on one hand, and enrichments HT5YE, 
NT5YE and HT5YE-Ac on the other, developed closely 
related microbial communities, although a more wide-
spread distribution can be observed in the latter group 
(Fig. 9b). In turn, the microbial consortium from enrich-
ment HT5.5 was less related to other enrichments, 
probably due to the drastic drop in alpha diversity as 
compared to HT5.5YE. A statistically significant correla-
tion was found between the initial pH conditions of each 
enrichment series and their microbial composition with 
a R2 corresponding to 0.90 (P value < 0.001), which indi-
cates that the microbial composition found in the enrich-
ment cultures was pH-dependent (Fig.  9b). Similarly, 
the ethanol and acetate yields were also found to be cor-
related with the ordination of the samples (with a R2 of 
0.73 and 0.65, respectively, P value < 0.001) and followed 
a similar gradient direction with the pH (Fig. 9b). Thus, 
these results show that both the microbial composition 
and the yield of the main products were affected by the 
pH conditions of each enrichment series.

Conclusions
The enrichment strategies studied resulted in the suc-
cessful selection of acetogenic bacteria from both 
untreated and heat-shock-treated anaerobic sludge, 
obtaining a number of enriched mixed microbial consor-
tia with variable ethanologenic potential and microbial 

Fig. 8 Relative taxonomic abundance of the analyzed microbial 
consortia in enrichment HT5YE‑Ac at genus level. The label of the 
samples is encoded according to the enrichment name, transfer 
number and growth phase at the moment of the sampling. ME and 
SP stand for mid‑exponential and stationary growth phase

Fig. 9 a Dependence of alpha diversity (measured as number of unique OTUs) on pH for all enrichment samples. NA corresponds to samples from 
the starting inocula. b Non‑metric multidimensional scaling (nMDS) unconstrained ordination. The arrows represent the direction and strength 
of the correlation between the variables and the unconstrained ordination of samples. The label of the samples is encoded according to the 
enrichment series name and transfer number
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diversity as a function of the enrichment conditions 
applied. The composition of the microbial community 
was shown to shift rapidly along the enrichments, reach-
ing a stable microbial composition dominated by the 
genus Clostridium in all cases, with a single dominant 
species in most of the enrichments. Both pH and nutri-
ent supplements (YE) were found to be determinant 
operational parameters affecting the specific composi-
tion of the consortia and their microbial diversity. The 
ethanologenic potential of the enriched consortia was 
strongly dependent on the pH conditions applied, where 
an ethanol yield of 59.15 ± 0.18% of the stoichiometric
maximum was achieved in pH-based enrichments at the 
lowest pH tested (pH 5). On the other hand, the addition 
of YE triggered the production of C4 compounds, open-
ing the way for the production of MCFAs and higher 
alcohols. The thermodynamic approach used for the 
analysis of the metabolic network of reactions carried out 
by syngas-converting microbial consortia proved to be 
highly useful for assisting the design and interpretation 
of enrichment strategies. Based on the qualitative predic-
tions of the thermodynamic analysis, it was possible to 
improve the product selectivity and enhance the maxi-
mum ethanol yield obtained in pH-based enrichments 
by 22.5% (72.44 ± 2.11% of the stoichiometric maximum)
through an increase of the initial acetate concentra-
tion (enrichment HT5YE-Ac). Thus, this work demon-
strated that a highly selective microbial activity towards 
the production of ethanol is possible using open-mixed 
microbial consortia. However, given the experimental 
observations made here, the ethanol yield obtained in 
enrichment HT5YE-Ac in batch mode cannot be extrap-
olated to processes in continuous mode as the long-term 
exposure of the enriched consortium to elevated ethanol 
and acetate concentrations would likely promote a high 
chain-elongating activity, lowering the product selectivity 
towards ethanol. Further work in this area is still needed 
to develop operational strategies able to control the 
chain-elongation reaction in syngas-converting microbial 
consortia.
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Enrichment of syngas-converting mixed microbial consortia for ethanol production 

and thermodynamics-based design of enrichment strategies – Additional file 1. 

 

Table 1. Average apparent biomass yield for enrichment experiments from transfer T3 to T6 and p-values from t-test analysis. 

 

Biomass yield 

(mg VSS/e-mol) P-value HT6 HT5.5 HT5.5YE HT5YE NT5YE 

HT6 0.216±0.042 HT6 

     HT5.5* 0.168±0.040 HT5.5 0.121 

    HT5.5YE 0.221±0.026 HT5.5YE 0.844 0.035 

   HT5YE 0.279±0.071 HT5YE 0.077 0.016 0.054 

  NT5YE 0.262±0.036 NT5YE 0.110 0.002 0.039 0.563 

 *Average apparent biomass yield of enrichment series HT5.5 was calculated using values from transfer T3 to T5. 

 

Table 2. Average production efficiency calculated in Cmol and e-mol recovery, and p-values from t-test analysis. 

  

Production 

efficiency (%) 
P-value HT6 HT5.5 HT5.5YE HT5YE NT5YE 

HT6 
Cmol 83.16±0.70% 

HT6 
Cmol 

     
e-mol 92.92±0.54% e-mol 

     

HT5.5 
Cmol 77.33±2.31% 

HT5.5 
Cmol 0.017 

    
e-mol 85.83±2.46% e-mol 0.012 

    

HT5.5YE 
Cmol 93.18±1.69% 

HT5.5YE 
Cmol 0.007 0.000 

   
e-mol 89.84±1.80% e-mol 0.128 0.090 

   

HT5YE 
Cmol 80.29±0.83% 

HT5YE 
Cmol 0.115 0.133 0.003 

  
e-mol 88.57±1.77% e-mol 0.234 0.334 0.618 

  

NT5YE 
Cmol 91.60±6.41% 

NT5YE 
Cmol 0.203 0.077 0.764 0.126 

 
e-mol 95.01±3.29% e-mol 0.464 0.035 0.144 0.115 

 
*Production efficiency of HT5.5 calculated using data from transfer T4 and T5 of enrichment experiments. 

 

Table 3. Net production/consumption in control experiments and total Cmol (Cmmol) and e-mol (e-mmol) production. 

 

Acetate 

(mmol) 

Propionate 

(mmol) 

Butyrate 

(mmol) 

Ethanol 

(mmol) 

Butanol 

(mmol) 

Caproate 

(mmol) 

Total 

Cmmol 

Total 

e-mmol 

HT6 0.004 0.000 0.000 0.000 0.000 0.000 0.007 0.029 

HT5.5 0.024 0.000 0.000 -0.005 0.000 0.000 0.039 0.137 

HT5.5YE 0.332 0.018 0.020 -0.109 -0.020 0.000 0.496 1.498 

HT5YE 0.066 0.013 0.037 -0.038 0.000 -0.002 0.230 0.926 

NT5YE 0.324 0.027 0.024 -0.110 -0.019 0.013 0.606 2.088 
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Figure 1. Fermentation profile of enrichment HT5.5 at transfer T1 (average of duplicates). A Gas composition of the headspace (mmol). B 

Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 

 

Figure 2. Fermentation profile of enrichment HT5.5YE at transfer T1 (average of duplicates). A Gas composition of the headspace 

(mmol). B Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 
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Figure 3. Fermentation profile of enrichment HT5.5 at transfer T4 (average of duplicates). A Gas composition of the headspace (mmol). B 

Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 

 

Figure 4. Fermentation profile of enrichment HT5.5YE at transfer T4 (average of duplicates). A Gas composition of the headspace 

(mmol). B Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 
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Figure 5. Apparent biomass yield in enrichment experiments from transfer T3, and percentage of H2 and CO conversion for each batch 

experiment. The columns show the values for the fermentation transferred and the error bars indicate the corresponding values of the 

duplicate experiment. A Enrichment HT6 at an initial pH of 6; B Enrichment HT5.5 at an initial pH of 5.5; C Enrichment HT5.5YE at an 

initial pH of 5.5 with YE (0.5 g/L); D Enrichment HT5YE at an initial pH of 5 with YE (0.5 g/L); E Enrichment NT5YE at an initial pH 

of 5 with YE (0.5 g/L). 
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Figure 6. Fermentation profile of enrichment HT5YE at transfer T4 (average of duplicates). A Gas composition of the headspace (mmol). 

B Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 

 

Figure 7. Fermentation profile of enrichment HT5.5YE at transfer T5 (average of duplicates). A Gas composition of the headspace 

(mmol). B Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 
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Figure 8. Apparent biomass yield for enrichment HT5YE-Ac from transfer T3, and percentage of H2 and CO conversion. The columns 

show the values for the fermentation transferred and the error bars indicate the corresponding values of the duplicate experiment. 

 

Figure 9. Fermentation profile of enrichment HT5YE-Ac at transfer T3 (replicate 1). A Gas composition of the headspace (mmol). B 

Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 
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Figure 10. Fermentation profile of enrichment HT5YE-Ac at transfer T3(replicate 2). A Gas composition of the headspace (mmol). B 
Concentration of products in the fermentation broth (mM) and microbial growth (mg VSS/L). 
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Abstract
Mixed culture-based syngas biomethanation is a robust bioconversion process with high versatility in terms of exploitable 
feedstocks and potential applications, as it could be operated independently, or coupled to anaerobic digestion systems and 
in-situ biogas upgrading processes. Typically, the syngas biomethanation consists in the stepwise conversion of syngas into 
methane through a number of catabolic routes, which may vary considerably depending on the operating conditions. In this 
study, two enrichments were performed at 37 °C and 60 °C to investigate the effect of the incubation temperature on the 
microbial selection process and the dominant catabolic routes followed. This was carried out through the characterization 
of the catabolic routes and the microbial composition of the enriched cultures, and a thermodynamic feasibility study on 
their metabolic networks. The enrichments resulted in two stable microbial consortia with different patterns of activity. The 
mesophilic enriched consortium presented a more intricate metabolic network composed by four microbial trophic groups, 
where aceticlastic methanogenesis contributed to 64.9 ± 8.3% of the  CH4 production. The metabolic network of the thermo-
philic enriched consortium was much simpler, consisting in the syntrophic association of carboxydotrophic hydrogenogens 
and hydrogenotrophic methanogens. This led to significant differences in methane productivity, corresponding to 1.83 ± 0.27 
and 33.48 ± 0.90 mmol  CH4/g VSS/h for the mesophilic and the thermophilic enriched consortium, respectively, which would 
potentially make the thermophilic consortium more suited for industrial applications. 16S rRNA gene amplicon analysis 
indicated the presence of strains with similarity to Acetobacterium sp., Methanospirillum hungateii, Methanospirillum 
stamsii and Methanothrix sp. at mesophilic conditions, and Thermincola carboxydiphila and Methanothermobacter sp. at 
thermophilic conditions, implying a role in the conversion of syngas. The thermodynamic feasibility study demonstrated 
that the microbial selection was not driven solely by kinetic competition, since thermodynamic limitations also played a 
significant role defining the dominant catabolic routes.

Keywords Syngas · Carbon monoxide · Hydrogen · Methane · Mixed cultures · Thermodynamics

Statement of Novelty

In this study, stable mesophilic and thermophilic enriched 
microbial consortia able to fully convert syngas into  CH4 
were developed. The enrichments had a strong effect on 
the catabolic routes dominating the conversion of syngas. 
Furthermore, the thermodynamic analysis of the metabolic 
network of the enriched consortia demonstrated that the 
microbial selection through the enrichments was not solely 
dictated by the kinetics of the microbial community, since 
the thermodynamic limitation of several biochemical reac-
tions also played an important role defining the activity of 
the enriched consortia. The findings show that analyzing 
the thermodynamics and applying thermodynamic control 
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over the metabolic routes followed in the bioconversion can 
contribute significantly to optimizing the operational con-
ditions favoring high productivities in mixed-culture based 
industrial processes.

Introduction

The increasing energy demands along with the need of 
replacing fossil resources have motivated a paradigm shift 
towards sustainable production of commodity chemicals and 
biofuels. One of such chemicals with a high versatility in 
terms of potential applications is biomethane, as it can be 
used either for heat and power generation, direct injection 
into the gas grid or as a transportation fuel [1]. Addition-
ally, recent findings point at methane as a potential platform 
chemical to bio-synthesize a number of high added value 
products such as single cell protein, polyhydroxyalkanoates 
and extracellular polysaccharides [2].

The production of biomethane can take place through sev-
eral conversion routes and from a wide variety of feedstocks. 
The conventional process for biomethane (or biogas) produc-
tion is the anaerobic digestion process, which has long been 
applied for the treatment of wastewater and different types of 
organic wastes from the agricultural sector [3, 4]. However, 
when it comes to recalcitrant biomasses, the anaerobic diges-
tion process typically suffers from low conversion efficien-
cies due to the presence of refractory biomass fractions [5]. 
One of the alternatives to overcome the low biodegradabil-
ity of recalcitrant biomasses is the gasification of either the 
solid effluent fraction from anaerobic digesters or the whole 
biomass into synthesis gas, a mixture of primarily  H2, CO 
and  CO2, which can be further converted biologically into 
methane through the syngas biomethanation process. Both 
gasification and syngas biomethanation present a number 
of inherent merits. On one hand, applying thermochemical 
conversion methods provides higher conversion efficiency 
and broadens the range of exploitable feedstocks as any 
type of biomass can be gasified regardless of recalcitrance 
or toxicity, including non-fermentable by-products and bio-
mass fractions, forestry residues and municipal solid wastes 
[6]. On the other hand, the biomethanation of synthesis gas 
constitutes a multi-purpose process as it can be used for 
converting biomass-derived syngas and CO/CO2-rich off-gas 
streams from several industrial processes into methane and 
carbon dioxide [7], or as an in-situ biogas upgrading technol-
ogy by addition of an external  H2 supply to the biomethana-
tion unit [8]. Therefore, the syngas biomethanation process 
holds a significant application potential either as a stand-
alone technology or integrated in current anaerobic digestion 
systems for improving the biomass conversion efficiency and 
the methane content of the gaseous outlet.

The anaerobic microbial conversion of synthesis gas 
into  CH4 supports growth of a variety of microbial trophic 
groups and can take place through different catabolic routes. 
Direct conversion of  H2/CO2 into  CH4 by hydrogenotrophic 
methanogens is widespread among methanogenic archaea 
and has been well studied. On the other hand, direct conver-
sion of CO into  CH4 is rare and, so far, only a few species 
have been found to be capable of carboxydotrophic metha-
nogenesis, with all of them presenting rather long doubling 
times [9–12]. When using open mixed microbial consortia 
though, the direct biomethanation of CO has never been 
reported as carboxydotrophic methanogens are generally 
inhibited by relatively low partial pressures of CO  (PCO) 
and are easily outcompeted by other faster-growing carboxy-
dotrophic microbial groups such as carboxydotrophic aceto-
gens or hydrogenogens [13–15]. As a result, the biomethana-
tion of syngas typically requires the syntrophic association 
of several microbial trophic groups and comprises a rather 
complex network of biochemical reactions mainly includ-
ing the biological water–gas shift reaction, carboxydotrophic 
acetogenesis, homoacetogenesis, hydrogenotrophic metha-
nogenesis and acetoclastic methanogenesis [1]. However, the 
dominance of each of the catabolic routes has been shown to 
shift depending on the operating conditions applied. Navarro 
et al. [13] studied the effect of the  PCO using a mesophilic 
granular sludge and found that aceticlastic methanogenesis 
was dominant at  PCO below 0.5 atm., while the carbon flux 
shifted towards syntrophic acetate oxidation and hydrogeno-
trophic methanogenesis when increasing the  PCO to 1 atm. 
Similar observations were made when studying the effect of 
the incubation temperature as carboxydotrophic acetogen-
esis was found to be gradually replaced by carboxydotrophic 
hydrogenogenesis when increasing the incubation tempera-
ture from 45 °C onwards, which consequently changed the 
dominant catabolic routes leading to methane [14]. This 
illustrates the dynamic nature of microbial communities, 
which respond rapidly to changes in environmental condi-
tions by adjusting the structure of their microbial population 
towards the most efficient catabolic routes.

Studying changes in the microbial community structure 
and activity when exposed to different operating condi-
tions is thus fundamental for understanding the population 
dynamics determining the outcome of microbial conversion 
processes. The evolution of the activity and composition 
of syngas-converting methanogenic microbial communi-
ties upon exposure to syngas as the sole carbon and energy 
source using mesophilic and thermophilic anaerobic sludges 
has been recently studied through microbial enrichments in 
batch mode [15, 16]. However, both of these enrichment 
studies resulted in the development of enriched cultures with 
limited methanogenic potential, as significant amounts of 
acetate remained unconverted in the fermentation broth due 
to the absence of certain methanogenic microbial groups in 
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the mixed cultures. Thus, this work focuses on the develop-
ment of both mesophilic and thermophilic syngas-converting 
methanogenic enriched cultures with high product selectiv-
ity towards  CH4. The goal of this study is to characterize 
the syngas conversion routes utilized by open mixed micro-
bial consortia enriched at different temperatures as well as 
to assess the role of kinetic and thermodynamic competi-
tion in defining the microbial interactions present in each 
enriched consortium as a result of the microbial selection 
process. This is carried out by analyzing the catabolic routes 
employed by the enriched consortia through specific activity 
tests, determining their microbial composition based on 16S 
rRNA gene amplicon sequencing, and studying the thermo-
dynamics of their metabolic networks.

Materials and Methods

Growth Medium

The growth medium used in all experiments corresponded 
to a modified basal anaerobic (BA) medium composed by 7 
stock solutions. The composition of the stock solutions was 
the following: salts solution  (NH4Cl, 100 g/l; NaCl, 10 g/l; 
 MgCl2·6H2O, 10 g/l;  CaCl2·2H2O, 5 g/l), vitamins solution 
(biotin, 2 mg/l; folic acid, 2 mg/l; pyridoxine–HCl, 10 mg/l; 
riboflavin-HCl, 5 mg/l; thiamine-HCl, 5 mg/l; cyanoco-
balamine, 0.1 mg/l; nicotinic acid, 5 mg/l; p-aminobenzoic 
acid, 5 mg/l; lipoic acid, 5 mg/l; D-pantothenic acid hemi-
calcium salt, 5 mg/l), trace metal solution  (FeCl2·4H2O, 
2000 mg/l;  H3BO3, 50 mg/l;  ZnCl2, 50 mg/l;  CuCl2, 30 mg/l; 
 MnCl2·4  H2O, 50 mg/l;  (NH4)6Mo7O24·4  H2O, 50 mg/l; 
 AlCl3, 50 mg/l;  CoCl2·6H2O, 50 mg/l;  NiCl2, 50 mg/l; 
 Na2SeO3·5H2O, 100 mg/l;  Na2WO4·2H2O, 60 mg/l), sodium 
bicarbonate solution  (NaHCO3, 52 g/l), potassium phosphate 
dibasic solution  (K2HPO3, 152 g/l), chelating agent solu-
tion (Nitrilotriacetic acid, 1 g/l) and reducing agent solution 
 (Na2S·9H2O, 25 g/l). The medium was prepared by adding 
10 ml/l of salts solution, 10 ml/l of vitamins solution, 1 ml/l 
of trace metal solution, 50 ml/l of sodium bicarbonate solu-
tion, 2 ml/l of potassium phosphate dibasic solution, 20 ml/l 
of chelating agent solution, 10 ml/l of reducing agent solu-
tion (added after sealing the flasks under anaerobic condi-
tions) and distilled water up to 1 l.

Inoculum and Microbial Enrichment Experiments

A mixture of two different types of anaerobic sludge was 
used as inoculum for mesophilic and a thermophilic micro-
bial enrichment. The two anaerobic sludges used were 
collected from the Lundtofte Wastewater Treatment plant 
(Denmark) and from a lab-scale anaerobic digester fed solely 
with manure (at Chemical and Biochemical Engineering 

Department, Technical University of Denmark). Prior to 
inoculation, the anaerobic sludges were mixed in equal 
amounts (1/1 v/v) while flushing with  N2 to ensure anaero-
bic conditions. The Total Suspended Solids concentration 
(TSS) and the Volatile Suspended Solids concentration 
(VSS) of the mixture of anaerobic sludges corresponded to 
25.4 ± 0.1 g TSS/l and 15.3 ± 0.2 g VSS/l, respectively.

A batch enrichment technique was used in the mesophilic 
and the thermophilic enrichment series, which consisted in 
the successive transfer of the active enrichment cultures into 
flasks with fresh medium and synthetic syngas mixture  (H2, 
CO and  CO2). Both enrichments comprised a total of 5 trans-
fers using a constant initial partial pressure of gases and an 
inoculum size of 15% v/v. The enrichments were performed 
in duplicates, using the individual experiment with the high-
est  CH4 yield as inoculum for the next set of duplicates. The 
two series of enrichment experiments were performed in 
330 ml flasks with an active volume of 100 ml. A volume of 
85 ml of medium was first added to the flasks, flushed with 
 H2 to ensure anaerobic conditions and sealed with rubber 
stoppers and screw plugs. After sealing the flasks, additional 
 H2, CO and  CO2 were added to the flasks anaerobically up 
to a final partial pressure after inoculation of 1.3 atm ( PH2

 ), 
0.4 atm  (PCO) and 0.3 atm ( PCO2

 ) at 25 °C using a precision 
pressure indicator (model CPH6400, WIKA, Germany). The 
final PCO2

 decreased to approximately 0.2 atm due to solu-
bilization in the medium. The incubation temperature cor-
responded to 37 °C for the mesophilic enrichment and 60 °C 
for the thermophilic enrichment. All flasks were incubated 
in a rotary shaker incubator at 100 rpm. The average initial 
pH of the enrichment after inoculation was 6.99 ± 0.16 at 
mesophilic conditions and 7.08 ± 0.14 at thermophilic condi-
tions. A bicarbonate buffer was used to prevent significant 
changes in the pH during the fermentations. Mesophilic and 
thermophilic control experiments with no addition of syngas 
to evaluate the contribution of the organic matter from the 
inoculum to the overall product recovery were incubated 
at the same conditions with a headspace composition of 
1.7 atm of  N2 and 0.3 atm of  CO2 (0.2 atm final PCO2

 ). The 
headspace composition of the fermentations was monitored 
every second day and liquid samples were withdrawn at the 
beginning and at the end of each transfer.

Identification of Catabolic Routes

The analysis of the catabolic routes employed by the meso-
philic and the thermophilic enriched microbial consortia was 
carried out by combining specific activity tests with either 
CO,  H2/CO2 or acetate as the only substrate and the use of 
sodium 2-bromoethanesulfonate (BES) (15 mM) for inhib-
iting methanogenic archaea and allowing the identification 
of intermediate products used by each enriched microbial 
consortium. The initial experimental conditions used for 

157



Waste and Biomass Valorization

1 3

each experiment, including initial partial pressure of gases, 
acetate concentration and addition of BES, are summarized 
in Table 1. All experiments were carried out in triplicates 
in 330 ml flasks using an active volume of 100 ml and an 
inoculum size of 20%v/v, which corresponded to an initial 
VSS concentration of 23.7 ± 2.5 mg VSS/l for the meso-
philic enrichment culture and 10.1 ± 0.4 mg VSS/l for the 
thermophilic. Mesophilic and thermophilic active enrich-
ment cultures from transfer T6 (not shown) were used as 
inoculum for the mesophilic and the thermophilic experi-
ments, respectively. Anaerobic conditions were secured 
as described above and the partial pressure of each gas 
was adjusted using a precision pressure indicator (model 
CPH6400, WIKA, Germany). The average initial pH after 
inoculating was 7.33 ± 0.12 for all experiments at meso-
philic conditions, and 7.16 ± 0.02 at thermophilic condi-
tions. Significant pH changes during the fermentations were 
prevented by using a bicarbonate buffer (0.2 bar PCO2

 and 
31 mM of  NaHCO3). All flasks were incubated in a rotary 
shaker incubator at 100 rpm. The incubation temperature 
for experiments at mesophilic conditions corresponded to 
37 °C, and at thermophilic conditions to 60 °C. Gaseous 
and liquid samples for monitoring headspace composition, 
metabolites concentration and microbial biomass growth 
along the fermentations were withdrawn at least once a day 
for all experiments.

Analytical Methods

The composition of the headspace  (H2, CO,  CO2 and  CH4) 
was analyzed using a gas chromatograph (model 8610C, 
SRI Instruments, USA) with a thermal conductivity detec-
tor and two packed columns, a Molsieve 13X column (6′ 
× 1/8″) and a silica gel column (6′ × 1/8″) connected in 
series with a rotating valve. The column temperature con-
ditions were: 65 °C for 3 min, temperature ramp of 10˚C/
min up to 95 °C and a second ramp of 24˚C/min from 95 
to 140 °C. Liquid samples were analyzed for volatile fatty 
acids (VFA) and alcohols using a High Performance Liquid 
Chromatograph (Shimadzu, USA) equipped with a refractive 
index detector and an Aminex HPX-87H column (Bio-Rad, 
USA) at 63 °C. The flow rate of the eluent (12 mM  H2SO4 
solution) corresponded to 0.6 ml/min. Microbial biomass 

growth was monitored based on the absorbance of liquid 
samples (600 nm) using a spectrophotometer (DR2800, 
Hach Lange). The absorbance of the liquid samples was cor-
related to the concentration of Volatile Suspended Solids 
(VSS) determined according to standard methods for each 
of the enriched microbial consortia [17].

DNA Isolation and Amplicon Sequencing

Samples for extraction of total genomic DNA were collected 
at the late exponential phase (day 4) of fermentations per-
formed in triplicates, corresponding to transfer T7 of the 
mesophilic and the thermophilic microbial enrichments. 
Total genomic DNA was isolated from triplicate samples 
using PowerSoil™ DNA Isolation Kit (Qiagen, Denmark) 
following manufacturer recommendations. DNA samples 
were submitted to Macrogen Inc. (Korea) for 16S rRNA 
amplicon library preparation and sequencing using Illumina 
Miseq instrument (300 bp paired-end sequencing). Libraries 
were prepared according to 16S Metagenomic Sequencing 
Library Preparation Protocol (Illumina, Part #15044223, 
Rev. B), with Herculase II Fusion DNA Polymerase Nex-
tera XT Index Kit V2. Amplification of V3 and V4 region of 
16S rRNA gene was carried out with Pro341F (5′-CCT ACG 
GGNBGCASCAG-3′) and Pro805R (5′-GAC TAC NVGGG 
TAT CTA ATC C-3′) from Takahashi et al. [18], while ampli-
fication of V4 and V5 region was performed with 515FB 
(5′-GTG YCA GCMGCC GCG GTAA-3′) and 926R (5′-CCG 
YCA ATTYMTTT RAG TTT-3′) from Walters et al. [19].

Analysis of 16S rRNA Gene Amplicons

Remaining read-through adapters were clipped using cuta-
dapt [20]. Subsequently, paired reads were merged using 
usearch-fastq_mergepairs, allowing for 80% identity and up 
to 10 mismatches in the alignment. Only merged reads con-
taining primer sequences were kept and primer sequences 
were stripped for subsequent analysis. Subsequently, filter-
ing, generation of Operational Taxonomic Units (OTUs) 
and mapping of reads to OTUs was performed using the 
UPARSE/unoise3 pipeline [21]. In brief, reads were 
quality filtered using usearch-fastq_filter and maximum 
expected error threshold to 1.0 and uniques identified using 

Table 1  Initial partial pressure 
of gases, concentration of 
acetate and BES concentration 
used in the specific activity tests 
performed at mesophilic and 
thermophilic conditions

H2 (atm) CO (atm) CO2 (atm) N2 (atm) NaCH3COO 
(mM)

BES (mM)

CO + BES – 0.4 0.2 1.4 – 15
H2/CO2 + BES 0.8 – 0.2 1 – 15
H2/CO2 0.8 – 0.2 1 – –
Acetate – – 0.2 1.8 25 –
H2/CO2 + CO 1.0 0.4 0.2 0.4 – –
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usearch-fastx_uniques. Only reads with abundance more 
than 8 were kept. These were denoised and chimera-filtered 
using UNOISE3 [21]. Taxonomy names were assigned to 
OTUs using SINTAX [22] and SILVA v132 LTP database 
of 13,899 curated 16S sequences using 0.8 bootstrap confi-
dence threshold [23]. To create OTU table, unfiltered reads 
were mapped to OTUs using usearch-otutab. Sample data 
from replicate runs were collapsed based on the median 
count and each sample was normalized to the depth of the 
sample with least-mapped counts. Downstream analyses 
were performed with Qiime and STAMP [24].

Thermodynamic Feasibility

The thermodynamics of the metabolic network was evalu-
ated based on the Gibbs free energy change (∆rG°) of the 
overall biochemical reactions present in each of the enriched 
microbial consortia. Standard Gibbs free energies of for-
mation (ΔfG°) and standard enthalpies of formation (ΔfH°) 
used were obtained from Alberty [25] and Amend and Shock 
[26]. The ΔfG° were first corrected for temperature and ionic 
strength according to the Gibbs–Helmholtz equation (Eq. 1) 
and the extended Debye-Hückel equation (Eq. 2) [25].

 where  zi is the charge number of compound i, I is the ionic 
strength of the medium, A was calculated as a function of 
temperature according to Alberty [25] and B is an empiri-
cal constant that takes a value of 1.6  l1/2 mol−1/2 within a 
range of ionic strength of 0.05–0.25 M [25]. Subsequently, 
the Gibbs free energy change of the reactions considered 
(ΔrG´T) was corrected for the actual partial pressure of gases 
and concentration of metabolites according to Eq. 3, and the 
effect of the pH was corrected as described in Steinbusch 
et al. [27].

The thermodynamic potential factor  (FT), calculated 
according to Eq. 4, was introduced by Jin and Bethke [28] to 
include thermodynamic consistency in kinetic models (e.g. 
µ = µmax·S/(ks+S)·FT) by considering the energy released 
and the energy conserved through a specific metabolic 
pathway. However, in this study,  FT calculations were used 
to identify possible bioenergetic limitations affecting the 
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rate of conversion of the biochemical reactions composing 
the metabolic network of the enriched consortia under the 
operating conditions found experimentally, as described in 
Grimalt-Alemany et al. [29], and to determine the minimum 
threshold concentration of substrate for each microbial group 
considered. The  FT was calculated according to Eqs. 4 and 5.

where ∆GA equals to − ∆rG´T in kJ per reaction; ∆GC is 
the energy conserved calculated based on the ATP yield of 
each metabolic pathway multiplied by the Gibbs free energy 
of phosphorylation (∆Gp); and χ is the average stoichiomet-
ric number, which can be approximated by the number of 
times a rate-determining step takes place through a meta-
bolic pathway. When ∆GA >> ∆GC,  FT approaches 1, which 
indicates that there is a strong thermodynamic driving force 
for a specific reaction to proceed forward, and thus the rate 
of the reaction is strictly dependent on the kinetic properties 
of the microbial species in question. When ∆GA ≈ ∆GC,  FT 
approaches 0, the thermodynamic drive is low and  FT has a 
strong effect on the reaction rate, indicating that the reaction 
rate is thermodynamically controlled. When ∆GA is equal 
to or lower than ∆GC,  FT is 0 or negative, respectively, and 
the thermodynamic drive for the reaction to proceed forward 
disappears and the metabolism stops.

FT calculations for acetogenic growth on  H2/CO2 and CO 
were performed using an ATP yield of 0.33 mol ATP/mol 
acetate and 1.66 mol ATP/mol acetate, respectively, calcu-
lated using the  H+/Na+ translocation described in Bertsch 
and Müller [30] for Acetobacterium woodii and an ATP 
synthesis stoichiometry of 3  H+/Na+ per ATP formed. The 
reverse reaction for syntrophic acetate oxidation and the syn-
trophic propionate oxidation reaction were assumed to have 
an ATP yield of 0.33 mol ATP/mol acetate or propionate 
[31]. The hydrogenogenesis was assumed to translocate one 
 H+ across the membrane per mol of CO through an energy-
conserving hydrogenase, which would result in an ATP yield 
of 0.33 mol ATP/mol CO using an ATP synthesis stoichiom-
etry of 3  H+ per ATP synthesized. Lastly, both aceticlastic 
and hydrogenotrophic methanogenesis were assumed to be 
performed by species without cytochromes with an ATP 
yield of 0.5 mol ATP/mol  CH4 resulting from the transloca-
tion of 6  Na+ (1 mol ATP invested in acetate activation) and 
2  Na+ across the membrane, respectively, and using an ATP 
synthesis stoichiometry of 4  Na+ per ATP formed [32]. The 
rate-determining step for hydrogenotrophic and aceticlastic 
methanogenesis was assumed to be the translocation of  Na+ 
by the methyl transferase complex (Mtr). The ATP yields 
and χ used for  FT calculations are summarized in Table 2. 
To account for uncertainties in the ATP yields used, three 

(4)FT = 1 − exp

(

−
�GA − �GC

�RT

)

(5)�GC = YATP ⋅ �Gp
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different values of ∆Gp covering a rather broad range were 
considered in  FT calculations, corresponding to 45 kJ/mol 
ATP, 50 kJ/mol ATP and 55 kJ/mol ATP.

Results and Discussion

Enrichment of Mesophilic and Thermophilic Mixed 
Cultures

A mixture of mesophilic anaerobic sludges was used as ini-
tial inoculum in a mesophilic and a thermophilic microbial 
enrichment to generate two stable enriched cultures with the 
ability to convert syngas into  CH4 and  CO2 as the only end 
products. Despite the initial inoculum was adapted to meso-
philic conditions and had not been previously exposed to 
synthesis gas, both mesophilic and thermophilic enrichment 
cultures presented hydrogenotrophic and carboxydotrophic 
activity. Both enrichment cultures were able to convert syn-
thesis gas into  CH4 as the main product from the first transfer 
of the enrichment, with only a short lag phase of around 2 
days. The native carboxydotrophic ability of the anaerobic 
sludge was anticipated, since CO is a necessary intermediate 
for the autotrophic fixation of  CO2 by acetogenic bacteria 
and for the aceticlastic energy metabolism of methanogenic 
archaea [33, 34]. However, more striking was the fact that 
the thermophilic enrichment culture did not present any 
apparent negative effect caused by the drastic change in 
incubation temperature at transfer T0 when compared to the 
mesophilic enrichment culture. Similar observations were 
made by Sipma et al. [14] when incubating a mesophilic 

anaerobic sludge at 55 °C using CO as the only carbon and 
energy source, as they observed that the anaerobic sludge 
became rapidly adapted to the higher incubation tempera-
ture. This suggests that thermophilic microorganisms prevail 
in mesophilic anaerobic sludge microbial communities, and 
illustrates the high adaptability of mixed cultures when fac-
ing drastic changes in operating conditions.

The product recovery of the fermentations carried out by 
the mesophilic and the thermophilic cultures was relatively 
stable along the enrichment (Fig. 1). The contribution of the 
residual activity of the inoculum to the total product recov-
ery was only significant at transfer T0, where the production 
of acetate and  CH4 in control experiments corresponded to 
6.6% and 14.1% of the total product recovery for the meso-
philic and the thermophilic enrichment cultures, respectively 
(Fig. 1). Both enrichments rapidly reached a stable activ-
ity with an average  CH4 yield in the last four transfers of 
83.1 ± 1.5% of the stoichiometric yield at mesophilic condi-
tions and 90.1 ± 1.6% at thermophilic conditions. However, 
the mesophilic enrichment presented acetate accumulation 
at transfer T1 as the culture was transferred before acetate 
could be fully converted to  CH4. Consequently, the fermenta-
tion time was extended considerably in subsequent transfers 
to avoid washing out the aceticlastic methanogenic microbial 
group from the enrichment culture. In turn, the enrichment 
at thermophilic conditions allowed much faster transfers of 
the culture with no negative effects on the product selectivity 
towards  CH4, since significant acetate production was only 
observed at the beginning of the enrichment (Fig. 1).

The results obtained here for both the mesophilic and the 
thermophilic enrichments differed quite significantly from 
previous enrichment studies. A study on the enrichment of 
a thermophilic mixed culture reported that the  CH4 produc-
tion was suppressed along the microbial enrichment, and 
this was attributed to the inhibition of methanogenesis by 
the presence of CO [15]. However, in their study, the initial 
 PCO was increased from 0.09 to 0.18 atm at the third transfer, 
which probably limited the adaptability of the culture due to 
the advanced stage of the enrichment, as it is likely that the 
enrichment had initially selected for methanogenic species 
with low tolerance to CO. In the present study, the initial  PCO 
was kept constant at 0.4 atm along the whole thermophilic 
microbial enrichment, which probably favored the prompt 
selection of hydrogenotrophic methanogenic species with 
higher tolerance to CO, allowing a complete conversion of 
syngas into  CH4. Similarly, recent work on the enrichment of 
mesophilic mixed cultures using a multi-orifice baffled bio-
reactor (MOBB) sludge as initial inoculum reported a partial 
conversion of syngas into  CH4 with acetate accumulation in 
the fermentation broth, which was attributed to a possible 
inhibition of aceticlastic methanogens due to the toxicity 
of CO [16]. In the present study, similar observations were 
made at transfer T1, where acetate started accumulating in 

Table 2  Overall biochemical reactions, ATP yield and average stoi-
chiometric number used in thermodynamic potential factor  (FT) cal-
culations

Stoichiometry of biochemical reac-
tions

ATP yield 
(mol per reac-
tion)

χ Ref.

Acetogenesis
 4  H2 + 2  CO2 →  CH3COOH + 2 

 H2O
0.33 1 [30]

 4 CO + 2  H2O →  CH3COOH + 2 
 CO2

1.66 5 [30]

Hydrogenogenesis
 CO + H2O →  H2 + CO2 0.33 1 Calculated

Syntrophic fatty acid oxidation
 CH3CH2COOH + 2  H2O → 

 CH3COOH + 3  H2 +  CO2

0.33 1 [31]

 CH3COOH + 2  H2O → 4  H2 + 2 
 CO2

0.33 1 [31]

Methanogenesis
 4  H2 + CO2 →  CH4 + 2  H2O 0.5 2 [32]
 CH3COOH →  CO2 + CH4 0.5 2 Calculated
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the fermentation broth possibly due to inhibition of aceti-
clastic methanogens (Fig. 1a). However, in this case, extend-
ing the fermentation time enabled the activity of the aceti-
clastic methanogenic microbial trophic group once CO was 
depleted, and thus, allowed the full conversion of syngas 
into  CH4.

Identification of Catabolic Routes and their Specific 
Activities

The microbial enrichments, carried out in batch mode, were 
expected to select for the fastest growing microbial trophic 
groups at mesophilic and thermophilic conditions, divert-
ing thus the carbon flux through the most efficient catabolic 
routes converting syngas into  CH4 and  CO2 in each case. 
Noticeable differences were found when comparing the fer-
mentation profiles of the two enriched microbial consortia, 
which suggested different patterns of activity. The fermen-
tation of syngas by the mesophilic enriched consortium 
typically resulted in transient production of acetate as inter-
mediate product and propionate as a minor end by-product, 
while the evolution of intermediate products was not appar-
ent when using the thermophilic enriched culture (Fig. 2). 
Additionally, the maximum specific  CH4 productivity of the 
mesophilic enriched consortium was one order of magni-
tude lower than that of the thermophilic consortium, namely 
1.83 ± 0.27 and 33.48 ± 0.90 mmol  CH4/g VSS/h respec-
tively (Table 4), which also indicated significant differences 
in the catabolic routes employed by each enriched microbial 
consortium since such difference in  CH4 productivity could 
not be solely attributed to the anticipated increase in reaction 
rates due to the increase of incubation temperature.

The conversion of CO by the mesophilic and the ther-
mophilic microbial consortium using BES for inhibiting 
methanogenic archaea resulted in the production of differ-
ent metabolites, which indicated that the microbial trophic 
group metabolizing CO was different in each consortium 
(Table 3 and Online Resource 1—fig. S1a). The mesophilic 
enriched consortium was found to produce acetate as the 
main end-product (0.17 ± 0.01 mol/mol CO) and propion-
ate as a secondary metabolite (0.01 ± 0.00 mol/mol CO) 
(Table 3). Several microbial groups have been reported 
to grow on CO producing significant amounts of acetic 
acid including carboxydotrophic acetogens, methanogens, 
hydrogenogens and sulfate-reducers [11, 35–37]. Nonethe-
less, among these microbial groups, only carboxydotrophic 
acetogens have been described to produce acetic acid as the 
main product at mesophilic conditions. Additionally, the 
addition of the methanogenic inhibitor BES and the lack 
of sulfate in the growth medium prevented the growth of 
carboxydotrophic methanogens and sulfate-reducers, lead-
ing thus to the conclusion that carboxydotrophic acetogens 
were the microbial group responsible for the conversion of 
CO at mesophilic conditions. In turn, the conversion of CO 
by the thermophilic enriched consortium in presence of BES 
resulted in the production of  H2 as the main end-product 
(0.68 ± 0.01 mol/mol CO) and acetic acid as the only sec-
ondary metabolite (0.04 ± 0.01 mol/mol CO) (Table 3 and 
Online Resource 1—fig. S1b). However, acetic acid was not 
observed as intermediate product when the thermophilic 
microbial consortium was exposed to syngas (Fig. 2b), and 
no aceticlastic activity was found in this microbial consor-
tium (Table 3). This indicated that acetic acid was produced 
only when CO was used as the sole carbon source, which 
could only be explained by a partial metabolic shift from 

Fig. 1  a Product yields and total product recovery for the meso-
philic culture along the enrichment. b Product yields and total prod-
uct recovery for the thermophilic culture along the enrichment. The 
product yields are given as percentage of the stoichiometric yield 
(% e-mol/e-mol) and correspond to the duplicate experiment used to 

inoculate the subsequent fermentation. Product yields from control 
experiments correspond to the estimated contribution of the organic 
matter present in the inoculum to the overall product recovery. Note 
that product yield observed in control experiments was negligible 
after transfer T0
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Fig. 2  a Fermentation profile for the mesophilic enriched microbial 
consortium after 6 transfers for substrates, products and biomass, 
respectively. b Fermentation profile for the thermophilic enriched 

microbial consortium after 6 transfers for substrates, products and 
biomass, respectively

Table 3  Product yields and overall product recovery for the specific activity tests using the mesophilic and the thermophilic enriched microbial 
consortia

a The product recovery and the  CH4 yield corresponds to the overall yield including the conversion of acetic acid through aceticlastic methano-
genesis. The specific hydrogenotrophic  CH4 yield and product recovery corresponds to 0.24 ± 0.01 mol/mol  H2 and 95.4 ± 5.6%, respectively

Product recovery 
(% e-mol/e-mol)

Acetate yield (mol/mol) Propionate 
yield (mol/mol)

H2 yield (mol/mol) CH4 yield (mol/mol)

Mesophilic microbial consortium
 CO + BES 73.7 ± 3.9 0.17 ± 0.01 0.01 ± 0.00 – –
 H2/CO2 + BES 84.7 ± 2.5 0.21 ± 0.01 – – –
 H2/CO2

a 92.8 ± 0.3a – – – 0.23 ± 0.00a

 Acetate 81.5 ± 0.9 – – – 0.82 ± 0.01
 H2/CO2 + CO 81.5 ± 0.1 – 0.004 ± 0.000 – 0.20 ± 0.00

Thermophilic microbial consortium
 CO + BES 84.6 ± 2.7 0.04 ± 0.01 – 0.68 ± 0.01 –
 H2/CO2 + BES No activity
 H2/CO2 91.4 ± 0.9 – – – 0.23 ± 0.00
 Acetate No activity
 H2/CO2 + CO 92.2 ± 1.7 – – – 0.23 ± 0.00
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hydrogenogenesis to acetogenesis during the conversion of 
CO. Such a metabolic shift has been previously reported for 
the hydrogenogenic species Carboxydothermus hydrogeno-
formans, where the shift towards acetogenesis was attributed 
to the accumulation of  CO2 in the gas phase [37]. Thus, 
the product profile found in the experiments at thermophilic 
conditions using CO is probably the result of strictly hydrog-
enogenic growth being partially inhibited by the accumula-
tion of  H2 and  CO2 rather than simultaneous acetogenic and 
hydrogenogenic growth.

Significant differences were also found when studying the 
catabolic routes for the conversion of  H2/CO2 employed by 
each enriched microbial consortium. The experiments using 
the mesophilic enriched consortium with  H2/CO2 as the sole 
substrate and addition of BES resulted in the production 
of acetic acid as the only end-metabolite (0.21 ± 0.01 mol/
mol  H2), while in the experiments without BES addition, 
both acetic acid and methane were initially produced upon 
consumption of  H2/CO2 and the acetic acid was further con-
verted to  CH4 in a later stage of the fermentation (overall 
 CH4 yield of 0.23 ± 0.00 mol/mol  H2 and estimated  CH4 
yield for the direct conversion of  H2/CO2 of 0.24 ± 0.01 mol/
mol  H2) (Online Resource 1, fig. S2a, S3a and S4a). On 
the other hand, the thermophilic consortium did not present 
any microbial activity in experiments with BES and acetate 
addition, and  H2/CO2 was found to be converted strictly 
to  CH4 when BES was not added to the growth medium, 
resulting in a  CH4 yield of 0.23 ± 0.00 mol/mol  H2 (Online 
Resource 1, fig. S2b, S3b and S4b). This indicated that the 

thermophilic enriched consortium metabolized  H2/CO2 
strictly through hydrogenotrophic methanogenesis, while in 
the mesophilic enriched consortium, both homoacetogenesis 
and hydrogenotrophic methanogenesis co-existed and com-
peted for this substrate. The latter was further supported by 
the high similarity between the specific activity rates of the 
homoacetogenic and the hydrogenotrophic methanogenic 
microbial groups found for the mesophilic enriched consor-
tium (Table 4).

Overall, the analysis of the patterns of activity of each 
microbial consortium revealed that the enrichment at dif-
ferent incubation temperatures resulted in the development 
of two enriched consortia with totally different levels of 
complexity in terms of microbial community structure, and 
activity rates (Table 4). As a result of the enrichment, the 
mesophilic enriched consortium presented a more intricate 
metabolic network composed by four different microbial 
trophic groups where aceticlastic methanogenesis contrib-
uted to 64.9 ± 8.3% of the  CH4 production, with the rest 
being produced through hydrogenotrophic methanogen-
esis. Thus, based on the maximum specific activities and 
productivities determined for this microbial consortium, at 
mesophilic conditions, aceticlastic methanogenesis was the 
main rate-limiting step of the conversion of syngas into  CH4 
(Table 4). In turn, the enrichment at thermophilic conditions 
led to a much simpler metabolic network based on  H2 as the 
only intermediate product, resulting in the syntrophic asso-
ciation of only two different microbial trophic groups. This 
allowed achieving a more direct and much faster conversion 

Table 4  Biomass yield and specific activities and productivities for the different microbial groups present in the mesophilic and the thermophilic 
enriched microbial consortia

a The biomass yield, the maximum specific activity and productivity for hydrogenotrophic methanogens was estimated based on the biomass and 
acetate yield of homoacetogens determined in the experiments with  H2/CO2 with BES addition

Biomass yield(g 
VSS/mol sub-
strate)

Max. specific activity (mmol substrate/g 
VSS/h)

Max. specific productivity (mmol product/g VSS/h)

H2 CO Acetate Acetate Propionate H2 CH4

Mesophilic enriched consortium
 Carboxydotrophic 

acetogens
2.45 ± 0.06 – 14.18 ± 2.31 – 2.53 ± 0.64 0.18 ± 0.03 – –

 Homoacetogens 0.54 ± 0.03 49.14 ± 10.70 – – 7.36 ± 1.62 – – –
 Hydrogenotrophic 

 methanogensa
0.72 ± 0.03a 46.12 ± 5.50a – – – – – 11.00 ± 1.31a

 Aceticlastic methano-
gens

0.57 ± 0.06 – – 6.65 ± 1.77 – – – 6.44 ± 0.54

 All microbial groups 0.87 ± 0.02 27.45 ± 1.23 14.87 ± 0.59 – 5.26 ± 0.91 0.10 ± 0.00 – 1.83 ± 0.27
Thermophilic enriched consortium
 Carboxydotrophic 

hydrogenogens
0.82 ± 0.01 – 52.35 ± 1.72 – 1.61 ± 0.42 – 44.95 ± 4.11

 Hydrogenotrophic 
methanogens

0.51 ± 0.01 244.26 ± 12.87 – – – – – 43.46 ± 1.52

 All microbial groups 0.66 ± 0.01 165.75 ± 4.53 12.43 ± 1.16 – – – – 33.48 ± 0.90
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of syngas into  CH4 due to the higher turnover rates of  H2 
when compared to that of acetate (Table 4). Additionally, the 
lower complexity of the thermophilic enriched consortium 
could also explain the higher overall  CH4 yield observed in 
experiments for syngas conversion at thermophilic condi-
tions, as the involvement of less intermediate steps, mostly 
in the conversion of  H2, reduced the carbon and energy 
losses during the microbial conversion (Table 3).

The specific activity tests allowed for determining the 
biomass yield for each microbial group composing the meso-
philic and the thermophilic enriched consortia (Table 4). The 
biomass yields were consistent with the product recoveries 
found for each experiment since there is a reversely pro-
portional correlation between them, where higher product 
recovery resulted in a lower biomass yield for the corre-
sponding microbial group with the exception of the experi-
ment with  H2/CO2 at mesophilic conditions (Tables 3, 4). 
The carboxydotrophic acetogenic microbial group was found 
to have the highest biomass yield, which could be explained 
by the high ATP yield of their metabolic pathway compared 
to the rest (Table 2). This probably favored the fact that 
growth of the aceticlastic methanogenic microbial group 
was not noticeable during the late stage of the fermentation 
of syngas at mesophilic conditions (Fig. 2a).

Previous work on the identification of the catabolic 
routes for the conversion of CO to  CH4 showed that the 
main CO conversion pathways shifted from acetogenesis 
to hydrogenogenesis when increasing the incubation tem-
perature from 45 °C onwards [14]. However, several studies 
focusing on the conversion of CO using different anaerobic 
sludges showed that, despite the shift in the main catabolic 
routes between carboxydotrophic acetogenesis and hydrog-
enogenesis, both of these reactions were available to the 
anaerobic sludge and occurred simultaneously during the 
conversion towards  CH4 [13, 14, 38]. In this study, the meso-
philic enriched consortium was found to convert CO strictly 
through carboxydotrophic acetogenesis, while the ther-
mophilic converted CO exclusively via carboxydotrophic 
hydrogenogenesis. Similarly, several studies showed that 
there is a strong competition for  H2 between homoacetogens 
and hydrogenotrophic methanogens in both mesophilic and 
thermophilic anaerobic sludges, although hydrogenotrophic 
methanogenesis is clearly favored at thermophilic conditions 
[39, 40]. In this study, a strong competition was also found 
between homoacetogens and hydrogenotrophic methanogens 
at mesophilic conditions, whereas hydrogenotrophic metha-
nogenesis was the only  H2/CO2 microbial conversion activ-
ity found at thermophilic conditions. Therefore, it seems that 
the microbial enrichment procedure applied in the present 
study based on batch operation and the incubation tempera-
ture selected the most efficient and fastest growing micro-
bial groups at the specific conditions used, enhancing the 

carbon flux through their corresponding catabolic pathways 
and demoting the slower pathways to a negligible activity.

Microbial Composition of Enriched Cultures

The number of raw reads for the sequenced libraries var-
ied between 272,590 and 429,724 (347,711 ± 48,914 on 
average). The number of OTUs generated using the V3-V4 
region primer set corresponded to 2,373, while for the 
V4-V5 primer set corresponded to 2,285 OTUs. The percent-
age of reads mapped to OTUs ranged from a minimum of 
65.7% for the anaerobic sludge used as initial inoculum to a 
maximum of 95.5% for the thermophilic enriched microbial 
consortium. The reads not mapped corresponded to reads of 
lower quality, chimeric or to true biological sequences that 
were not found among the OTUs (and were filtered out or 
wrongly assigned as chimeras). Despite small differences, 
the percentage of reads mapping to specific taxonomic lin-
eages was highly consistent for the two primer sets used, 
indicating that both of them could be used for analysis of 
bacterial and archaeal communities in analyzed samples 
(Online Resource 1—fig. S5 and Online Resource 2).

The anaerobic sludge used as inoculum for the enrich-
ments was found to be significantly different from the meso-
philic and the thermophilic enriched consortia. While it is 
difficult to point to the dominant genera in the anaerobic 
sludge samples as the percentage of reads mapping to OTUs 
unassigned at genus level corresponded to 69.7% (Fig. 3), 
the major phyla included Firmicutes, Proteobacteria, Bac-
teroidetes (26.4%, 21.6%, 21.1% reads mapped, respectively, 
using 341F785R primer set). None of the genera identified 
in the anaerobic sludge was found in samples from the 
mesophilic or the thermophilic enriched consortium, which 
shows that the enrichment had a strong effect on the micro-
bial composition of the cultures, reducing the complexity of 
the microbial communities. Alpha diversity, both in terms of 
the number of observed OTUs and calculated PD whole tree 
index (reflecting the phylogenetic distance between OTUs), 
was considerably higher in anaerobic sludge samples. More-
over, higher temperature conditions clearly resulted in less 
diverse microbial community (Online Resource 2).

The mesophilic enriched consortium presented the high-
est microbial diversity at genus level among the two enriched 
consortia. The dominant genera identified in this culture cor-
responded to Acetobacterium and Methanospirillum, with a 
percentage of reads mapping to these genera of 26.0% and 
23.3%, respectively (Fig. 3). The species belonging to the 
genus Acetobacterium could not be identified; however, 
Acetobacterium species were likely responsible for the ace-
togenic growth on CO and  H2/CO2 observed experimentally 
as several species from this genus have been found to be 
capable of carboxydotrophic and homoacetogenic growth 
[41]. While having in mind the lower confidence of species 
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assignment in 16S amplicon sequencing studies [42], 15.8% 
and 2.4% of mapped 341F785R reads corresponded to OTUs 
assigned as Methanospirillum hungatei and Methanospiril-
lum stamsii, respectively (Fig. 3). It is likely that these or 
closely related species carried out the conversion of  H2/
CO2 into  CH4 as both of them have been reported to be 
strict hydrogenotrophic methanogens [43]. Another genus 
identified with relatively high abundance was Desulfomi-
crobium (11.7% of reads mapped), most likely correspond-
ing to the species Desulfomicrobium escambiense. This 
relative abundance would suggest a possible role during the 
conversion of either CO or  H2/CO2. However, several spe-
cies closely related to Desulfomicrobium escambiense were 
found to be incapable of autotrophic growth in absence of 
sulfate and were not able to grow on acetate or propionate, 
for which the role of this species during the fermentation 
is yet to be elucidated since the only source of sulfur in the 
growth medium used was in the form of sulfide [44]. Ace-
ticlastic methanogenesis is a metabolic process performed 
exclusively by methanogenic euryarchaea from the order 
Methanosarcinales [45]. While none of the observed OTUs 

in thermophilic enrichment samples were assigned to Metha-
nosarcinales, less than 0.5% or reads corresponded to this 
order in mesophilic microbial community. The presence of 
aceticlastic methanogenic genera was in fact expected as this 
reaction was clearly observed in the specific activity tests. 
Low abundance of reads mapping to this microbial group 
could be explained by the fact that sampling was performed 
during the late exponential phase of the fermentation, pos-
sibly before the aceticlastic microbial group became active 
(Fig. 2a). As shown in “Identification of Catabolic Routes 
and their Specific Activities” section, small amounts of pro-
pionate remained unconverted at the end of the fermentation, 
which would indicate that syntrophic fatty acid oxidizing 
bacteria did not play a significant role during the conversion. 
However, a small percentage of the reads mapped corre-
sponded to the genus Geobacter (0.2% using V3–V4 primer 
set and 0.5% using V4-V5 primer set), within which some 
species have been reported to be able of syntrophic fatty acid 
oxidation (Online resource 2, Table 5) [46]. This indicates 
that propionate oxidation could have occurred to a limited 
extent during the fermentation. Two other genera belonging 

Fig. 3  Average relative taxonomic abundance of triplicate samples 
for the initial inoculum used and the mesophilic and thermophilic 
enriched microbial consortia at genus level using the V3-V4 region 

primer set. NA corresponds to the sum of all genera with relative 
abundance below 0.5% in the individual samples before calculating 
the average
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to the phylum Synergistetes corresponding to Aminivibrio 
and Aminobacterium were found to have higher relative 
abundances (1.0% and 3.3% of reads mapping to correspond-
ing OTUs, respectively), although several species from these 
genera are not capable of syntrophic propionate or acetate 
oxidation and are probably associated with the degradation 
of amino acids originating from cell debris [47].

According to the results obtained in “Identification of 
Catabolic Routes and their Specific Activities” section, 
the thermophilic enriched consortium presented a simpler 
metabolic network when compared to that of the mesophilic 
enriched consortium. This is consistent with the results 
obtained in the analysis of the microbial composition. As 
shown in Fig. 3, this microbial community was dominated 
by the genus Thermincola with a 47.9% of reads mapping to 
OTUs assigned to the species Thermincola carboxydiphila. 
Thermincola carboxydiphila has been reported to be an obli-
gate carboxydotrophic hydrogenogen, which indicates that it 
was responsible for the conversion of CO into  H2 and  CO2 
observed during the specific activity tests [48]. Similarly, 
the conversion of  H2/CO2 into  CH4 by hydrogenotrophic 
methanogens observed experimentally was confirmed by 
the fact that 14.8% of the reads mapped to Methanother-
mobacter OTUs, as species belonging to this genus have 
been reported to be capable of autotrophic growth. In fact, 
the species Methanothermobacter thermoautotrophicus and 
Methanothermobacter marburgensis belonging to this genus 
were found to be capable of growth on both  H2/CO2 and 
CO [9, 12]. Direct carboxydotrophic methanogenesis is not 
likely in this enriched culture though given the high relative 
abundance of the obligate carboxydotrophic hydrogenogen 
Thermincola carboxydiphila. Other species identified with 
a significant relative abundance were Lutispora thermophila 
and Coprothermobacter proteolyticus, representing a 9.6% 
and 14.7% of reads mapping to these species, respectively 
(Fig. 3). Nonetheless, the role of these species during the 
fermentation is still uncertain as none of them is capable 
of autotrophic growth, and both are usually associated to 
environments with abundant proteinaceous material [49].

The analysis of the microbial composition of the enrich-
ment cultures allowed for identifying the dominant microbial 
trophic groups present in both mesophilic and thermophilic 
microbial consortia. Overall, the microbial composition 
found was in agreement with the catabolic routes identified 
for each enriched consortium in “Identification of Catabolic 
Routes and their Specific Activities” section as most of the 
dominant genera identified could be associated with a spe-
cific microbial activity. Additionally, the results obtained 
here were highly consistent with other batch enrichment 
studies performed at similar conditions as the genera Aceto-
bacterium and Methanospirillum were also found to be pre-
dominant by Arantes et al. [16] at mesophilic conditions and 
the genus Thermincola by Alves et al. [15] at thermophilic 

conditions. This indicates that the microbial selection pro-
cess is somewhat independent of the inoculum used for the 
enrichment and shows high reproducibility, since microbial 
communities with very different initial microbial composi-
tion converged towards enriched cultures with high similar-
ity as a result of the microbial selection driven by the operat-
ing conditions used. However, more systematic enrichment 
and sequencing studies are necessary to investigate this 
phenomenon.

Microbial Selection and Competition for Common 
Substrates

In “Identification of Catabolic Routes and their Specific 
Activities” and “Microbial Composition of Enriched Cul-
tures” sections, it was shown that the mesophilic and the 
thermophilic microbial enrichments resulted in the selection 
of different microbial groups, leading to different patterns of 
activity in each microbial consortium. As the enrichments 
were carried out in batch mode with initially high partial 
pressure of  H2/CO2 and CO, the microbial selection was 
expected to be dictated by the kinetic properties of the differ-
ent microbial groups. However, several reactions composing 
the metabolic network of these enriched consortia proceed 
rather close to thermodynamic equilibrium, for which the 
competition for  H2/CO2, CO or acetic acid could also be 
affected by possible bioenergetic limitations. Therefore, a 
thermodynamic analysis of the metabolic network was car-
ried out in order to investigate further the effect of the tem-
perature and other operational parameters on the rate of the 
biochemical reactions prevailing in each consortium and to 
identify possible bioenergetic limitations explaining their 
different patterns of activity.

The analysis of the effect of the temperature on the ther-
modynamics of  H2-consuming reactions revealed that the 
ΔrG′T of both homoacetogenesis and hydrogenotrophic 
methanogenesis was significantly affected by the change 
in incubation temperature. As shown in Fig. 4a, the ΔrG′T 
of both homoacetogenesis and hydrogenotrophic methano-
genesis become less negative as the temperature increases, 
which indicates that the thermodynamic driving force for 
these reactions to proceed forward decreases with increasing 
temperatures. Nonetheless, the fact that the thermodynamic 
potential factor  (FT) approaches 1 in both cases suggests 
that, in fact, the rate of these reactions would not be affected 
by changes in ΔrG′T as these reactions would release enough 
free energy to satisfy the energy conservation requirements 
of their corresponding metabolic pathways regardless of the 
incubation temperature (Fig. 4b). At the initial fermentation 
conditions, the activity rate of these reactions would then 
be strictly subject to kinetic control, which implies that the 
result of the competition for  H2 would be dependent on the 
maximum specific growth rate (µmax) of these two microbial 
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groups. Therefore, the competition for  H2 would be expected 
to favor hydrogenotrophic methanogens when increasing the 
temperature as it has been shown that the positive effect 
of the temperature on µmax is more pronounced for hydrog-
enotrophic methanogens, with homoacetogens being able to 
compete for  H2 only at psychrophilic and mesophilic condi-
tions [39, 40, 50].

The main CO conversion pathways identified in this study 
corresponded to carboxydotrophic acetogenesis and hydrog-
enogenesis, found to be predominant at mesophilic and ther-
mophilic conditions, respectively. Analyzing the ΔrG′T as 
a function of temperature showed that both of these reac-
tions should be feasible at the temperature range considered, 
with acetogenesis becoming less exergonic with increasing 
temperatures and hydrogenogenesis being favored by the 
increase of temperature (Fig. 4a). However, the analysis of 
the  FT revealed that, although the hydrogenogenesis is fea-
sible at all temperatures, the rate of this reaction becomes 
thermodynamically limited at low temperatures due to the 
high initial PH2

 used in the experiments. As illustrated in 
Fig. 4b, this reaction approaches its limits of feasibility as 
the temperature decreases, with the  FT decreasing from 
a minimum of 0.86 at 60 °C to 0.77 at 37 °C when con-
sidering a ΔGp of 55 kJ/mol of ATP and an ATP yield of 
0.33 mol ATP/mol CO. This thermodynamic limitation is 
applicable only at the initial fermentation conditions with 
high PH2

 though, as  FT would rapidly approach 1 as soon 
as  H2 started to be consumed. Nevertheless, this suggests 
that thermodynamics could have played a role in the micro-
bial selection process during the enrichment at mesophilic 
conditions, as this initial thermodynamic limitation could 
have given an initial competitive advantage to the acetogenic 
microbial group. The kinetic properties of these microbial 
trophic groups appear to be consistent with the latter since 
carboxydotrophic acetogens have been shown to perform 
better at mesophilic conditions (with minimum reported 
doubling times of 1.5 h at mesophilic conditions [35] and 7 h 
at thermophilic conditions [51]), while the carboxydotrophic 
hydrogenogenic growth rate seems to be favored at thermo-
philic conditions (with minimum reported doubling times of 
5.7 h at mesophilic conditions [52] and 1 h at thermophilic 
conditions [53]). Thus, both kinetics and thermodynamics 
may have contributed to the outcome of the competition for 
CO found at the experimental conditions tested.

The fermentation of synthesis gas at mesophilic condi-
tions resulted in the accumulation of propionic acid as a 
minor end product, which was not completely converted to 
 CH4. Navarro et al. [13] made similar observations when 
using anaerobic sludge for the biomethanation of CO, as 
varying amounts of propionic acid were produced depending 
on the initial  PCO used in batch experiments. The production 
of propionic acid could take place through several reactions 
e.g. through the direct conversion of CO, or through the

Fig. 4  a Gibbs free energy change as a function of temperature nor-
malized to e-mol of electron donor for each of the biochemical reac-
tions considered at the initial enrichment conditions. The operating 
conditions considered were P

H2
 of 1.3  atm, P

CO2
 of 0.2  atm,  PCO of 

0.4 atm, acetic acid concentration of 0.001 M, propionate concentra-
tion of 0.0001 M, pH 7 and ionic strength of 0.08 M. b Thermody-
namic potential factor  (FT) as a function of temperature for each of 
the biochemical reactions considered at the initial enrichment condi-
tions. Solid lines represent  FT calculated using a ∆Gp of 50 kJ/mol 
of ATP. Dashed lines represent the upper and lower boundaries of  FT 
when using a ∆Gp of 45 and 55 kJ/mol of ATP, respectively
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reduction of acetic acid using  H2 and  CO2. As shown in 
the thermodynamic analysis, both reactions are feasible at 
mesophilic conditions due to the high initial partial pres-
sure of CO,  H2 and  CO2 since ΔrG´T is negative and the  FT 
value approaches 1 in both cases (Fig. 4). Nevertheless, the 
fact that propionic acid was not produced in experiments 
using  H2/CO2 and was produced only in experiments con-
taining CO indicates that the direct conversion of CO into 
propionic acid was the most likely pathway. Therefore, pro-
pionic acid was probably a by-product of the carbon flux 
diverted towards biomass synthesis during the conversion of 
CO as this would be consistent with the high biomass yield 
observed for carboxydotrophic acetogens (Table 4).

According to the catabolic routes identified in “Identi-
fication of Catabolic Routes and their Specific Activities” 
section, it seems that the main syntrophic interactions pre-
vailing in the enriched microbial consortia were limited to 
cross-feeding relationships, since the participation of strict 
syntrophic microorganisms such as syntrophic fatty acid 
oxidizing bacteria could not be observed experimentally. 
Of course, it is likely that the microbial community as a 
whole benefited from the synergistic action of the differ-
ent microbial groups involved in the conversion, e.g. the 
continuous removal of acetate and  H2 by methanogenic 
archaea probably had a positive effect on the conversion 
of CO by carboxydotrophic acetogens and hydrogenogens, 
respectively. However, as shown in the specific activity tests, 
these reactions could easily proceed forward even when 
methanogenic growth was inhibited, indicating that their 
microbial interaction was not as necessary as it is the case 
for syntrophic fatty acid oxidizing bacteria. As discussed 
above, the experiments at mesophilic conditions resulted in 
the accumulation of propionate as a final product, which was 
apparently not converted through syntrophic propionate oxi-
dation. Similarly, acetate was found to be converted strictly 
through aceticlastic methanogenesis with no apparent par-
ticipation of syntrophic acetate oxidizers. Nevertheless, the 
presence of Geobacter sp. (with a relative read abundance 
of 0.5% using the V4-V5 primer set) suggested a limited 
participation of syntrophic fatty acid oxidation reactions 
along the fermentation. Additionally, other studies focus-
ing on the biomethanation of CO and  H2 have shown that 
both propionate and acetate can be converted through the 
microbial interaction between syntrophic fatty acid oxidiz-
ers and hydrogenotrophic methanogens [13, 54]. This can 
be explained by the thermodynamic feasibility of these reac-
tions under the specific operating conditions found in this 
study. The limits of thermodynamic feasibility as a func-
tion of a specific product or substrate for each reaction can 
be approximated based on the concentration at which  FT 
reaches a value of 0, as this indicates that the metabolism 
ceases and the biochemical reaction reaches its maximum 
threshold concentration of product or its minimum threshold 

concentration of substrate at which it is feasible. As shown 
in Fig. 5b, the minimum threshold concentration of acetate 
for aceticlastic methanogens at the experimental conditions 
was estimated to range between 75 nM and 600 nM, which is 
consistent with experimentally determined threshold acetate 
concentrations for this microbial group [55]. Considering 
the concentration of metabolites in the fermentation broth 
and the gas phase at the end of the experiments with syn-
gas, the conversion of propionate to acetate,  H2 and  CO2 
would then be thermodynamically feasible only at acetate 
concentrations either equal or below the minimum threshold 
for aceticlastic methanogens (Fig. 5b). This indicates that 
aceticlastic methanogens were not able to keep the acetate 
concentration at levels low enough for allowing complete 
syntrophic propionate oxidation. Similarly, at the time of 
the fermentation with the maximum acetate concentration, 
the extent of the syntrophic interaction between hydrogeno-
trophic methanogens and syntrophic acetate oxidizers was 
intrinsically limited by the thermodynamic feasibility of 
these reactions, as hydrogenotrophic methanogenesis and 
syntrophic acetate oxidation reaction share the same mini-
mum and maximum threshold PH2

 , respectively (Fig. 5a). 
However, both syntrophic acetate and propionate oxidation 
reactions are at the edge of their feasibility with respect to 
the minimum threshold for hydrogenotrophic and aceticlas-
tic methanogens, which suggests that these reactions could 
have taken place to a limited extent, keeping the concentra-
tion of acetate and propionate at their minimum threshold 
during the fermentation. Therefore, the fact that syntrophic 
fatty acid oxidation reactions had a limited participation dur-
ing the fermentation and that aceticlastic methanogenesis 
was the dominant catabolic route converting acetate to  CH4 
cannot be attributed to kinetic competition, but to the limits 
of thermodynamic feasibility of these reactions under these 
specific operating conditions.

At mesophilic conditions, aceticlastic methanogen-
esis became the dominant catabolic route despite being 
the main rate-limiting step of the conversion due to the 
thermodynamic limitation of syntrophic acetate oxida-
tion. However, syntrophic fatty acid oxidizers have been 
shown to be capable of fast growth with doubling times 
of 6–8 h at mesophilic conditions [46], which indicates 
that these should be able to outcompete aceticlastic metha-
nogens as long as the syntrophic fatty acid oxidation is 
feasible. Therefore, the overall productivity of the meso-
philic enriched consortium could be significantly boosted 
by favoring operating conditions allowing the syntrophic 
acetate oxidation. One way of achieving this would be 
reducing the PCO2

 in the gas phase either by optimizing 
the initial composition of syngas or by supplying addi-
tional  H2 in order to increase the minimum threshold of 
acetate concentration for syntrophic acetate oxidizers, 
which would make hydrogenotrophic methanogenesis the 
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dominant  CH4 production pathway. In this case, applying 
thermodynamic control for driving a shift in the catabolic 
routes of the mesophilic enriched consortium towards syn-
trophic acetate oxidation would be especially beneficial 
under continuous operating mode, as shorter hydraulic 
retention times (HRT) could be applied, resulting in higher 
overall  CH4 productivities. It should be noted though, that 
under continuous operation the gas conversion efficiency 
would become a crucial parameter for keeping PH2

 and 
PCO2

 at levels low enough to allow a significant syntrophic 
acetate oxidation.

Conclusions

Highly specialized microbial consortia for the biomethana-
tion of syngas at mesophilic and thermophilic conditions 
were obtained through enrichments in batch mode. Both 
microbial consortia were shown to be able to convert syngas 
into  CH4 with high product selectivity, presenting a stable 
activity over several transfers. The  CH4 yield obtained cor-
responded to 81.5 ± 0.1% and 92.2 ± 1.7% of the stoichio-
metric yield and the maximum specific  CH4 productivity 

Fig. 5  a Gibbs free energy change (ΔrG′T) and thermodynamic poten-
tial factor  (FT) as a function of P

H2
 for hydrogenotrophic methanogen-

esis, homoacetogenesis and syntrophic acetate oxidation at the fer-
mentation time with maximum acetate concentration. The operating 
conditions considered were P

CO2
 of 0.2 atm, P

CH4
 of 0.1 atm, acetate 

concentration of 0.022  M, temperature of 37  °C, pH 6.8 and ionic 
strength of 0.08 M. b Gibbs free energy change (ΔrG′T) and thermo-
dynamic potential factor  (FT) as a function of acetate concentration 
for aceticlastic methanogenesis and syntrophic propionate and acetate 
oxidation at the final fermentation conditions. The operating condi-

tions considered were P
H2

 of 0.00002 atm [determined by the mini-
mum threshold of  H2 for hydrogenotrophic methanogens (Fig.  5a)], 
P
CO2

 of 0.2  atm, P
CH4

 of 0.28  atm, propionate concentration of 
0.0006 M, temperature of 37 °C, pH 7 and ionic strength of 0.08 M. 
The ΔrG′T shown was normalized to e-mol of electron donor for each 
of the biochemical reactions considered. Solid lines for  FT represent 
 FT calculated using a ∆Gp of 50 kJ/mol of ATP. Dashed lines repre-
sent the upper and lower boundaries of  FT when using a ∆Gp of 45 
and 55 kJ/mol of ATP, respectively
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was 1.83 ± 0.27 and 33.48 ± 0.90 mmol  CH4/g VSS/h for 
the mesophilic and the thermophilic enriched consortium, 
respectively. The incubation temperature was found to be a 
crucial operating parameter affecting the microbial composi-
tion of the enriched cultures, the catabolic routes employed 
by each of them and the microbial activity rates. Both the 
specific activity tests and the microbial composition analysis 
confirmed that the mesophilic and the thermophilic enriched 
consortia presented drastically different patterns of activity. 
Additionally, the thermodynamic feasibility analysis of their 
metabolic networks revealed that the competition for com-
mon substrates was not solely driven by kinetic competition, 
as the thermodynamic limitation of several reactions under 
the experimental process conditions also played an impor-
tant role defining the microbial structure of the enriched 
consortia and the dominant catabolic routes. As a result, the 
mesophilic enriched consortium presented a more intricate 
metabolic network than the thermophilic consortium, which 
ultimately limited the  CH4 production rate due to the fact 
that aceticlastic methanogenesis was the dominant catabolic 
route leading to  CH4. This indicates that, in principle, the 
thermophilic consortium could be more suitable for indus-
trial applications owing to the higher  CH4 production rate 
derived from the faster turnover rates of  H2 as intermedi-
ate metabolite. However, the possibility of applying ther-
modynamic control over catabolic routes employed by the 
mesophilic enriched consortium, shifting from aceticlastic 
methanogenesis to syntrophic acetate oxidation, could also 
favor a significant improvement in the  CH4 production rate 
both in batch and continuous processes as hydrogenotrophic 
methanogenesis would become the dominant methanogenic 
pathway.
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Figure S1.a. Fermentation profile for the specific activity test with CO and BES using the mesophilic enriched microbial consortium. b. 

Fermentation profile for the specific activity test with CO and BES using the thermophilic enriched microbial consortium. 
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Figure S2. a. Fermentation profile for the specific activity test with H2/CO2 and BES using the mesophilic enriched microbial consortium. 

b. Fermentation profile for the specific activity test with H2/CO2 and BES using the thermophilic enriched microbial consortium. 
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Figure S3. a. Fermentation profile for the specific activity test with H2/CO2 using the mesophilic enriched microbial consortium. b. 

Fermentation profile for the specific activity test with H2/CO2 using the thermophilic enriched microbial consortium. 
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Figure S4. a. Fermentation profile for the specific activity test with acetate using the mesophilic enriched microbial consortium. This 

experiment was performed in duplicates. b. Fermentation profile for the specific activity test with acetate using the thermophilic enriched 

microbial consortium. 
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Figure S5. Heatmap comparing the results for relative taxonomic abundance obtained with the two primer sets used. Primer set 1 

corresponds to 16S rRNA V3-V4 region primer set (341F805R) and primer set 2 corresponds to 16S rRNA V4-V5 region primer set 

(515F926R).  Ino corresponds to the anaerobic sludge samples, MMC stands for mesophilic microbial consortium and TMC for 

thermophilic microbial consortium.  
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Abstract 

The syngas biomethanation process is a promising bioconversion route due to its high versatility, as it could be 

applied as a stand-alone technology, coupled to gasification plants or integrated in anaerobic digestion or 

bioelectrochemical conversion systems. The biomethanation of syngas typically takes place through a rather 

complex network of interspecific metabolic interactions, which may vary significantly depending on the 

operating conditions applied and the diversity of microbial groups present. In this work, the syngas 

biomethanation process carried out by mesophilic and thermophilic mixed microbial consortia was modelled 

based on batch experiments. All microbial growth processes included were made thermodynamically consistent 

through the thermodynamic potential factor, which allowed for predicting metabolic shifts between the main 

catabolic routes employed by the microbial consortia. After parameter identifiability analysis, parameter 

estimation and determination of the overall mass transfer coefficients for all gases, the two models developed 

were able to successfully describe the performance of the mesophilic and thermophilic consortium. According to 

the kinetic parameters estimated, the superiority of the thermophilic microbial consortium in terms of specific 

CH4 productivity was found to derive from the faster turnover rates of the intermediate metabolite used by this 

culture, H2, compared to that of acetate, used by the mesophilic microbial consortium. Based on the cross-

feeding and mutual exclusion microbial interactions included in the models, the possibility of directing the 

microbial activity through the control of the catabolic routes employed by mixed microbial consortia was 

evaluated. The results showed that the limitations related to product selectivity typically encountered in 

continuous syngas biomethanation processes could be overcome by applying catabolic route control strategies 

based on the modulation of the mass transfer coefficients or the partial pressure of CO2. 

Highlights 

 Mesophilic and thermophilic syngas biomethanation were successfully modelled for the first time.  
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 Thermodynamically-consistent growth models allowed thermodynamic competition predictions. 

 Thermodynamic limitation on carboxydotrophic hydrogenogens triggers acetate production. 

 Microbial activity can be directed through catabolic route control. 

Keywords 

Syngas biomethanation, biogas, mixed cultures, modeling, kinetic parameters, thermodynamics 

1. Introduction 

Biomethane has become a product of increasing interest, not only due to its potential contribution to reducing 

greenhouse gas emissions, but also owing to its versatility in terms of potential applications as it may be used for 

storage of surplus electricity, as energy carrier in households and the transportation sector, or as a platform 

chemical for the upcoming biotechnological industry [1]. The commercial production of biomethane (or biogas) 

is currently dominated by the anaerobic digestion (AD) process, mainly applied to wastewater sludge, 

agricultural residues and organic effluents from the industry. However, other biomethane production 

technologies under development have been gaining attention in recent years in order to facilitate the 

interconversion between energy carriers, broaden the range of feedstocks currently available to AD systems, and 

increase their energy efficiency. Examples of these technologies are bio-electrochemical or H2-mediated power-

to-gas (BEP2G) systems, and the catalytic methanation of either CO2 or biomass-derived synthesis gas [2,3]. 

Another promising approach combining several aspects of these technologies is the biomethanation of synthesis 

gas, which typically consists of the gasification of an organic feedstock into synthesis gas (a mixture of mainly 

H2, CO and CO2) and its further biological conversion into methane [4]. The potential of the syngas 

biomethanation lies in its high operational flexibility and high efficiency. On one hand, one of the main 

advantages of this process derives from the gasification step, as it allows for a significant increase of the energy 

efficiency due to the conversion of the lignin fraction of lignocellulosic biomasses, which accounts for 25-35% 

of their energy content [5]. Additionally, there is a wide array of other feedstocks that could be used in this 

process, ranging from a large variety of organic wastes that could be gasified into syngas, to CO/CO2 rich 

industrial off-gases along with H2 originating from water electrolysis [6,7]. On the other hand, the syngas 

biomethanation process is highly versatile as it could be applied as a stand-alone technology, integrated in AD or 

BEP2G systems, or coupled to gasification plants with a fluctuating demand of heat and power as an alternative 

outlet. For example, according to Guiot et al. [8], coupling AD of the digestible fraction of municipal solid waste 

(MSW) with the gasification of the recalcitrant fraction could result in an increase of CH4 production from 15 to 
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88 m
3
 STP per ton of MSW. Furthermore, the conversion of syngas into CH4 seems to be an interesting option to 

avoid energy losses in the form of heat when compared to combined heat and power (CHP) generation. The 

overall energy efficiency of gasification of woody biomass with a dual fluidized bed gasifier and CHP 

generation was estimated to be 67%, with a corresponding net electrical efficiency of 27% (heat recovered with a 

thermal efficiency of 40%), while the overall efficiency of producing CH4 instead would be 51.2%, with the 

advantage of the higher flexibility of CH4 as product and the possibility of efficient transportation and long-term 

storage [9,10]. 

The biomethanation of syngas has been demonstrated using both monocultures, co-cultures and undefined mixed 

microbial consortia (MMC) [8,11–13]. Although there are a few strains of methanogens able to convert both 

H2/CO2 and CO into CH4, these are easily inhibited by CO and present long doubling times when growing on 

CO as substrate. Two of these species, Methanothermobacter thermoautotrophicus and Methanothermobacter 

marburgensis, also exhibit a clear preference for H2/CO2 over CO [14], which limits their applicability in 

continuous processes. In turn, the biomethanation of syngas by undefined MMC typically takes place through 

the syntrophic association of several microbial trophic groups, comprising a rather complex network of 

biochemical reactions. These include mainly carboxydotrophic hydrogenogenesis and acetogenesis, 

homoacetogenesis, hydrogenotrophic methanogenesis, aceticlastic methanogenesis and syntrophic fatty acid 

oxidation [15]. Their interspecific metabolism allows them to circumvent the methanogenic inhibition by CO 

and to be more efficient converting syngas into CH4 as they are able to divert the carbon through the most 

efficient catabolic routes depending on the operating conditions. Additionally, the fact that sterilization is not 

necessary improves the economic feasibility of the process [16]. On the downside, the use of MMC often entails 

a higher complexity derived from the microbial interactions between different trophic groups involved in the 

process, ultimately resulting in a poor understanding and limited process control. Thus, gaining better 

understanding on the activity of MMC is fundamental for the further development of the mixed culture-based 

syngas biomethanation process. 

Modeling of biological processes has proven to be a valuable tool for providing a better understanding and 

control over their performance and facilitating operation and optimization tasks. Most microbial trophic groups 

with a role in syngas biomethanation have been kinetically characterized in the frame of monoculture studies 

using Monod or modified Monod models. Vega et al. [17] modelled the growth of the acetogen Ruminococcus 

productus on CO using the Andrew model to study the effect of the gas loading rate and the volumetric mass 

transfer on the conversion rate of CO in stirred tank and bubble column reactors. Similarly, the hydrogenogen 

Carboxydothermus hydrogenoformans was characterized kinetically to study the effects of the partial pressure of 

CO (PCO) and the ratio substrate/microbial biomass on the activity of the culture [18]. The growth kinetics of 
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other microbial trophic groups such as hydrogenotrophic and aceticlastic methanogens have also been studied 

[19,20]. Nevertheless, a model able to simulate the dynamics of the biomethanation of syngas carried out by 

MMC has not been proposed yet. 

In this work, two structured models were developed with the purpose of modeling the syngas biomethanation 

process carried out by mesophilic and thermophilic MMC. The structure of the models accounts for 

simultaneous growth of different microbial trophic groups and other physicochemical processes such as acid 

dissociation and gas-liquid mass transfer. Additionally, in order to add thermodynamic consistency to the 

models, the thermodynamic potential factor (FT) derived by Jin & Bethke [21] was included in all microbial 

growth processes, with which each microbial trophic group is only active within the boundaries of 

thermodynamic feasibility of their corresponding metabolic pathways. This increases the predictive capacity of 

the models as it allows for simulation of kinetic and thermodynamic competition, and for changes in the main 

catabolic routes as a function of the operating conditions, e.g. shifts between aceticlastic methanogenesis and 

syntrophic acetate oxidation. After calibrating the models through parameter estimation and performing an 

identifiability analysis, the validity of the models was tested outside the experimental region used for calibration 

to investigate possible CO inhibition phenomena. Additionally, the effect of the mass transfer on the competition 

for H2 between homoacetogens and hydrogenotrophic methanogens, the competition for acetate between 

aceticlastic methanogens and syntrophic acetate oxidizers and the dynamics of the product distribution of 

hydrogenogenic growth on CO were investigated based on model simulations. Based on these, possible 

operational strategies for improving the control over the dominant catabolic pathways leading to CH4 are 

discussed. Modeling syngas biomethanation and the successful simulation of kinetic versus thermodynamic 

competition come with a high novelty element and a high application potential, not only for syngas fermentation 

but also other bioprocesses based on mixed microbial consortia, where thermodynamic limitations may become 

important and critical for the final products distribution.  

2. Materials and Methods 

 

A modified basic anaerobic (BA) medium was used in all experiments. The medium was composed by 7 stock 

solutions with the following composition: 10 ml/l of salts solution (NH4Cl, 100 g/l; NaCl, 10 g/l; MgCl2∙6H2O, 

10 g/l; CaCl2∙2H2O, 5 g/l), 1 ml/l of trace metal solution (FeCl2∙4H2O, 2000 mg/l; H3BO3, 50 mg/l; ZnCl2, 50 

mg/l; CuCl2, 30 mg/l; MnCl2∙4 H2O, 50 mg/l; (NH4)6Mo7O24∙4 H2O, 50 mg/l; AlCl3, 50 mg/l; CoCl2∙6H2O, 50 

mg/l; NiCl2, 50 mg/l; Na2SeO3∙5H2O, 100 mg/l; Na2WO4∙2H2O, 60 mg/l), 10 ml/l of vitamins solution (biotin, 2 

2.1. Medium composition and mixed microbial cultures 
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mg/l; folic acid, 2 mg/l; pyridoxine-HCl, 10 mg/l; riboflavin-HCl, 5 mg/l; thiamine-HCl, 5 mg/l; 

cyanocobalamine, 0.1 mg/l; nicotinic acid, 5 mg/l; p-aminobenzoic acid, 5 mg/l; lipoic acid, 5 mg/l; D-

pantothenic acid hemicalcium salt, 5 mg/l), 20 ml/l of chelating agent solution (Nitrilotriacetic acid, 1 g/l), 2 ml/l 

of potassium phosphate dibasic solution (K2HPO3, 152 g/l), 50 ml/l of sodium bicarbonate solution (NaHCO3, 52 

g/l), 10 ml/l of reducing agent solution (Na2S∙9H2O, 25 g/l) and distilled water up to 1 L. 

The enrichment cultures used as inocula in experiments carried out at mesophilic and thermophilic conditions 

corresponded to two different MMC previously enriched at mesophilic and thermophilic conditions, 

respectively. Both enriched cultures originated from the same initial mixture of anaerobic sludges and were 

enriched using a synthetic syngas mixture as the only carbon and electron source as described in Grimalt-

Alemany et al. [22]. 

 

The calibration (parameter estimation) and validation of the models were performed largely based on a dataset 

from previous work [22] consisting of one experiment with syngas and 4 specific activity tests with either only 

CO, H2/CO2 or acetate as the only substrates combined with the methanogenic inhibitor sodium 2-

bromoethanesulfonate (BES). This dataset was extended with 4 additional experiments, where the initial PH2 was 

fixed to 1 atm and the initial PCO varied from 0.2 atm to 0.8 atm. The complete experimental setup used for both 

parameter estimation and validation of the mesophilic and the thermophilic model is summarized in table 1. It 

should be noted that specific activity tests resulting in no microbial activity when using the thermophilic MMC, 

namely experiments with H2/CO2+BES and acetate, were not included in the dataset for parameter estimation. 

All experiments were performed in 330 ml flasks with a final working volume of 100 ml. The flasks were first 

filled with 85 ml of medium and flushed with either N2 or H2 to create anaerobic conditions. After sealing the 

flasks with rubber stoppers and screw lids, the composition of the headspace was adjusted to the corresponding 

partial pressures given in table 1. The pressure of each gas was adjusted using a precision pressure indicator 

(CPH6400, WIKA, Germany) while working at 25 ˚C. The incubation temperature at mesophilic conditions 

corresponded to 37 ˚C, and at thermophilic conditions to 60 ˚C. All flasks were incubated at 100 rpm using an 

orbital shaker Gio Gyrotory (New Brunswick Scientific Co., USA) with an orbit diameter of 2.54 cm at 

mesophilic conditions, and a MaxQ2000 (Thermo Scientific, USA) with an orbit diameter of 1.90 cm at 

thermophilic conditions. The initial pH of the cultures corresponded to an average of 7.2±0.1 at both mesophilic 

and thermophilic conditions. Samples from the gas and liquid phase were withdrawn at least once a day for 

monitoring the headspace composition, the concentration of metabolites in the liquid and the microbial biomass 

growth.  

2.2. Experimental setup  
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Table 1. Initial partial pressure of gases, acetate and BES concentration used in the complete experimental setup. The use of each dataset 

is also described. PE stands for parameter estimation and V for validation. 

 

H2 

(atm) 

CO 

(atm) 

CO2 

(atm) 

N2 

(atm) 

NaCH3COO 

(mM) 

BES 

(mM) 

Dataset 

use 
Ref. 

Mesophilic microbial consortium 

CO + BES - 0.4 0.2 1.4 - 15 PE [22] 

H2/CO2 + BES 0.8 - 0.2 1.0 - 15 PE [22] 

H2/CO2
 

0.8
 

- 0.2 1.0 -
 

- PE [22] 

Acetate - - 0.2 1.8 25 - PE [22] 

H2/CO2 + CO 1.0 0.2 0.2 0.6 - - V  

H2/CO2 + CO 1.0 0.4 0.2 0.4 - - PE  

H2/CO2 + CO 1.0 0.6 0.2 0.2 - - V  

H2/CO2 + CO 1.0 0.8 0.2 - - - V  

Thermophilic microbial consortium 

CO + BES - 0.4 0.2 1.4 - 15 PE [22] 

CO + BES - 0.8 0.2 1.0 - 15 PE  

H2/CO2
 

0.8
 

- 0.2 1.0 -
 

- PE [22] 

H2/CO2 + CO 1.0 0.4 0.2 0.4 - - PE [22] 

H2/CO2 + CO 1.0 0.2 0.2 0.6 - - V  

H2/CO2 + CO 1.0 0.4 0.2 0.4 - - V  

H2/CO2 + CO 1.0 0.6 0.2 0.2 - - V  

H2/CO2 + CO 1.0 0.8 0.2 - - - V  

 

 

The mass transfer coefficient (kLa) of H2, CO, CH4 and CO2 was determined in duplicate experiments in 330 ml 

flasks incubated at the same conditions as the mesophilic and thermophilic experiments, namely, at 100 rpm 

using a Gio Gyrotory shaker at 37 ˚C and a MaxQ2000 shaker at 60 ˚C, respectively. The method used is based 

on monitoring the evolution of the concentration of the gases in the liquid phase over time in abiotic 

experiments. For this purpose, a volume of 100 ml of medium was added to the flasks, and these were flushed 

with N2 and sealed with rubber stoppers and screw plugs. The rubber stoppers had two ports, with one 

connecting to the gas phase and the other to the liquid phase. The port connected to the gas phase was connected 

to a bag filled with a synthetic syngas mixture of H2 (45%), CO (20%), CH4 (10 %) and CO2 (25%), and the port 

connected to the liquid phase served as liquid sampling port. Before the beginning of the experiment and with 

valves closed, vacuum was created in the flasks using a vacuum pump for allowing a fast diffusion of the gas 

into the headspace of the flasks. The experiment started when the valve connecting the bag and the headspace of 

the flasks was opened, letting the synthetic syngas mixture rapidly flow into the bottle. To ensure that the gas 

composition of the bag and the flask was the same, vacuum was rapidly created in the flasks a second time with 

the valves closed, subsequently opening the valve connecting the bag and the headspace of the flask once again. 

Liquid samples (8 ml) were transferred into anaerobic serum vials with a total volume of 11 ml and were heated 

2.3. Mass transfer coefficient (kLa) experimental determination 
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to 100 ˚C for 30 min, from which a 100 µl gas sample was taken using a gas tight syringe to determine the 

gaseous composition.  

2.4. Analytical methods 

Gaseous samples containing H2, CO, CO2 and CH4 were analyzed using a gas chromatograph (8610C, SRI 

Instruments, USA) equipped with a thermal conductivity detector, and a Molsieve 13X packed column (6' x 

1/8") and a silica gen column (6' x 1/8") connected in series through a rotating valve. The temperature of the 

oven was maintained at 65 ˚C for 3 min, followed by a ramp of 10˚C/min up to 95˚C and a second ramp of 

24˚C/min from 95˚C to 140˚C. Volatile fatty acids (VFA) determination was carried out using a High 

Performance Liquid Chromatograph (Shimadzu, USA) equipped with a refractive index detector and an Aminex 

HPX-87H column (Bio-Rad, USA) at 63˚C and a flow of 0.6 ml/min of 12 mM H2SO4 eluent solution. Microbial 

biomass growth was measured based on the optical density (OD) of the liquid samples at 600 nm using a 

spectrophotometer (DR2800, Hach Lange). The OD was then correlated to the concentration of Volatile 

Suspended Solids (VSS) determined according to standard methods [23]. 

 

Two structured models were designed, each of them intended for modelling mesophilic and thermophilic syngas 

biomethanation process in batch mode. Each model presented a different structure according to the catabolic 

routes employed by its corresponding MMC (see section 3.1). The mesophilic and thermophilic models 

comprised 25 and 18 dynamic state variables, respectively, corresponding to the concentration of gaseous 

compounds in the gas and the liquid phase, the different microbial biomass groups involved in the conversion 

and the different carbonate, acetate and propionate species. A total of 20 and 12 processes were considered in the 

mesophilic and thermophilic models, respectively, including microbial growth, maintenance and decay, acids 

dissociation and gas-liquid mass transfer.  

A number of control functions were included in the models in the form of control factors for modeling of 

microbial growth processes. These control factors were taken into account upon multiplication with the specific 

growth rate equations.  

All microbial growth processes were made thermodynamically consistent by including a thermodynamic 

potential factor (FT) [21]. The FT was calculated as follows: 

𝐹𝑇 = {
1 − exp (−

∆𝐺𝐴−∆𝐺𝐶

𝜒𝑅𝑇
) ,  ∆𝐺𝐴 ≥ ∆𝐺𝐶

0,                                        ∆𝐺𝐴 ≤ ∆𝐺𝐶

 (1) 

2.5. Models description 
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∆𝐺𝐶 =  𝑌𝐴𝑇𝑃 ∙ ∆𝐺𝑝 (2) 

where ∆GA equals to the negative Gibbs free energy change (-∆rG´) of each biochemical reaction in kJ per 

reaction corrected for temperature, ionic strength and reactants concentration as described in Grimalt-Alemany et 

al. [22]; ∆GC is the free energy conserved through each metabolic pathway calculated by multiplying the ATP 

yield with the Gibbs free energy of phosphorylation (∆Gp), assumed to have a value of 15 kJ/mol ATP; and χ 

corresponds to the number of times a rate-determining step takes place through a metabolic pathway. FT 

approaches 0 when ∆GA ≈ ∆GC, indicating that the thermodynamic drive is low and that the reaction rate is 

thermodynamically controlled. When ∆GA ≤ ∆GC, FT becomes 0, which indicates that the thermodynamic drive 

for the reaction to proceed forward disappears and the metabolism stops. Consequently, the growth rate is strictly 

kinetically controlled through the Monod model when the biochemical reaction is far from thermodynamic 

equilibrium, and thermodynamically controlled when the reaction approaches its thermodynamic feasibility 

limits. 

The lag phase period for each microbial trophic group considered and the inhibition of the methanogenesis due 

to the addition of the specific inhibitor BES was modelled according to eq. 3 and 4, respectively, where t 

represents time, tlag corresponds to the duration of the lag phase and CBES is the concentration of BES. According 

to eq. 3, flag, i deactivates the microbial growth process of the corresponding microbial trophic group i until time t 

reaches the end of the lag phase. Similarly, fBES (eq. 4) deactivates methanogenic growth in those experiments 

where BES was added to the growth medium. 

𝑓𝑙𝑎𝑔 = {
1, t ≥ 𝑡𝑙𝑎𝑔

0, t ≤ 𝑡𝑙𝑎𝑔
 (3) 

𝑓𝐵𝐸𝑆 = {
1, C𝐵𝐸𝑆 = 0 𝑚𝑀

0, C𝐵𝐸𝑆 = 15 𝑚𝑀
 (4) 

  The inhibition due to low pH was included only for methanogenic microbial groups as described in ADM1 [24] 

according to eq. 5. The parameters pHUL (pH upper limit) and pHLL (pH lower limit) correspond to the pH 

values at which a specific microbial group is not inhibited, and is fully inhibited, respectively. 

𝐼𝑝𝐻 = {
𝑒𝑥𝑝 (−3 ∙ (

𝑝𝐻−𝑝𝐻𝑈𝐿

𝑝𝐻𝑈𝐿−𝑝𝐻𝐿𝐿
)

2
) , pH ≤ 𝑝𝐻𝑈𝐿

1,                                                pH ≥ 𝑝𝐻𝑈𝐿
 (5) 

The mesophilic syngas biomethanation model considered growth of 6 microbial trophic groups, including 

carboxydotrophic acetogens, homoacetogens, hydrogenotrophic methanogens, aceticlastic methanogens, 
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syntrophic acetate oxidizers and syntrophic propionate oxidizers. The specific growth rate of carboxydotrophic 

acetogens (µcarb) was assumed to depend on the dissolved CO (COaq) in the liquid phase as the only source of 

carbon and electrons, and was described by eq. 6. Both homoacetogenic (µhom) and hydrogenotrophic 

methanogenic (µhyd) specific growth rates depended on dissolved H2 (H2aq) as the limiting substrate during the 

fermentations, and were described according to eq. 7 and 8. The aceticlastic methanogenic specific growth rate 

(µac) was assumed to depend on the total acetate concentration (Actot) consisting of the sum of undissociated and 

dissociated species, and was defined according to eq. 9. Lastly, the specific growth rate of syntrophic acetic and 

propionic acid oxidizers, µSAO and µSPO respectively, was described by eq. 10 and 11. As syntrophic fatty acid 

oxidation reactions often operate very close to thermodynamic equilibrium, it is likely that including both 

Monod model and FT in the model would result in an overlapping effect on the growth rate. Therefore, in this 

case, the specific growth rates of these microbial groups were assumed to be strictly thermodynamically 

controlled through FT in order to avoid redundant control of their growth kinetics (eq. 10 and 11).  

µ𝑐𝑎𝑟𝑏 =
µ𝑚𝑎𝑥,𝑐𝑎𝑟𝑏∙𝐶𝑂𝑎𝑞

𝑘𝑠,𝑐𝑎𝑟𝑏+𝐶𝑂𝑎𝑞
∙ 𝐹𝑇,𝑐𝑎𝑟𝑏 ∙ 𝑓𝑙𝑎𝑔,𝑐𝑎𝑟𝑏  (6) 

µℎ𝑜𝑚 =
µ𝑚𝑎𝑥,ℎ𝑜𝑚∙𝐻2𝑎𝑞

𝑘𝑠,ℎ𝑜𝑚+𝐻2𝑎𝑞

∙ 𝐹𝑇,ℎ𝑜𝑚 ∙ 𝑓𝑙𝑎𝑔,ℎ𝑜𝑚  (7) 

µℎ𝑦𝑑 =
µ𝑚𝑎𝑥,ℎ𝑦𝑑∙𝐻2𝑎𝑞

𝑘𝑠,ℎ𝑦𝑑+𝐻2𝑎𝑞

∙ 𝐹𝑇,ℎ𝑦𝑑 ∙ 𝐼𝑝𝐻,ℎ𝑦𝑑 ∙ 𝑓𝑙𝑎𝑔,ℎ𝑦𝑑 ∙ 𝑓𝐵𝐸𝑆 (8) 

µ𝑎𝑐 =
µ𝑚𝑎𝑥,𝑎𝑐∙𝐴𝑐𝑡𝑜𝑡

𝑘𝑠,𝑎𝑐+𝐴𝑐𝑡𝑜𝑡
∙ 𝐹𝑇,𝑎𝑐 ∙ 𝐼𝑝𝐻,𝑎𝑐 ∙ 𝑓𝑙𝑎𝑔,𝑎𝑐 ∙ 𝑓𝐵𝐸𝑆 (9) 

µ𝑆𝐴𝑂 = µ𝑚𝑎𝑥,𝑆𝐴𝑂 ∙ 𝐹𝑇,𝑆𝐴𝑂  (10) 

 µ𝑆𝑃𝑂 = µ𝑚𝑎𝑥,𝑆𝑃𝑂 ∙ 𝐹𝑇,𝑆𝑃𝑂  (11) 

The thermophilic model assumed growth of two different microbial trophic groups, namely carboxydotrophic 

hydrogenogens and hydrogenotrophic methanogens. As in the mesophilic model, the specific growth rate of 

hydrogenotrophic methanogens (µhyd) was assumed to depend on H2aq (eq. 12). In this case, the inhibition due to 

low pH was not included for simplicity as, due to the fact that acids were not produced during the fermentation, 

the pH was not expected to play a significant role. The carboxydotrophic hydrogenogenic specific growth rate 

(µcarb_hyd) depended on COaq and was described by eq. 13. In contrast to the other microbial groups, 

carboxydotrophic hydrogenogens presented the particularity of shifting their product from H2 to acetic acid 

depending on the operating conditions [22]. In this work, it was hypothesized that this metabolic shift could be 
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modelled based on the thermodynamic feasibility of the conversion of CO into H2 and CO2, where the product 

yield (YH2 and YAc), defined by the fraction of e-mol diverted to each product from CO, changes proportionally 

to FT,carb_hyd from H2 to acetic acid when the production of H2 starts to be thermodynamically limited (eq.14 and 

15). Consequently, the thermodynamic feasibility of µcarb_hyd was ultimately dependent on the production of 

acetate from CO defined by FT,carb_ac. Another particularity of the carboxydotrophic hydrogenogenic microbial 

group was that the production of acetic acid seemed not to be associated to growth. This was modelled by 

including a specific maintenance rate as described in eq. 16. According to eq. 16, the specific maintenance rate is 

proportional to the specific growth rate of this microbial group (µ𝑐𝑎𝑟𝑏_ℎ𝑦𝑑), the fraction of e-mols diverted to 

acetate, described by (1 − 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑),  and acarb_hyd, which reflects the severity of the maintenance cost. When 

0 < acarb_hyd < 1, there is partial growth associated to the production of acetic acid; acarb_hyd = 1 when there is no 

growth associated to the production of acetic acid; and acarb_hyd > 1 when there is an increased maintenance cost 

associated to the production of acetic acid. 

µℎ𝑦𝑑 =
µ𝑚𝑎𝑥,ℎ𝑦𝑑∙𝐻2𝑎𝑞

𝑘𝑠,ℎ𝑦𝑑+𝐻2𝑎𝑞

∙ 𝐹𝑇,ℎ𝑦𝑑 ∙ 𝑓𝑙𝑎𝑔,ℎ𝑦𝑑    (12) 

µ𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 =
µ𝑚𝑎𝑥,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑∙𝐶𝑂𝑎𝑞

𝑘𝑠,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑+𝐶𝑂𝑎𝑞
∙ 𝐹𝑇,𝑐𝑎𝑟𝑏_𝑎𝑐 ∙ 𝑓𝑙𝑎𝑔,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑  (13) 

𝑌𝐻2,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑
= 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ 𝑌𝑒−𝑚𝑜𝑙/𝐶𝑂 𝑛𝑒−𝑚𝑜𝑙 𝑚𝑜𝑙 ⁄ 𝐻2

⁄   (14) 

𝑌𝐴𝑐𝑐𝑎𝑟𝑏_ℎ𝑦𝑑
= (1 − 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑) ∙ 𝑌𝑒−𝑚𝑜𝑙/𝐶𝑂 𝑛𝑒−𝑚𝑜𝑙 𝑚𝑜𝑙 𝐴𝑐⁄⁄  (15) 

𝑚𝑠,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 = 𝑎𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ µ𝑐𝑎𝑟𝑏_ℎ𝑦𝑑 ∙ (1 − 𝐹𝑇,𝑐𝑎𝑟𝑏_ℎ𝑦𝑑)  (16) 

Microbial biomass decay was described in the same way for all microbial trophic groups and was assumed to 

follow first-order kinetics according to eq. 17. The net growth rate was then calculated by subtracting the 

specific maintenance (ms) and decay rates (kd) from the growth rates (µ). 

𝑟𝑑 = 𝑘𝑑 ∙ 𝑋 (17) 

The physicochemical processes of gas-liquid mass transfer and acid dissociation were included in the two 

models. The gas-liquid mass transfer of all gases included as dynamic state variables was described by eq. 18, 

where kLa represents the overall mass transfer coefficient multiplied by the specific transfer area, and H is the 

Henry’s law constant, and Cg and Caq represent the concentration of the gas in the gas and liquid phase, 

respectively. The dynamics of acid dissociation were described by converting the acid-base equilibrium 

equations into differential equations according to eq. 19, where ka corresponds to the dissociation constant and kf 
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is the rate of dissociation, which was assumed to take place at very fast rates (10
10

 d
-1

), and Ci is the 

concentration of compound i. 

𝜌𝑇 = 𝑘𝐿𝑎 ∙ (𝐻 ∙ 𝐶𝑔 − 𝐶𝑎𝑞) (18) 

𝜌𝑎/𝑏 = 𝑘𝑓 ∙ (𝐶𝑎 −
𝐶𝑏∙𝐶𝐻+

𝑘𝑎
) (19) 

Both Henry’s constant (H) and acid dissociation constants (ka) were corrected for temperature using Van’t Hoff 

equation (eq. 20, represented by the generic constant K), where -∆H˚ stands for the standard enthalpy of solution 

(-∆solH˚) of a specific gas when correcting the Henry’s law constants, and for the standard enthalpy of reaction (-

∆rxnH˚) when correcting the acid dissociation constants. The acid dissociation constants were also corrected for 

ionic strength according to Alberty [25] as described in eq. 21, where zi is the charge number of compound i and 

∑vizi
2
 is the change in zi

2
 in the reaction, I is the ionic strength of the medium, α is a constant calculated as a 

function of temperature and B is an empirical constant with a value of 1.6 L
1/2

mol
-1/2

 within a range of ionic 

strength of 0.05-0.25 M [25]. 

𝐾(𝑇) = 𝐾° ∙ exp (
−∆𝐻°

𝑅
(

1

𝑇
−

1

𝑇°
)) (20) 

ln 𝐾 (𝐼) = ln 𝐾 (𝐼 = 0) +
𝛼𝐼1 2⁄ ∑ 𝑣𝑖𝑧𝑖

2

1+𝐵𝐼1 2⁄  (21) 

To reduce the number of parameters to be estimated, most parameters related to the FT calculations, and all 

product and microbial biomass yields were determined based on experimental observations and largely derived 

from previous work on the same enrichment cultures used here [22]. In some cases, the biomass yields for the 

different microbial trophic groups were recalculated either taking into account only the early exponential growth 

phase or using additional experimental data. The values for all conversion yields, stoichiometric numbers and 

ATP yields used are summarized in table 2. The product yield coefficients for syntrophic fatty acid oxidation 

were calculated assuming a 100% e-mol recovery based on the biomass yields found in the literature [26,27]. 

Similarly to the yield coefficients, the tlag of each microbial group was determined through experimental 

observation based on the profile of microbial biomass, substrate and product of each experiment. The initial 

biomass fractions corresponding to each microbial group were determined through simulation of the pre-culture 

used as inoculum in the experiments. 
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Table 2. Yield coefficients for biomass, products and ATP, and stoichiometric number (χ) for each microbial trophic group included in 

each model. The negative YCO2/S indicates consumption of CO2 along with the main substrate (H2). The biomass yield for syntrophic fatty 

acid oxidizers was extracted from Cord-Ruwisch et al. [26] and Leng et al. [27].  

 

YX 

(g VSS/mol 

substrate) 

YAc 

(mol/mol 

substrate) 

YProp 

(mol/mol 

substrate) 

YH2 

(mol/mol 

substrate) 

YCH4 

(mol/mol 

substrate) 

YCO2 

(mol/mol 

substrate) 

χ 

YATP 

(mol/mol 

product) 

Mesophilic syngas biomethanation model 

Carboxydotrophic acetogens 

4 CO + 2 H2O → CH3COOH + 2 CO2 
2.21 0.17 0.01   0.47 5 1.66 

Homoacetogens 

4 H2 + 2 CO2 → CH3COOH + 2 H2O 
0.49 0.21    -0.43 1 0.33 

Hydrogenotrophic methanogens 

4 H2 + CO2 → CH4 + 2 H2O
 0.72    0.23

 
-0.22 2 0.5 

Aceticlastic methanogens 

CH3COOH → CO2 + CH4 
0.57    0.82 0.95 2 0.5 

Syntrophic acetate oxidizers 

CH3COOH + 2 H2O → 4 H2 + 2 CO2 
2.30   3.80  1.90 1 0.33 

Syntrophic propionate oxidizers 

CH3CH2COOH + 2 H2O → 

CH3COOH + 3 H2 + CO2 

2.80 0.96  2.86  0.96 1 0.33 

Thermophilic syngas biomethanation model 

Carboxyd. hydrogenogens  

(growth - FT,carb_ac) 

CO + H2O → H2 + CO2 

0.88   
 

 0.85 5
 

1.66
 

Carboxyd. hydrogenogens  

(Product yield - FT,carb_hyd)
 b

 
 1.76

a
  1.76

a 
  1

b 
0.33

b 

Hydrogenotrophic methanogens 

4 H2 + CO2 → CH4 + 2 H2O 
0.57    0.23 -0.23 2 0.5 

aThe YH2/CO and YAc/CO given correspond to the total product yield of carboxydotrophic hydrogenogens expressed in e-mol products/mol 

substrate, calculated as the sum of e-mols from acetate and H2 produced divided by the mols of CO consumed. bThe specific yield of H2 

(YH2/CO), acetate (YAc/CO) and the maintenance rate was modulated based on FT,carb_hyd according to eq. 1, 2 and 14-16. 

The kinetic parameters of the model were initially adjusted according to values from the literature, and 

subsequently, model mismatches with the experimental data were corrected through parameter estimation. The 

initial value of the kinetic parameters used in the mesophilic and the thermophilic model is tabulated in table 3. 

The values chosen were based on kinetic parameters previously reported in the literature when possible. Little 

information is available on the decay rates (kd) for each of the microbial groups considered, for which tentative 

values were selected based on manual fitting to the experimental data. Values for high and low pH inhibition 

factors of hydrogenotrophic and aceticlastic methanogens were manually fixed according to the range of values 

reported in the ADM1 [24]. The initial values of the overall gas-liquid mass transfer coefficients for each gas 

were tentatively fixed to 100 d
-1

 based on the minimum overall mass transfer coefficients reported for CO2 in 

Siegrist et al. [28]. The kinetic parameters related to growth and decay of the syntrophic fatty acid oxidizing 

microbial groups were left out of the parameter estimation and identifiability analysis as the dataset was not 

expected to allow their estimation. 
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Table 3. Initial values of kinetic parameters used for the mesophilic and the thermophilic model. The parameters markedwith “X” in the 

last column correspond to the parameters that were subject to experimental determination, manual tuning and least squares parameter 

estimation. 

Parameters Units Initial Value Ref. Estimated 

Mesophilic model  

µmax,carb d
-1

 5.04 [17] X 

ks,carb M 4.0e-5 [17]  

kd,carb d
-1

 3.5e-2   

µmax,hom d
-1

 16.28  X 

ks,hom M 2.31e-6 [29]  

kd,hom d
-1

 4.6e-3   

µmax,hyd d
-1

 2 [28] X 

ks,hyd M 1.56e-6 [24,29]  

kd,hyd d
-1

 1.3e-3   

pHULhyd  6.6 [24]  

pHLLhyd  5.9 [24]  

µmax,ac d
-1

 0.37 [28] X 

ks,ac M 1.0e-3 [28]  

kd,ac d
-1

 1.0e-2   

pHULac  6.6 [24]  

pHLLac  5.9 [24]  

µmax,SAO d
-1

 2.3 [26]  

kd,SAO d
-1

 1.0e-3   

µmax,SPO d
-1

 0.313 [27]  

kd,SPO d
-1

 1.0e-3   

KLaCO d
-1

 100 [28] X 

KLaH2 d
-1

 100 [28] X 

KLaCO2 d
-1

 100 [28] X 

KLaCH4 d
-1

 100 [28] X 

Thermophilic model  

µmax,carb_hyd d
-1

 7.44 [30] X 

ks,carb_hyd M 1.45e-3 [18]  

kd,carb_hyd d
-1

 1.76e-1   

ΔGccarb_hyd kJ mol
-1

 15 [22] X 

acarb_hyd  1  X 

χcarb_hyd  1 [22] X 

µmax,hyd d
-1

 11.76 [31] X 

ks,hyd M 1.32e-4 [31]  

kd,hyd d
-1

 3.5e-2   

KLaCO d
-1

 100 [28] X 

KLaH2 d
-1

 100 [28] X 

KLaCO2 d
-1

 100 [28] X 

KLaCH4 d
-1

 100 [28] X 

 

The stoichiometric coefficients corresponding to each of the processes for describing the behavior of all dynamic 

state variables included in the models are given in table 4. The volume of headspace (Vh) and liquid (Vl) used in 

the stoichiometric matrix (table 4) corresponds to 0.23 l and 0.1 l, respectively. 
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Table 4. Matrix of stoichiometric coefficients for the processes included in the mesophilic and thermophilic syngas biomethanation model. The value of the yield 

coefficients is given in table 2. The subscripts corresponding to each microbial group were not added in the yield coefficients for simplicity. 

Processes Rates Stoichiometric coefficients 

  C
O

aq
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2
aq

 

C
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2
aq

 

C
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4
aq
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o
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p
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to
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-  
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- 

C
O

3
-2

 

H
C

O
3
-  

C
O

g
 

H
2
g
 

C
O

2
g
 

C
H

4
g
 

Growth-Mesophilic 
      

 
  

 
    

 
  

  
        

Carb. acetogens μcarb∙Xcarb -1/YX 
 

YCO2/YX 
 

YHAc/YX  1 1  
    

 YHAc/YX 
 

  
        

Hydrog. methanogens μhyd∙Xhyd  
-1/YX YCO2/YX YCH4/YX 

 
 1 

 
 1 

   
 

  
  

        
Homoacetogens μhom∙Xhom 

 
-1/YX YCO2/ YX 

 
YHAc/YX  1 

 
 

 
1 

  
 YHAc/YX 

 
  

        
Aceticl. methanogens μ,ac∙Xac   

YCO2/YX YCH4/YX -1/YX  1 
 

 
  

1 
 

 -1/YX 
 

  
        

SAO µSAO∙XSAO 
 

YH2/YX YCO2/YX 
 

-1/YX  1 
 

 
   

1  -1/YX 
 

  
        

SPO µSPO∙XSPO  YH2/YX YCO2/YX  YHAc/YX -1/YX 1       1   -1/YX          

Decay-Mesophilic 
      

 
  

 
    

 
  

  
        

Carb. acetogens kd,carb∙Xcarb      
 -1 -1  

    
 

  
  

        
Hydrog. methanogens kd,hyd∙Xhyd      

 -1 
 

 -1 
   

 
  

  
        

Homoacetogens kd,hom∙Xhom 
     

 -1 
 

 
 

-1 
  

 
  

  
        

Aceticl. methanogens kd,ac∙Xac      
 -1 

 
 

  
-1 

 
 

  
  

        
SAO kd,SAO∙XSAO 

     
 -1 

 
 

   
-1  

  
  

        
SPO kd,SPO∙XSPO       -1       -1             

Growth-Thermophilic       

Carb. hydrogenogens μcarb_hyd∙Xcarb_hyd -1/YX YH2/YX YCO2/YX  YHAc/YX  1  1      YHAc/YX            

Hydrog. methanogens μhyd∙Xhyd  -1/YX YCO2/YX YCH4/YX   1   1                 

Maintenance-Thermophilic       

Carb. hydrogenogens ms,carb_hyd∙Xcarb_hyd       -1  -1                  

Decay-Thermophilic       

Carb. hydrogenogens kd,carb_hyd∙Xcarb_hyd       -1  -1                  

Hydrog. methanogens kd,hyd∙Xhyd       -1   -1                 

Acid dissociation 
      

 
  

 
    

 
  

  
        

Acetic acid/Acetate ρHAc/Ac      
 

  
 

    
 -1 1   1 -1 

      
Prop. acid/Propionate ρHProp/Prop                 -1 1 1 -1       

CO2/HCO3
-
 ρCO2/HCO3   

-1 
  

 
  

 
    

 
  

  1 -1 
 

1 
    

HCO3
-
/CO3

-2 
ρHCO3/CO3      

 
  

 
    

 
  

  1 -1 1 -1 
    

Mass transfer 
      

 
  

 
    

 
  

  
        

CO ρT,CO Vh/Vl     
 

  
 

    
 

  
  

    
-1 

   
H2 ρT,H2  

Vh/Vl    
 

  
 

    
 

  
  

     
-1 

  
CO2 ρT,CO2   

Vh/Vl   
 

  
 

    
 

  
  

      
-1 

 
CH4 ρT,CH4    

Vh/Vl  
 

  
 

    
 

  
  

       
-1 
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The models were implemented in Matlab (Mathworks, USA) and the equations describing the dynamic state 

variables included in each model were solved numerically using the stiff solver ode15s. The parameter 

estimation was conducted using a non-weighted least squares method for the minimization of the objective 

function S (eq. 22), where y corresponds to the set of experimental measurements and f(θ) to the model 

predictions. The minimization algorithms used were unconstrained fminsearch, and lsqnonlin for confirmation of 

the solution. The model outputs and experimental measurements considered in the minimization of the sum of 

squares corresponded to COg, H2g,CH4g, Actot and Xtot. 

𝑆(𝑦, 𝜃) =  ∑(𝑦 − 𝑓(𝜃))2 (22) 

The uncertainty of the estimated parameters (𝜃) was evaluated based on the 95% confidence interval of each 

parameter. The confidence intervals were calculated based on the covariance matrix (cov(𝜃)), which was 

determined through a linear approximation method using the Jacobian matrix (F.) according to eq. 23-25 [32].  

𝑆𝑚𝑖𝑛(𝑦, 𝜃) corresponds to the minimum value of the objective function, s
2
 is an estimation of the variance from 

the residuals of the model outputs, n is the number of experimental measurements, p is the number of estimated 

parameters. 

𝑠2 =  
𝑆min(𝑦,�̂�)

𝑛−𝑝
  (23) 

𝑐𝑜𝑣(𝜃) =  𝑠2(𝐹.′∙ 𝐹. )−1 (24) 

𝜃1−𝛼 =  𝜃  ±  𝑡𝑁−𝑝
𝛼/2 √𝑑𝑖𝑎𝑔 𝑐𝑜𝑣(𝜃) (25) 

A local sensitivity analysis was performed on the model outputs mentioned above in order to evaluate the 

sensitivity of the model outputs at the neighboring values of the estimated parameters as described in Sin et al. 

[33]. The perturbation factor size used was 1% of the corresponding parameter values (ε = 1e-2). The non-

dimensional sensitivity (sr) and the relative non-dimensional sensitivity were calculated using the nominal value 

of the parameters (𝜃0), a scaling factor corresponding to the average values of each model output over the time 

frame of the experiments (�̅�), and the Euclidean norm according to eq. 26 and 27.  

𝑠𝑟 =
𝑑𝑦

𝑑𝜃
∙

𝜃0

�̅�
 (26) 

2.6. Parameter estimation and identifiability analysis 
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𝑠𝑛𝑜𝑟𝑚 =
𝑠𝑟

‖𝑠𝑟‖
 (27) 

The parameter identifiability analysis conducted for determining uniquely identifiable parameter subsets was 

based on the sensitivity measure (δj
msqr

) and the collinearity index (γK) [33,34]. The sensitivity measure δj
msqr

 was 

calculated according to eq. 28 considering the sensitivities of all parameters and variables from all experiments 

used for parameter estimation (table 1). The collinearity index γK was calculated for the experiments with syngas 

subject to parameter estimation and the variable Xtot, as this variable contained information about all microbial 

growth processes from which the rest of model outputs depended. The collinearity index γK was calculated for all 

possible combinations of parameters using eq. 29 and 30, where the subscript K indicates the parameter subset 

evaluated and λK represents the eigenvalues of the normalized sensitivity matrix for the same parameter subset. 

𝛿𝑗
𝑚𝑠𝑞𝑟

=  √
1

𝑁
∑ (𝑠𝑟𝑖𝑗

2)𝑁
𝑖   (28) 

𝛾𝐾 =
1

√𝑚𝑖𝑛𝜆𝐾
  (29) 

𝜆𝐾 = 𝑒𝑖𝑔𝑒𝑛(𝑠𝑛𝑜𝑟𝑚𝐾
𝑇 ∙ 𝑠𝑛𝑜𝑟𝑚𝐾) (30) 

The threshold of γK values above which a specific parameter subset is poorly identifiable was determined 

empirically [34]. Since the parameter identifiability measures used in the analysis are of local nature and 

evaluate only the neighbouring values of the estimated parameters, the process of parameter estimation and 

identifiability analysis was iterated as suggested by Brun et al. [34]. During initial iterations, unknown 

parameters not previously reported in the literature or parameters causing significant model mismatch, outside 

the identifiable parameter subsets, were tuned manually before performing parameter estimation [34].  

3. Results and Discussion 

 

The MMC used in the experiments were the result of two microbial enrichments, with each of them being 

performed at mesophilic and at thermophilic conditions. As a result of the microbial selection during the 

enrichments, the two MMC presented significant differences in their microbial composition and their dominant 

catabolic routes leading to CH4. A brief description of the microbial groups involved in the conversion is given 

below to justify the model structure selected in each case. For more details on the microbial activity of the 

cultures, the reader is referred to Grimalt-Alemany et al. [22]. 

3.1. Behavior of microbial consortia and yield coefficients consistency 
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The mesophilic culture presented a rather complex metabolic network, where CO was converted into acetate and 

propionate by carboxydotrophic acetogens, and H2/CO2 was converted into both acetate and CH4 simultaneously 

by homoacetogens and hydrogenotrophic methanogens, respectively. Acetate was then further converted to CH4 

by aceticlastic methanogens. In previous work on these same cultures, it was hypothesized that neither acetate 

nor propionate were converted through syntrophic fatty acid oxidation in significant amounts based on the fact 

that these reactions were not thermodynamically feasible under the experimental conditions of the study [22]. 

Nevertheless, the mesophilic model was built considering growth of all microbial trophic groups with a possible 

role during the conversion, also including syntrophic fatty acid oxidizers in order to improve the predictive 

capacity of the model as these reactions could become available when changing the operating conditions.  

In turn, the thermophilic culture was much simpler, comprising only carboxydotrophic hydrogenogens carrying 

out the conversion of CO into H2 and CO2, and hydrogenotrophic methanogens, which converted all H2/CO2 

strictly into CH4. The carboxydotrophic hydrogenogenic microbial group presented a dynamic behavior 

depending on the operating conditions. When hydrogenotrophic methanogens were inhibited with BES (table 1), 

carboxydotrophic hydrogenogens diverted a part of the carbon originating from CO into acetate instead of H2 

and CO2; whereas when they were grown in syntrophic association with hydrogenotrophic methanogens, only H2 

and CO2 were produced. Therefore, the structure selected for the thermophilic model was consistent with these 

observations and the model included a dynamic product yield for carboxydotrophic hydrogenogens (eq. 15). 

Table 5. Total e-mol recovery accounting for microbial biomass and all products found for each microbial group based on the yield 

coefficients used. The composition of the biomass was assumed to be C5H7O2N. 

 

Biomass  

(% e-mol/e-mol) 

Products 

(% e-mol/e-mol) 

Recovery 

(% e-mol/e-mol) 

Mesophilic microbial consortium 

Carboxydotrophic acetogens 19.5% 73.7% 93.2% 

Homoacetogens 4.4% 84.7% 89.1% 

Hydrogenotrophic methanogens 6.3% 95.4% 101.8% 

Aceticlastic methanogens 1.3% 81.5% 82.7% 

Syntrophic acetate oxidizers 5.1% 94.9% 100.0% 

Syntrophic propionate oxidizers 3.5% 96.5% 100.0% 

Thermophilic microbial consortium 

Carboxydotrophic hydrogenogens 7.8% 87.9% 95.7% 

Hydrogenotrophic methanogens 5.0% 91.4% 96.4% 

 

The consistency of the yield coefficients used in the models for each microbial group was evaluated based on the 

electron balance (table 5). In most cases, the total e-mol recovery calculated based on the yield coefficients 

determined experimentally was within a 10% difference from complete recovery. This suggests that the yield 

coefficients were correct as the small percentage of e-mols missing could be attributed to inefficiencies of the 
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microbial metabolism due to maintenance costs, understood as energy expenditures not translated into apparent 

microbial growth [35].  

 

The selection of parameters to be estimated was performed through iterative parameter estimation and 

identifiability analysis based on the sensitivity measure ∂j
msqr

 and the collinearity index γK.  According to Brun et 

al. [34], for a parameter subset to be identifiable, it is required that (i) the model outputs are sensitive to the 

parameters in question and (ii) that the parameters composing a specific parameter subset do not have collinear 

dependence among them, as this would result in multiple parameter values yielding the same output. 

The results of the parameter significance analysis through the sensitivity measure ∂j
msqr

 revealed common trends 

for both mesophilic and thermophilic models (fig.1). Both models coincided in the fact that the mass transfer of 

H2 and CO exerted a strong influence on several model outputs, and that the maximum specific growth rates 

(µmax) seemed to be systematically more important than the half-saturation constants (ks) within the same 

microbial group. Besides kLaH2 and kLaCO, the output variables of the mesophilic model were influenced by 

several kinetic parameters including µmax,carb, ks,carb, µmax,hom, µmax,hyd, ks,hyd, µmax,ac and  ks,ac; while other 

parameters related to the pH inhibition and kLaCO2 and kLaCH4 had no effect during the experiments used for 

calibration. In the thermophilic model, the kinetic parameters µmax and ks of both carboxydotrophic 

hydrogenogens and hydrogenotrophic methanogens were also found to have a significant effect on the model 

outputs. However, the most important parameters affecting the model outputs of the thermophilic model, besides 

kLaH2 and kLaCO, were related to the specific maintenance rate and the thermodynamic feasibility of the 

carboxydotrophic hydrogenogenesis, namely acarb_hyd, ΔGccarb_hyd and χcarb_hyd. 

3.2. Parameter importance and identifiability analysis 
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Figure 1. Parameter significance ranking based on the sensitivity measure ∂j
msqr for the model outputs used for parameter estimation in 

both mesophilic and thermophilic syngas biomethanation model.  

 

Analyzing the collinearity of candidate parameters to be estimated showed that, as expected, not all parameters 

with an influence on the model outputs were identifiable. After several iterations, the threshold γK values 

determining the unique identifiability of a specific parameter combination were found to be below approx. 5 and 

25 for the mesophilic and the thermophilic model, respectively (table 6). As shown in table 6, the datasets used 

for model calibration could not support the estimation of parameter combinations including both µmax and ks of 

the same microbial group, even when estimating only two parameters in the case of the mesophilic syngas 

biomethanation model [36,37]. Similarly, the importance of kLaH2 and kLaCO and their high collinearity with 

other parameters in both models would also limit the identifiability of other kinetic parameters if these were 

included, as other parameters would have to be fixed manually instead (table 6). Therefore, the kLa coefficient 

was determined experimentally for all gases in order to maximize the number of kinetic parameters estimated. 

The parameters of the mesophilic model finally selected for parameter estimation corresponded to µmax,carb, 
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µmax,hyd and µmax,ac, with the parameter µmax,hom being manually tuned beforehand. In the case of the thermophilic 

model, the parameters selected were µmax,carb_hyd, µmax,hyd, ΔGC,carb_hyd and acarb_hyd, as it was not possible to include 

χcarb_hyd due to the high collinearity of that specific parameter combination (table 6). Thus, the parameter χcarb_hyd 

was fixed manually before performing the final parameter estimation. 

Table 6. Collinearity index values for different parameter combinations. The first parameter combination of each model was selected for 

the final parameter estimation. 

Subset 

size 
Parameter combination γK 

 

Mesophilic model  

3 µmax,carb µmax,hyd µmax,ac   
1.42 Identifiable 

2 µmax,carb ks,carb    7.17 Non-identifiable 

4 µmax,carb µmax,hom µmax,hyd µmax,ac  9.42 Non-identifiable 

4 µmax,carb µmax,hom µmax,hyd kLaCO  12.36 Non-identifiable 

4 µmax,carb µmax,hom µmax,hyd kLaH2  11.41 Non-identifiable 

Thermophilic model  

4 µmax,carb_hyd µmax,hyd ΔGC,carb_hyd acarb_hyd  23.98 Identifiable 

2 µmax,carb_hyd ks,carb_hyd    13.09 Identifiable 

5 µmax,carb_hyd µmax,hyd ΔGC,carb_hyd acarb_hyd χcarb_hyd 262.67 Non-identifiable 

5 µmax,carb_hyd µmax,hyd ΔGC,carb_hyd χcarb_hyd kLaCO 414.88 Non-identifiable 

5 µmax,carb_hyd µmax,hyd ΔGC,carb_hyd χcarb_hyd kLaH2 122.42 Non-identifiable 

 

 

The kLa coefficients of all gases were determined through abiotic experiments in order to rule out any possible 

effect on the estimation of other kinetic parameters and to allow a more accurate estimation of the kinetic 

parameters selected. As shown in fig. 2A, the method used for the experimental determination of the kLa 

coefficients presented good reproducibility. The kLa, determined by linearizing the solution of eq. 18 (where the 

slope corresponded to –kLa), corresponded to 2.59 h
-1

 (0.0431 min
-1

) and 2.61 h
-1

 (0.0435 min
-1

) for CO at 

mesophilic and thermophilic conditions, respectively (fig. 2B). The kLaH2 found was 4.18 h
-1

 (0.0697 min
-1

) and 

3.81 h
-1

 (0.0635 min
-1

) at mesophilic and thermophilic conditions, respectively (fig. 2B). The kLa for CO2 

corresponded to 3.23 h
-1

 (0.0539 min
-1

) and 2.41 h
-1

 (0.0403 min
-1

) at mesophilic and thermophilic conditions, 

respectively, and for CH4 was 2.55 h
-1

 (0.0425 min
-1

) and 2.41 h
-1

 (0.0401 min
-1

) at mesophilic and thermophilic 

conditions, respectively (Supporting information file 1, fig. S1). Two different orbital shakers were used in this 

study, with the one used at mesophilic conditions having an orbit diameter of 2.54 cm and the one used at 

thermophilic conditions having 1.90 cm. Using orbital shakers with different orbit diameters may cause 

significant differences on the kLa when operating at the same agitation rate, with the kLa increasing with the orbit 

diameter [38]. Similarly, the temperature also exerts a significant influence on the kLa, which increases with the 

3.3. Determination of mass transfer coefficients 
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increase of temperature [39]. However, the small differences found at mesophilic and thermophilic conditions 

suggest that the orbit diameter and temperature effects on the mass transfer counterbalanced each other, as in this 

case the kLa coefficient at mesophilic and thermophilic conditions was comparable for all gases with the 

exception of CO2. Therefore, the differences observed in the performance of the two MMC used in this study can 

only be attributed to differences in their kinetic parameters and the catabolic routes employed by each of them.  

The kLa coefficients found in these experiments performed in batch mode were lower than those generally 

reported in studies using continuous gas sparging and other configurations [40,41]. The difference between the 

kLa coefficients found in this and other studies indicates that the mass transfer was likely limiting during the 

fermentation, which in turn limited the microbial conversion rates. This does not imply that the kinetic 

parameters µmax and ks were unidentifiable as, according to the sensitivity measure ∂j
msqr

, both parameters exerted 

an effect on the model outputs. Additionally, the liquid phase was saturated with the gaseous substrates at the 

beginning of the experiments and presented significant changes in concentration in the liquid phase during the 

fermentation, which should allow the estimation of these parameters. Nonetheless, this emphasizes the 

importance of determining the kLa coefficients independently prior to the estimation of kinetic parameters, as 

this avoids undesirable interdependencies between kinetic parameters and kLa coefficients, and consequently 

improves the accuracy of the parameter estimation. 
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Figure 2. A Concentration of H2 and CO in the liquid phase over time at mesophilic and thermophilic conditions. B Plot of linearized eq. 

18 in the form ln(1-Caq/(H∙Cg)) = -kLa∙t used to determine kLaCO and kLaH2 at mesophilic and thermophilic conditions. 

 

 

The results of the parameter estimation for the selected parameters are given in table 7. All estimated parameters 

presented low correlation among them, with the maximum correlation factor corresponding to 0.373 for 

parameters of the thermophilic MMC, which confirms that these parameters were uniquely identifiable (table 7). 

However, it should be noted that the parameters µmax,hom (in the model for mesophilic conditions), χcarb_hyd and 

ks,carb_hyd (in the model for thermophilic conditions) were tuned manually before performing least squares 

parameter estimation and that all other ks parameters were fixed according to values reported in the literature.  

3.4. Parameter estimation 
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Table 7. Value of estimated parameters for the mesophilic and thermophilic MMC along with their standard deviation (SD), 95% 

confidence intervals (CI 95) and correlation matrix. Values for µmax,hom, ks,carb_hyd and χcarb_hyd were fixed manually prior to the least 

squares parameter estimation. 

Parameters 
Estimated 

parameters 
SD 

Lower 

CI 95 

Upper 

CI 95 
Correlation matrix 

Mesophilic microbial consortium   

µmax,carb (d
-1

) 3.910 0.001 3.908 3.911 1.000 
   

µmax,hyd (d
-1

) 5.026 0.029 4.969 5.083 -0.024 1.000 
  

µmax,ac (d
-1

) 0.667 0.001 0.665 0.669 -0.031 -0.265 1.000 
 

µmax,hom (d
-1

) 8.140 
       

Thermophilic microbial consortium   

µmax,carb_hyd  (d
-1

) 10.927 0.050 10.828 11.025 1.000 
   

µmax,hyd (d
-1

) 11.106 0.009 11.089 11.124 0.373 1.000 
  

ΔGC,carb_hyd (kJ/mol H2) 8.288 0.039 8.211 8.365 -0.283 0.088 1.000 
 

acarb,hyd 2.390 0.001 2.388 2.392 0.116 -0.079 -0.027 1.000 

χcarb_hyd 2        

ks,carb_hyd (M) 1.45e-4        

 

After experimental determination of kLa and model fitting to the experimental data, the mesophilic syngas 

biomethanation model was able to describe satisfactorily the behavior of the mesophilic MMC as it can be seen 

that all model variables followed closely the experimental measurements (fig. 3 and 4A, and supplementary 

information file fig. S2, S3 and S4). The value of the estimated parameters for hydrogenotrophic (µmax,hyd) and 

aceticlastic methanogens (µmax,ac) were consistent with average values previously reported for other anaerobic 

sludges and the species Methanosaeta concilii GP-6 and Methanosarcina mazeii S-6, which were within a range 

of 1.4-12 d
-1

 for hydrogenotrophs and 0.3-1.4 d
-1

 for aceticlastic methanogens [24,42,43]. Similarly, the 

parameter µmax,carb was also comparable and slightly below the µmax value of 5.04 d
-1

 found by Vega et al. [17] for 

Ruminococcus productus (f. Peptostreptococcus productus) growing on CO, from where the value for ks,carb was 

extracted.  
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Figure 3. Model fitting to experiment at mesophilic conditions with initial PH2 and PCO2 of 0.8 atm and 0.2 atm, respectively. 

Based on the parameter values and the model structure selected for the mesophilic MMC, confirmed by the good 

fit to the experimental data, the performance of the culture could be fully described by considering metabolic 

cross-feeding interactions using acetate as intermediate metabolite and mutual exclusion interactions regarding 

the competition for H2. According to the parameters µmax and ks for hydrogenotrophic methanogens and 

homoacetogens (5.03 d
-1

 and 1.56e-6 M, and 8.14 d
-1

 and 2.31e-6 M, respectively) and in line with the findings 
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of Kotsyurbenko et al. [44], the competition for H2 should favor growth of homoacetogens at high H2 

concentrations in the liquid phase, whereas hydrogenotrophic methanogens should be able to outcompete 

homoacetogens when the concentration of H2 started to be limiting during the fermentation. This can be 

observed in the microbial growth profile of these two microbial groups in fig. 3 and 4A, where homoacetogens 

become dominant at the initial stage of the fermentation and hydrogenotrophic methanogens outgrow 

homoacetogens when H2 becomes limiting. Due to the combined kinetic and thermodynamic competition found 

here between these two microbial groups, it can be anticipated that kLaH2 exerts a strong influence on the 

outcome of the competition for H2 as this parameter determines the concentration of H2 in the liquid phase. As it 

will be discussed in section 3.6.1, this parameter could be used as a tool for modulating the dominant H2 

conversion pathways. Regarding the use of acetate as intermediate for CH4 production, the mesophilic MMC 

was clearly dominated by aceticlastic methanogens. According to the model fittings, aceticlastic methanogenesis 

was practically the only reaction with a significant role during the experiments used for model calibration (fig. 3, 

4A, and supplementary information file fig. S4). Syntrophic acetate oxidizers did not participate in the 

conversion of acetate in any experiment used for model calibration, with the exception of the one supplemented 

with acetate as the only substrate, where the higher initial concentration of acetate and the absence of H2 in the 

initial headspace composition allowed for the syntrophic acetate oxidation to become thermodynamically 

feasible and contribute to the production of CH4 in cooperation with hydrogenotrophic methanogens 

(Supplementary Information file, fig. S4). Similarly, syntrophic propionate oxidation did not take place during 

the experiments used for calibration as this reaction was not thermodynamically feasible under the specific 

operating conditions of these experiments.  
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Figure 4. A Model fitting to experiment at mesophilic conditions with PH2, PCO and PCO2 of 1.0 atm, 0.4 atm and 0.2 atm, respectively. B 

Model fitting to experiment at thermophilic conditions with PH2, PCO and PCO2 of 1.0 atm, 0.4 atm and 0.2 atm, respectively. 

The thermophilic syngas biomethanation model also described satisfactorily the behavior of the thermophilic 

MMC after fitting the model to the experimental data (fig. 4B and 5, and supplementary information file fig. S5). 

The model was not able to fully describe the period of reduced CO conversion activity at the initial stage of the 

fermentation between day 3 and 5 when grown at an initial PCO of 0.8 (fig. 5B). However, once the culture 

reached exponential growth phase, all model variables followed closely the experimental measurements in the 
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experiments used for model calibration. The estimated parameter µmax,hyd found (10.93 d
-1

) was very similar to the 

µmax value of 11.76 d
-1

 previously reported by Schönheit et al. [31] for Methanothermobacter marburgensis (f. 

Methanobacterium thermoautotrophicum strain Marburg) growing on H2/CO2, from where the value for ks,hyd 

was extracted. Kinetic characterization studies on carboxydotrophic hydrogenogens are very limited. To the best 

knowledge of the authors, there is only one study reporting kinetic parameters for carboxydotrophic 

hydrogenogenic growth, corresponding to the species Carboxydothermus hydrogenoformans [18].  The 

estimated value of µmax,carb_hyd found here was consistent with the range of µmax values 3.07-12.93 d
-1

 obtained in 

their study, from where the ks value was originally extracted [18]. However, in this case the value for ks,carb_hyd 

was manually reduced 10-fold in order to obtain biologically relevant values for µmax,carb_hyd. The least squares 

estimation of this parameter using their original ks value (1.45e-3 M) resulted in a µmax,carb_hyd of 57.31 d
-1

 and a 

doubling time (td) of 0.29 h, which is much shorter than the minimum td ever reported for any carboxydotrophic 

hydrogenogenic species corresponding to 1h for Carboxydocella sporoproducens [45]. In previous work, the 

microbial composition analysis of the thermophilic MMC used here indicated that the hydrogenogenic 

conversion of CO was carried out by a species closely related to Thermincola Carboxydiphila [22]. Based on the 

µmax,carb_hyd value of 10.93 d
-1

 finally determined, the minimum td of this microbial group would correspond to 

1.52 h and would be consistent with the minimum td of 1.3 h previously reported for Thermincola 

Carboxydiphila [46], which confirms that the kinetic parameters obtained in the present study were biologically 

relevant. 
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Figure 5. A Model fitting to experiment with initial PCO of 0.4 atm and BES addition at thermophilic conditions. B Model fitting to 

experiment with initial PCO of 0.8 atm and BES addition at thermophilic conditions.  

As mentioned above, the carboxydotrophic hydrogenogenic microbial group presented a dynamic behavior 

depending on the operating conditions. The conversion of CO was directed strictly towards H2 and CO2 when 

carboxydotrophic hydrogenogens were grown in syntrophic association with hydrogenotrophic methanogens 

(fig. 4B), while CO was partially converted into acetate when hydrogenotrophic methanogens were inhibited and 

H2 and CO2 started to accumulate in the headspace (fig. 5). As shown in fig. 5A, the fermentation of CO with an 
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initial gaseous concentration of CO of 17.3 mM resulted in the production of 11.97 mM of H2 in the gas phase 

and 1.87 mM of acetate in the liquid phase, while doubling the initial concentration of CO to 35 mM resulted in 

the production of 21.79 mM of H2 in the gas phase and 5.19 mM of acetate in the liquid phase (fig. 5B). This 

indicated that the ratio of H2/acetate produced during the fermentation was not constant and depended on the 

concentration of CO, H2 and CO2. Similarly, the biomass concentration profile of these experiments could not be 

described by strictly substrate-dependent Monod kinetics and a first-order decay rate as the biomass yield 

seemed to be variable along the fermentation. Both phenomena, the dynamic product and biomass yield, were 

successfully modelled using eq. 14, 15 and 16, which assume that the yield of H2 and acetate is directly 

proportional to the degree of thermodynamic limitation of the conversion of CO into H2 determined through 

FT,carb_hyd, and that the biomass growth is affected by a maintenance term dependent on acarb_hyd and FT, carb_hyd. 

According to this model, H2 is the main product of carboxydotrophic hydrogenogenic metabolism and acetate is 

a by-product resulting from the thermodynamic limitation of the hydrogenogenesis in order to allow growth on 

CO when production of H2 starts to be limited.  Additionally, the fact that the value for acarb_hyd of 2.39 obtained 

here was above 1 indicated that the production of acetate was associated with an increased maintenance cost, 

possibly related to the synthesis of enzymes needed to excrete acetate as a by-product, and resulted in no net 

biomass formation. The minimum threshold of Gibbs free energy change for the conversion of CO into H2/CO2 

defined by ΔGC,carb_hyd was found to be 8.28 kJ/mol H2. This value is much lower than the theoretical minimum 

quantum of metabolically convertible energy (ΔGmin) needed in biochemical conversions given by the free 

energy needed for the translocation of one H
+
 across the membrane, approximately -20 kJ/mol [47]. 

Nevertheless, more recent findings demonstrated that microbial metabolism can be sustained with much lower 

minimum energy requirements in several anaerobic microbial groups, including syntrophic fatty acid oxidizers, 

hydrogenotrophic methanogens and sulfate-reducing bacteria [48,49]. Additionally, the value of ΔGC,carb_hyd 

found here is consistent with the findings of Henstra & Stams [50] when studying the ΔGmin of 

Carboxydothermus hydrogenoformans, where it was found that the ΔGmin for H2 production was around 3 

kJ/mol. It should be noted though that the final acetate concentration could not be determined in their study since 

it fell below their minimum detection levels, which limited the accuracy and probably underestimated the ΔGmin 

value for the production of H2. 

 

The two models were validated with experiments using a fixed initial PH2 and PCO2 of 1 atm and 0.2 atm, 

respectively, and varying initial PCO from 0.2 atm to 0.8 atm. The simulation of the profile of the headspace 

composition and the concentration of products in the liquid phase described quite accurately the experimental 

data in all experiments with small deviations only in the concentration of acetate at mesophilic conditions 

3.5. Models validation and CO inhibition phenomena 
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(supplementary information file, fig. S6-S12). On the other hand, the simulation of the biomass concentration 

profile in thermophilic experiments at an initial PCO of 0.6 atm and 0.8 atm presented a considerable 

overestimation when compared to the experimental measurements. However, the biomass concentration 

measurements of these experiments seemed to be inconsistent, since the maximum biomass concentrations found 

at an initial PCO of 0.6 atm (83 mg/L) and 0.8 atm (83 mg/L) were lower than that of the experiment at a PCO of 

0.4 atm (93 mg/L) (Supplementary Information file, fig. S10, S11 and S12). Additionally, the fact that the profile 

of H2, CO, CO2 and CH4 were well described by the model reveals inconsistencies in the biomass concentration 

profile as the former should also be affected by the lower biomass concentration. Thus, it can be concluded that 

the disagreement between the observed and simulated biomass concentration profiles at thermophilic conditions 

was caused by experimental errors. Overall, despite the deviations in these two experiments, the maximum 

apparent specific activities for H2 and CO and the maximum specific CH4 productivities based on experimental 

measurements were in agreement with the simulation-based calculations, which show that the model described 

satisfactorily the performance of the MMC outside the experimental region used for model calibration (fig. 6). 
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Figure 6. A Maximum apparent specific activity for H2 at varying initial PCO calculated based on experimental measurements and 

simulations using the same time points. B Maximum apparent specific activity for CO at varying initial PCO calculated based on 

experimental measurements and simulations using the same time points. C Maximum apparent specific CH4 productivity at varying initial 

PCO calculated based on experimental measurements and simulations using the same time points. It should be noted that the initial PCO 

given in the x axis corresponds to PCO at 25˚C; the effective initial gas partial pressure was higher in both mesophilic and thermophilic 

conditions due to the increase of temperature during incubation. 

The decreasing trend in maximum apparent specific activity of H2 when increasing the initial PCO found in both 

mesophilic and thermophilic experiments could be interpreted as a possible inhibition of the homoacetogenic and 

hydrogenotrophic methanogenic microbial groups due to the higher initial PCO (fig. 6). Nevertheless, the fact that 

inhibition parameters were not included in the models and that the simulated H2 maximum specific activities 

were in agreement with the experimentally calculated indicate that these microbial groups were not affected by 

CO inhibition phenomena. Instead, the decrease in H2 maximum specific activity could be attributed to the lower 

percentage of H2-consuming microbial groups over the whole MMC when increasing the initial PCO, which 

changes according to the initial ratio of PH2/PCO. Other possible CO inhibition phenomena could be expected for 

the aceticlastic methanogenic microbial group. Several studies have reported inhibitory effects on the aceticlastic 

methanogenic microbial group due to high PCO in both batch and continuous operating mode with concomitant 

acetate accumulation [12,51,52]. However, the dataset used in this study could not support the estimation of CO 

inhibition parameters for this microbial group since the aceticlastic activity typically started once CO was 

practically depleted with no apparent effect on the acetate conversion rates. Thus, the dataset should be extended 

with data from continuous mode experiments in order to enable the estimation of CO inhibition parameters. On 

the other hand, inhibition of the aceticlastic methanogenesis due to low pH could be observed when using an 

initial PCO of 0.8 atm at mesophilic conditions due to the accumulation of acetate in the fermentation broth 

(Supplementary Information file, fig. S8). According to the model, the acetate conversion found in this 

experiment from day 6 could be partially attributed to the syntrophic acetate oxidation catabolic route, which 

also contributed to the alleviation of the pH inhibition on aceticlastic methanogens (Supplementary Information 

file, fig. S8). 

The thermophilic MMC was clearly superior in terms of maximum apparent specific productivity of CH4 when 

compared to the mesophilic MMC. Based on model simulations, the maximum apparent specific productivity of 

CH4 found at an initial PCO of 0.2 atm for the thermophilic MMC (18.8 mmol/g VSS/d) was four times higher 

than that of the mesophilic (4.6 mmol/g VSS/d), and this difference increased with increasing initial PCO. The 

higher microbial activity rate found when increasing the incubation temperature could be expected as, generally, 

thermophilic microorganisms present higher growth rates than mesophilic. According to the estimated kinetic 

parameters, the carboxydotrophic microbial trophic group presented a much higher µmax at thermophilic 

conditions than at mesophilic conditions, namely 10.93 d
-1

 and 3.91 d
-1

 respectively. Nevertheless, if the biomass 



212 

 

yield is considered together with the µmax, the corresponding kmax of the hydrogenogen (9.62 mmol CO/mg 

VSS/d) would be only slightly higher than that of the acetogen (8.64 mmol CO/mg VSS/d), which is also 

reflected in figure 6B. Similarly, the µmax,hyd  of thermophilic hydrogenotrophic methanogens (11.11 d
-1

) was 

much higher than that of the mesophilic (5.03 d
-1

), but the  ks,hyd of the thermophilic was two orders of magnitude 

lower indicating a much lower substrate affinity. Therefore, such difference in the maximum specific CH4 

productivity cannot by solely explained by the kinetic parameters of the microbial groups present in each MMC, 

and it is necessary to include the catabolic routes followed towards CH4 as a major factor determining the overall 

microbial activity rates. In this case, the thermophilic culture was found to be favored by the faster turnover rates 

of H2 as intermediate metabolite along with the fact that H2 was strictly converted to CH4, while the productivity 

of the mesophilic culture was hindered by the strong competition for H2 between homoacetogens and 

hydrogenotrophic methanogens and the fact that the slower aceticlastic methanogenesis was the dominant 

catabolic route leading to CH4.  

  

Although characteristics like metabolic redundancy and microbial diversity are generally the main assets of 

MMC in terms of adaptability and resiliency, in some cases, these may also be a clear disadvantage when the 

carbon is metabolized through suboptimal catabolic routes leading to lower overall productivities. Therefore, an 

effective way of improving the performance of MMC would be gaining control over the dominant catabolic 

routes employed through the conversion as this would allow for maximizing the product selectivity, yield and 

productivity of the process. This would be highly desirable not only from an industrial application perspective, 

but also for the enrichment and isolation of e.g. specific microbial groups or novel species carrying out specific 

biotransformations. 

Gaining control over the performance of MMC requires knowledge on which are the main mechanisms and 

parameters determining the outcome of the fermentation. The models developed here were able to describe the 

performance of the mesophilic and thermophilic MMC by considering cross-feeding interactions, mutualistic 

interactions, and mutual exclusion interactions based on kinetic and thermodynamic competition among different 

microbial groups, all of which determined the dominant catabolic routes leading to CH4. Based on these 

interactions, two possible strategies for controlling the catabolic routes employed by the MMC are demonstrated 

through model simulations: the first using kinetic control through the mass transfer, and the second using 

thermodynamic control through the PCO2.  

 

3.6. Control over dominant catabolic routes in microbial consortia 
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As stated above, one of the main limitations of the mesophilic MMC derived from the competition for H2 

between homoacetogens and hydrogenotrophic methanogens, which resulted in a significant fraction of carbon 

from syngas diverted towards acetic acid as intermediate metabolite. The kinetic parameters found and the 

thermodynamics of these microbial groups suggest that the competition for H2 is both kinetically and 

thermodynamically driven, where high H2 concentration in the liquid phase should favor the dominance of the 

homoacetogenic microbial group, while hydrogenotrophic methanogens should be able to outperform 

homoacetogens at limiting H2 concentrations. According to this, the concentration of H2 in the liquid phase 

should be a key parameter determining the dominant H2/CO2 catabolic route employed by the MMC. Therefore, 

the possibility of controlling these catabolic routes through the modulation of the H2 gas-to-liquid mass transfer 

rate was evaluated based on model simulations in batch mode with varying kLa coefficient values. 

The simulations revealed that the mass transfer exerts a strong effect on the concentration of H2 in the liquid 

phase during exponential growth, and consequently determines the result of the competition between 

homoacetogens and hydrogenotrophic methanogens. As shown in figure 7A, the simulations of the H2 

conversion using the lower range of evaluated kLa values resulted in a drastic drop in the concentration of H2 in 

the liquid, whereas using the higher range of kLa values resulted in a H2 concentration profile approaching 

saturation levels until H2 was depleted. Consequently, high mass transfer rates should favor growth of 

homoacetogens due to the higher concentration of H2 in the liquid during the fermentation, while low mass 

transfer rates should allow for hydrogenotrophic methanogens to consume most of the H2 since its concentration 

in the liquid should be very low from the beginning of the fermentation. This is shown in figure 7B, where it can 

be seen that, according to the model, hydrogenotrophic methanogens would become dominant at kLa coefficients 

below 200 d
-1

 while homoacetogens would dominate above that value. In this case, the model simulations predict 

that the relative abundance of homoacetogens would not reach values significantly higher than 65% in the 

simulations, since (i) both microbial groups are able to grow simultaneously at high H2 concentrations during 

batch operation and (ii), independently of the kLa coefficient used, H2 would always decrease to concentrations 

low enough to allow for considerable growth of hydrogenotrophic methanogens. This control strategy based on 

the modulation of the mass transfer would be a valuable tool for the enrichment and isolation of species from 

specific microbial groups competing for gaseous substrates when operating in batch mode or even for 

bioaugmentation operational strategies. It should be noted though that, in terms of industrial application, this 

catabolic route control strategy would only be applicable to processes operating in batch mode or continuous 

mode under plug-flow regime, since the typically substrate-limiting conditions found in CSTR-like reactors 

would neglect the effect of the mass transfer on the H2 concentration in the liquid, making it strictly dependent 

3.6.1. Kinetic control - Mass transfer 
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on the liquid dilution rate. Additionally, the effect of the mass transfer on the productivity of CH4 should be 

evaluated carefully since decreasing the mass transfer rate would also result in lower overall productivity of the 

system.  

While the mass transfer rate may exert a strong effect on the dominant H2-converting catabolic routes, the effect 

of changing the mass transfer on the conversion of CO would be strictly related to the microbial activity rate. 

The mesophilic MMC presented only one carboxydotrophic microbial group, and consequently, changes in the 

mass transfer would not affect the catabolic routes converting CO. In this case, the effect of the mass transfer 

would be limited to the CO conversion rate and the productivity of acetate. 

 

Figure 7. A Simulation of the conversion of H2 over time by homoacetogens and hydrogenotrophic methanogens using different kLaH2 

values. Dashed lines represent the PH2 of the headspace and solid lines represent the concentration of H2 in the liquid phase. B Relative 

abundance of hydrogenotrophic methanogens and homoacetogens at the end of the fermentation plotted as a function of kLaH2. 
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The examples of thermodynamics-based control of the catabolic routes given here are intended to circumvent 

some of the issues related to reduced product selectivity typically encountered in both mesophilic and 

thermophilic syngas biomethanation processes.  

At mesophilic conditions, although the process generally presents high product selectivity towards CH4 (>65% 

e-mols recovered as CH4), acetate and other volatile fatty acids (VFAs) tend to accumulate as by-products of the 

process accounting for up to 20-25% of the e-mols contained in syngas in some cases [12]. The reason for which 

VFAs remain unconverted in the liquid phase is typically attributed to the inhibition of the aceticlastic microbial 

group due to the presence of CO [51–53]. Therefore, alternative configurations involving a two-stage process for 

conversion of syngas into acetate and subsequent acetate conversion into CH4 have been proposed to circumvent 

the CO inhibition of this microbial group [54]. In this work, an alternative strategy applying thermodynamic 

control over acetate-converting catabolic routes is proposed, which would allow for circumventing the inhibition 

of the aceticlastic methanogens by steering the acetate conversion towards syntrophic acetate oxidation, 

achieving a complete conversion of syngas into CH4 in a single-stage process. Additionally, µmax values reported 

for syntrophic fatty acid oxidizers (0.4-2.7 d
-1

) are generally higher than those of aceticlastic methanogens (0.4-

1.4 d
-1

) [24,26], for which shifting the dominant acetate-converting catabolic route towards syntrophic acetate 

oxidation would result not only in much lower VFAs concentration remaining as by-products, but most probably 

with higher CH4 productivity as higher dilution rates could be applied. 

Syntrophic acetate oxidizers typically play a negligible role during syngas biomethanation due to the high CO2 

content in the off-gas stream given that often CO2 is in stoichiometric excess in syngas [12], which renders this 

reaction thermodynamically unfeasible. However, this catabolic route could be enabled by reducing the PCO2 to 

levels low enough so that this reaction becomes thermodynamically feasible. The possibility of applying this 

catabolic route control strategy was evaluated through model simulations with varying fixed PCO2 using acetate 

as the only substrate in order to make the syntrophic acetate oxidation reaction initially feasible. The results of 

the simulations revealed that, according to the kinetic parameters used in the mesophilic model, syntrophic 

acetate oxidizers would be able to compete for acetate and dominate the culture below a PCO2 of 0.01 atm, and 

would present a relative abundance over 90% when decreasing the PCO2 down to 0.0015 atm. (fig. 8A). The 

strong influence of the PCO2 on the thermodynamic feasibility of the syntrophic acetate oxidation can also be 

observed through a plot of the evolution of the thermodynamic potential factor (FT) during fermentations at 

varying PCO2 (fig. 8B). This figure shows that the syntrophic acetate oxidation would be strictly 

thermodynamically controlled when operating at PCO2 above 0.1 atm, with FT values below 1 at all times and 

3.6.2. Thermodynamic control – PCO2 
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would approach its limits of thermodynamic feasibility during the early stage of the fermentation, while 

operating at PCO2 below 0.1 atm would allow for kinetic control of the conversion rate (FT values of 1 implying 

no thermodynamic limitation and higher conversion rates) for much longer during the fermentation (fig. 8B). 

Therefore, it should be possible to engineer the operating conditions to drive a shift of the dominant acetate-

converting catabolic route from aceticlastic methanogenesis to syntrophic acetate oxidation when operating in 

continuous mode at mesophilic conditions. At thermophilic conditions, achieving this metabolic shift would be 

even easier given that the thermodynamic feasibility of the syntrophic acetate oxidation increases with the 

incubation temperature. In practice, this catabolic route control strategy could be applied either by optimizing the 

syngas composition used as feedstock or by supplying additional H2 originating from e.g. water electrolysis. 

 

Figure 8. A Relative abundance of aceticlastic methanogens and syntrophic acetate oxidizers as a function of PCO2 in bath fermentation 

using acetate (initial concentration of 25 mM) as the only substrate. B Simulation of the evolution of the thermodynamic potential factor 

for syntrophic acetate oxidation (FT,SAO) during the course of acetate fermentations using different fixed PCO2. 
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Similarly to mesophilic conditions, the product selectivity of the thermophilic syngas biomethanation process is 

also often limited by the partial production of acetate as a by-product. Even when using a co-culture composed 

by C. hydrogenoformans and M. thermoautotrophicus, where CO would be expected to be converted strictly into 

H2/CO2, the amount of carbon diverted towards acetate accounted for 7.9-15.4% of the product distribution in 

Cmol basis [55]. The acetogenic capabilities of the carboxydotrophic hydrogenogen C. hydrogenoformans when 

grown alone have been shown previously [50]. In previous work, it was demonstrated that the thermophilic 

enriched MMC used here, dominated by the carboxydotrophic hydrogenogen T. carboxydiphila, is also capable 

of partial production of acetate from CO when methanogens are inhibited (fig. 5) [22]. In this work, it was found 

that, in the thermophilic MMC, the production of acetate from CO is triggered by the thermodynamic limitation 

of the conversion of CO into H2/CO2 when the latter start to accumulate in the headspace. This dynamic product 

yield was modelled through FT,carb_hyd based on eq. 14 and 15. According to this, the metabolic shift from 

hydrogenogenesis towards acetogenesis could be controlled through the thermodynamic feasibility of the 

hydrogenogenesis, which could be achieved by modulating the PCO2 since decreasing PCO2 would result in higher 

thermodynamic drive for the hydrogenogenesis. This is shown in figure 9, where it can be seen that the 

thermodynamic feasibility of the hydrogenogenesis is highly sensitive to changes in PCO2 and that the product 

selectivity towards H2 could be increased from 68% to 95% by decreasing PCO2 from 0.27 atm to 0.0027 atm. 

Therefore, modulating PCO2 could allow for minimizing the formation of acetate as by-product in thermophilic 

syngas biomethanation processes, which could be achieved either through the optimization of the syngas 

composition or by addition of external H2 originating from e.g. water electrolysis. 
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Figure 9. A Simulation of H2 and acetate concentration profiles and evolution of the thermodynamic potential factor for carboxydotrophic 

hydrogenogenesis (FT,carb_hyd) during the fermentation of CO (0.4 atm) with BES addition using different fixed PCO2. B Percentage of e-

mols recovered as H2 and acetate as a function of PCO2 when fermenting CO with addition of BES to inhibit methanogenic archaea.  

4. Conclusions 

To the best knowledge of the authors, the models developed in this work constitute the first attempt of modeling 

the syngas biomethanation process at mesophilic and thermophilic conditions. After parameter estimation and 

determination of the overall mass transfer coefficients for all gases, both models were able to describe 

satisfactorily the performance of syngas-converting MMC used here in terms of microbial interactions, microbial 
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specific activities and overall CH4 productivity over time. All microbial growth processes included in the models 

were made thermodynamically consistent, which allowed for predicting metabolic shifts between different 

catabolic routes available to the MMC, at both mesophilic and thermophilic operating conditions. Based on the 

microbial interactions considered in the models, several strategies for directing the microbial activity by 

controlling the catabolic routes employed by the MMC were identified. The results revealed that the limitations 

typically found in syngas biomethanation processes related to product selectivity and, to some extent, to CH4 

productivity could be addressed by applying either kinetic or thermodynamic control over the catabolic routes 

employed by the MMC. 

Nomenclature 

∆rG’ Corrected Gibbs free energy change of reaction 

∆GA Free energy available given by -∆rG’ 

∆GC Gibbs free energy conserved 

YATP ATP yield 

∆Gp Gibbs free energy of phosphorylation 

χ Average stoichiometric number 

∆Gmin Minimum threshold ∆rG’ of a biochemical reaction 

tlag Duration of lag phase period 

pHUL Upper limit of pH with no inhibition 

pHLL Lower limit of pH with complete inhibition 

µ Specific growth rate 

µcarb µ for carboxydotrophic acetogens 

µcarb_hyd µ for carboxydotrophic hydrogenogens 

µhom  µ for homoacetogens 

µhyd µ for hydrogenotrophic methanogens 

µac µ for aceticlastic methanogens 

µSAO µ for syntrophic acetate oxidizers 

µSPO  µ for syntrophic propionate oxidizers 

µmax, i Maximum specific growth rate for microbial group i 

kS, i Saturation constant for microbial group i 

mS,i Specific maintenance rate for microbial group i 

ai Measure of maintenance cost severity for microbial group i 
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FT,i Thermodynamic potential factor for microbial group i 

kd, i Specific decay rate for microbial group i 

kLai Overall mass transfer coefficient for compound i 

δj
msqr

 Sensitivity measure for parameter j 

γK Collinearity index for parameter subset k 
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Figure S1. A Concentration of CO2 and CH4 in the liquid phase over time at mesophilic and thermophilic conditions. B Plot of linearized 
eq. 18 in the form ln(1-Caq/(H∙Cg)) = -kLa∙t used to determine kLaCO2 and kLaCH4 at mesophilic and thermophilic conditions. 
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Figure S2. Model fitting to experiment at mesophilic conditions with addition of BES to inhibit methanogenic growth and an initial PCO of 
0.4 atm. 
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Figure S3. Model fitting to experiment at mesophilic conditions with addition of BES to inhibit methanogenic growth and an initial PH2 
and PCO2 of 0.8 atm and 0.2 atm, respectively. 
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Figure S4. Model fitting to experiment at mesophilic conditions with addition of acetate (25 mM) as the only substrate. 
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Figure S5. Model fitting to experiment at thermophilic conditions with an initial PH2 and PCO2 of 0.8 atm and 0.2 atm, respectively. 
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Figure S6. Simulation of validation experiment at mesophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.2 atm, 
respectively. 
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Figure S7. Simulation of validation experiment at mesophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.6 atm, 
respectively. 
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Figure S8. Simulation of validation experiment at mesophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.8 atm, 
respectively. 
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Figure S9. Simulation of validation experiment at thermophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.2 atm, 
respectively. 
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Figure S10. Simulation of validation experiment at thermophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.4 atm, 
respectively. 
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Figure S11. Simulation of validation experiment at thermophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.6 atm, 
respectively. 
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Figure S12. Simulation of validation experiment at thermophilic conditions and an initial PH2, PCO2 and PCO of 1 atm, 0.2 atm and 0.8 atm, 
respectively. 
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Abstract 

Over the last decades, the use of mixed microbial communities has attracted increasing scientific attention due to 

their potential biotechnological applications in several emerging technological platforms such as the carboxylate, 

bioplastic, syngas and bio-electrochemical synthesis platforms. However, this increasing interest has not been 

accompanied by a parallel development of suitable cryopreservation techniques for microbial communities. 

While cryopreservation methods for the long-term storage of axenic cultures are well established, their 

effectiveness in preserving the microbial diversity and functionality of microbial communities has rarely been 

studied. In this study, the effect of the addition of different cryopreservation agents on the long-term storage of 

microbial communities at -80˚C was studied using a stable enrichment culture converting syngas into acetate and 

ethanol. The cryopreservation agents considered in the study were glycerol, dimethylsulfoxide, 

polyvinylpyrrolidone, Tween 80 and yeast extract, as well as with no addition of cryopreservation agent. Their 

effectiveness was evaluated based on the microbial activity recovery and the maintenance of the microbial 

diversity and community structure upon revival of the microbial community. The results showed that the 

commonly used glycerol and no addition of cryopreservation agent were the least recommendable methods for 

the long-term frozen storage of microbial communities, while Tween 80 and polyvinylpyrrolidone were overall 

the most effective. Among the cryoprotectants studied, polyvinylpyrrolidone and especially Tween 80 were the 

only ones assuring reproducible results in terms of microbial activity recovery and microbial community 

structure preservation. 
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1. Introduction 

The climate crisis and the foreseen future scarcity of fossil resources have motivated a paradigm shift towards 

the sustainable production of commodity chemicals, biomaterials and biofuels, where microbial production 

systems have much to contribute. Traditionally, axenic cultures have been the cornerstone of the 

biotechnological industry. Nevertheless, arising from the need of treating and revalorizing the large amount of 

waste generated in our societies, over the last decades, a new biotechnological field has emerged by combining 

elements from environmental and industrial biotechnology, in which the functional redundancy and resilience of 

microbial communities are harnessed for simultaneous waste treatment and product maximization [1]. This 

mixed culture biotechnology field is currently expanding beyond the conventional anaerobic digestion process 

towards the development of new technological platforms based on highly specialized microbial communities 

[2,3]. Examples of these platforms, where the use of mixed cultures has attracted scientific attention, are the 

carboxylate platform, bioplastics, bio-electrochemical systems and the syngas platform [4]. For instance, in the 

case of syngas fermentation, trickle bed bioreactors were recently suggested as a potential solution for the 

typically encountered mass-transfer limitations and low cell concentrations of syngas fermentation units, due to 

their high surface-to-volume ratio [5,6]. However, the attached microbial growth of these bioreactor 

configurations may make them especially prone to contamination, for which the use of mixed microbial 

communities would be especially convenient at industrial scale since these do not require sterile operation and 

there is low risk of contamination. Despite the increasing scientific interest in mixed-culture-based production 

systems, the preservation of these mixed microbial communities and the reproducibility of their performance 

after long-term storage has not been thoroughly investigated. In fact, neither natural nor engineered microbial 

communities are available in any culture collection yet [7–9]. 

Preservation methods for the long-term frozen storage of axenic cultures are well established. The effectiveness 

of the cryopreservation is affected by several factors such as species, strain, physiological state of the cells, cell 

density, cryopreservation agent (CPA) used, cooling and thawing rate, storage temperature and duration of the 

storage [10,11]. Among these, the choice of CPA is a crucial factor determining the survival rate and viability of 

the culture upon reactivation [12]. A large variety of CPAs have been successfully used in bacteria including 

serum albumin, skimmed milk, yeast extract, malt extract, Tween 80, polyvinylpyrrolidone (PVP), 

dimethylsulfoxide (DMSO) and glycerol, among many others. Generally, different protection mechanisms can 

be distinguished based on the permeability of the cell membrane and cell wall to the CPA, which can be 

categorized as permeant, semipermeant and non-permeant CPAs [10,13]. According to Hubálek [12], all 

effective permeant CPAs are highly hydrophilic and form strong hydrogen bonds with water, which reduce salt 

toxicity and prevent excessive dehydration and formation of large ice crystals within the cells. On the other 
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hand, non-permeable CPAs do not interact with the cell membrane or the cell wall, instead these adsorb on the 

surface of the membrane and increase the viscosity of the liquid inhibiting growth of ice crystals and keeping the 

ice structure amorphous [12]. Permeable CPAs like glycerol or DMSO are broadly used due to historical reasons 

and their apparently more universal effectiveness, but non-permeable CPAs such as PVP have also been proven 

equally or more effective than the latter in some cases. For instance, comparing the effect of PVP, DMSO and 

glycerol on the viability of the gram-positive Streptococcus mutans GS-5 and the gram-negative Fusobacterium 

nucleatum F-1 and Selenomonas sputigena 1304 after frozen storage in liquid nitrogen showed that PVP was the 

most effective among the three CPAs [14]. Thus, no single CPA or cryopreservation method is ideal for all 

species. When it comes to mixed microbial communities, an additional factor expected to play a determining role 

is the cell density. According to Malik [11], high cell density, between 10
6
 and 10

8
 cells per ml, is recommended 

to ensure cell viability after long-term cryopreservation. However, the inherent richness of species of microbial 

communities, with an important fraction of their microbial diversity being poorly represented in terms of relative 

abundance, makes this task practically inviable. Therefore, it can be anticipated that one of the challenges in the 

long-term storage of mixed microbial communities lies in the preservation of their complete structure, including 

their abundant minority groups. 

Studies on the cryopreservation and reactivation of engineered mixed microbial communities have been rather 

limited so far. The short-term storage (three weeks) of microbial communities using DMSO, glycerol and no 

addition of CPA was investigated based on the activity and microbial composition of a thermophilic enrichment 

culture growing on switchgrass [15]. In turn, long-term cryopreservation studies (2-17 months) focused so far on 

the effect of the storage temperature with and without addition of glycerol, DMSO and a complex medium 

(DMSO combined with trehalose and tryptic soy broth) as CPAs on the preservation of nitrifying and 

denitrifying microbial consortia, a methanotrophic microbial community and fecal biomass [16–18]. However, 

to the best knowledge of the authors, the effectiveness of long-term cryopreservation of microbial communities 

using CPAs other than glycerol and DMSO has not been investigated yet. In this study, a highly specialized 

acetogenic microbial community converting syngas was generated through a microbial enrichment in continuous 

mode. The enrichment culture was then used to evaluate the effect of a variety of CPAs on the long-term 

cryopreservation of the activity and microbial composition of the microbial community. The range of CPAs 

already tested (no CPA addition, DMSO and glycerol) was extended with a non-permeant CPA (PVP), a 

complex freezing medium (yeast extract) and a surfactant (Tween 80), all of which have been reported to be as 

effective as glycerol or DMSO for the cryopreservation of specific bacteria [14,19,20]. 



244 

 

2. Materials and Methods 

2.1. Growth medium composition  

A modified basic anaerobic (BA) medium was used in all experiments, which consisted of several stock 

solutions. The composition of stock solution was as follows: salt solution (NH4Cl, 100 g/l; NaCl, 10 g/l; 

MgCl2∙6H2O, 10 g/l; CaCl2∙2H2O, 5 g/l), sodium sulfate solution (Na2SO4, 100 g/l); vitamins solution according 

to Wolin et al. [21], modified ATCC 1754 trace metal solution (Fe(NH4)2(SO4)2∙6H2O, 800 mg/l; H3BO3, 10 

mg/l; ZnSO4∙7H2O, 200 mg/l; CuCl2∙2H2O, 20 mg/l; MnSO4∙H2O, 1000 mg/l; Na2MoO4∙2H2O, 20 mg/l; AlCl3, 

10 mg/l; CoCl2∙6H2O, 200 mg/l; NiSO4∙6H2O, 20 mg/l; Na2SeO3, 18.3 mg/l; Na2WO4∙2H2O, 22.5 mg/l; 

nitrilotriacetic acid, 2000 mg/l), dipotassium hydrogen phosphate solution (K2HPO4∙3H2O, 200 g/l), yeast extract 

solution (yeast extract, 25 g/l) and reducing agent solution (Na2S∙9H2O, 25 g/l). 

The medium was prepared in deionized water by adding 20 ml/l of salts solution, 20 ml/l of sodium sulfate 

solution, 10 ml/l of vitamins solution, 10 ml/l of trace metal solution, 4 ml/l of dipotassium hydrogen phosphate 

solution, 20 ml/l of yeast extract solution, and 2 ml/l of reducing agent solution added in anaerobic conditions. In 

batch activity tests, the initial pH of the medium was adjusted by substituting the dipotassium hydrogen 

phosphate solution by a 50 mM phosphate buffer using two stock solutions (K2HPO4∙3H2O, 200 g/l; and 

KH2PO4, 136 g/l). 

2.2. Inoculum source and microbial enrichment 

In order to increase the initial diversity of the microbial community, the inoculum used in the microbial 

enrichment consisted of a mixture of two different anaerobic sludges, collected from the Lundtofte Wastewater 

Treatment plant (Denmark) and from a lab-scale anaerobic digester fed with manure (Department Chemical and 

Biochemical Engineering, Technical University of Denmark). Prior to inoculation, the anaerobic sludges were 

mixed in equal amounts while flushing with N2 to create anaerobic conditions. The mixture of anaerobic sludges 

underwent a heat-shock treatment in order to suppress the methanogenic activity. The heat-shock treatment was 

carried out by heating the mixture of anaerobic sludges and maintaining the temperature above 90˚C for 15 min 

while flushing with N2. 

The mixed microbial community used for studying the effect of adding different CPAs was generated through a 

microbial enrichment in continuous mode using syngas as the only carbon and energy source. A 2 L stirred tank 

bioreactor (Biostat B, Sartorius Stedim Biotech GmbH, Germany) with a working volume of 2 L was used for 

performing the enrichment. The bioreactor was equipped with an external vacuum pump (N86AP12DCB, KNF, 

Sweeden) to allow the recirculation of the exhaust gas, and with a mass flow controller (Bronkhorst, 
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Netherlands) for adjusting the syngas inflow. The pH was measured using a pH/ORP probe (Easyferm Plus VP 

225, Hamilton, Switzerland) and was automatically regulated through the addition of 1 M KOH and 0.5 M HCl.  

Throughout the whole enrichment, the temperature was maintained at 37 ˚C, the agitation speed was adjusted to 

300 rpm and the gas recirculation rate was set to 1.7 L/min. The heat-treated mixture of sludges was inoculated 

into the bioreactor (without prior acclimatization of the inoculum to CO) using an inoculum size of 5% v/v in 

order to initiate the enrichment. The microbial enrichment started in batch mode at a pH of 5 and a continuous 

inflow of 10 ml/min of syngas containing 45% of H2, 20% of CO, 25% of CO2 and 10% of N2. Once the batch 

fermentation finished, the bioreactor started to be operated in continuous mode with a hydraulic retention time 

(HRT) of 5.1±0.3 days and a syngas inflow of 10 ml/min. The pH was allowed to decrease freely until a pH of 

4.5 was reached and later on the pH was maintained constant at pH 4.5. After 25 days of operation in continuous 

mode when steady state was reached, the HRT was set to 2.4±0.1 days and the syngas inflow was increased to 

25 ml/min in order to keep a similar ratio of syngas/medium supply. Once steady state was reached at HRT 2.4 

days, the HRT was set back to 5.1±0.5 days setting the syngas inflow back to 10 ml/min. 

2.3. Cryopreservation agents and storage of microbial community 

After 78 days of operation, the enriched microbial community was preserved frozen at -80 ˚C using different 

CPAs, namely glycerol, dimethylsulfoxide, polyvinylpyrrolidone, Tween 80, yeast extract and without addition 

of any CPA. All CPA solutions were prepared in anaerobic serum vials of 10 ml using a CPA solution volume of 

2 ml and were sealed with rubber stoppers and aluminum crimps after creating anaerobic conditions by flushing 

with N2. All serum vials were inoculated with 5 ml samples of actively growing culture with a cell density of 

1.23∙10
8
 ± 0.22∙10

8
 cells/ml, measured using a hemocytometer. Prior to inoculation, glycerol, yeast extract and 

Tween 80 CPA solutions were autoclaved at 121 ˚C for 15 min in sealed anaerobic serum vials, the solution with 

dimethylsulfoxide was filter-sterilized and injected into previously sterilized anaerobically sealed serum vials, 

and polyvinylpyrrolidone (PVP-15K) was solubilized in sterile ultrapure water and injected into sterile 

anaerobically sealed serum vials. The concentration of glycerol in the CPA solution was adjusted to a final 

concentration after inoculation of 15% w/v and the solution was left to equilibrate 45 min at room temperature 

after inoculation. The final concentration of dimethylsulfoxide after sample inoculation corresponded to 10% 

w/v and the solution was equilibrated for 45 min at room temperature after inoculation. The 

polyvinylpyrrolidone solution was adjusted to a final concentration of 3% w/v and was equilibrated for 10 min at 

room temperature after inoculation of the sample. The final concentration of the yeast extract solution 

corresponded to 2% w/v and the solution was equilibrated for 10 min at room temperature after inoculation. The 

solution with Tween 80 was adjusted to a final concentration of 1% w/v and was left to equilibrate for 10 min at 

room temperature after inoculation. Lastly, the fermentation broth containing actively growing culture was also 
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injected into previously sterilized anaerobically sealed serum vials without addition of any CPA. After the 

equilibration time, all serum vials were fast frozen by submerging them into liquid nitrogen for 2 min and were 

preserved at -80 ˚C for 7 months until reactivation.  

2.4. Activity recovery tests 

The recovery of the microbial activity after 7 months of frozen storage for each CPA was evaluated by 

comparing the results of batch activity tests inoculated with the frozen cultures to the results obtained in a 

reference batch fermentation inoculated directly with the actively growing enriched microbial community from 

the bioreactor at the 78
th
 day of operation (when samples of the culture were subjected to cryopreservation). The 

syngas composition used in all batch activity tests corresponded to 50% H2, 20% CO, 10% CO2 and 20% N2. 

All batch activity tests were performed in triplicates using 330 ml serum flasks with an active volume of 100 ml. 

The modified BA medium supplemented with a 50 mM phosphate buffer was added to the flasks, which were 

flushed with H2 to create anaerobic conditions and sealed with rubber stoppers and screw plugs. After the flasks 

were anaerobically sealed, all flasks were autoclaved at 121 ˚C for 15 min. Vitamins and yeast extract solution 

were filter-sterilized and added into the flasks after sterilization, and the reducing agent solution was filter-

sterilized and added into the flasks prior to inoculation. The remaining gases (CO, CO2 and N2) were filter-

sterilized and added to the flasks up to a total pressure of 2 atm using a precision pressure indicator (CPH6400, 

WIKA, Germany), so that the final partial pressure of H2, CO, CO2 and N2 corresponded to 1 atm, 0.4 atm, 0.2 

atm and 0.4 atm, respectively. After inoculation, the fermentation flasks were incubated at 37 ˚C and 100 rpm. 

The initial pH of all batch activity tests corresponded to an average of 5.7±0.1. Control experiments were 

performed in triplicates at the same incubation conditions with no addition of gaseous substrates, adjusting the 

composition of the headspace to 1.8 atm of N2 and 0.2 atm of CO2. 

Prior to inoculation, all frozen cultures were thawed by incubating the serum vials at 37 ˚C for 30 min. The 

reference batch activity tests using the culture from the bioreactor and the frozen culture with no addition of 

CPA were inoculated using an inoculum size of 1% v/v, and the remaining frozen cultures were inoculated using 

an inoculum size of 1.4% v/v to correct for the dilution of the biomass after mixing with the CPAs.  

2.5. DNA extraction and amplicon sequencing 

Samples for microbial composition analysis were collected from the bioreactor and from all batch activity tests. 

During the microbial enrichment, 11 samples of 5 ml were collected from the bioreactor on day 1, 13, 23, 35, 37, 

44, 51, 52, 56, 70 and 78. Samples from all batch activity tests (5 ml) were collected at the end of the 

fermentation during stationary growth phase. Total genomic DNA was isolated from all samples using the 
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DNeasy Blood & Tissue Kit, following manufacturer recommendations for Gram-positive bacteria (Qiagen, 

Denmark). DNA samples were submitted to Macrogen Inc. (Korea) for 16S rRNA amplicon library preparation 

and sequencing using Illumina Miseq instrument (300 bp paired-end sequencing). The libraries were prepared 

according to 16S Metagenomic Sequencing Library Preparation Protocol (Part #15044223, Rev. B) using 

Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2. Regions V3 and V4 of the 16S rRNA gene 

were amplified using the primers Pro341F (5’-CCTACGGGNBGCASCAG-3’) and Pro805R (5’-

GACTACNVGGGTATCTAATCC-3’) from Takahashi et al. [22]. Raw sequences obtained in this study were 

deposited in NCBI SRA database with BioProject ID: PRJNA565688 (BioSample accessions: SAMN12769536- 

SAMN12769543). 

2.6. Analysis of 16S rRNA gene amplicons 

All reads containing primers were trimmed with cutadapt and untrimmed reads were discarded [23]. Paired reads 

were merged using usearch-fastq_mergepairs, allowing for 10 mismatches in the alignment and a 90% identity, 

and were quality filtered using usearch-fastq_filter with a maximum expected error threshold of 1.0 [24]. 

Filtered reads were then derreplicated to identify uniques using vsearch-derep_fulllength [25]. Generation of 

operational taxonomic units (OTUs) and mapping of merged reads to OTUs was performed using the UPARSE 

pipeline [24], where uniques with higher abundance than two were kept and reads with at least 99% identity 

were considered in the OTU counts. Taxonomic assignment to OTUs was carried out using SINTAX  and the 

database SILVA v132 LTP using a 0.8 bootstrap confidence threshold [26,27]. Downstream analyses including 

Shannon diversity index and Principal Coordinate analysis (PCoA) were performed using the Phyloseq R 

package [28]. 

2.7. Analytical methods 

The exhaust gas from the bioreactor and the headspace of the fermentation flasks was analyzed using a gas 

chromatograph (8610C, SRI Instruments, USA) equipped with a thermal conductivity detector and two packed 

columns, a Molsieve 13X column (6' x 1/8") and a silica gel column (6' x 1/8") connected in series with a 

rotating valve. The temperature of the oven was held at 65˚C for 3 min, followed by a first temperature ramp of 

10˚C/min up to 95˚C and a second ramp of 24˚C/min from 95˚C to 140˚C. Liquid samples were analyzed for 

volatile fatty acids and alcohols through a High Performance Liquid Chromatograph (Shimadzu, USA) equipped 

with a refractive index detector and an Aminex HPX-87H column (Bio-Rad, USA). The temperature of the oven 

was held constant at 63˚C and the flow rate of the mobile phase (H2SO4 12 mM) was 0.6 ml/min. Microbial 

growth was monitored indirectly through the absorbance of the liquid samples at 600 nm using a 

spectrophotometer (DR2800, Hach Lange). 
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2.8. Calculations 

The recovery of the microbial activity after long-term frozen storage was carried out by comparing the maximum 

apparent product yields and the maximum volumetric productivities observed experimentally in reactivated 

cultures to the ones observed in the reference batch fermentation. The maximum apparent product yield, 

expressed in e-mols of product per e-mols of syngas consumed, was determined according to eq. 1 using the time 

points with maximum concentration for each product, where n(i) is the number of moles of compound i, and 𝑛𝑒−𝑖 

is the number of e-mols per mol of compound i.  

𝑌𝑖 (
𝑒−𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑒−𝑚𝑜𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
) =  

(𝑛(𝑖) 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑−𝑛(𝑖)𝑐𝑜𝑛𝑡𝑟𝑜𝑙)∙𝑛𝑒−𝑖

𝑛𝐻2  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑∙ 𝑛𝑒−𝐻2   + 𝑛𝐶𝑂  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑∙ 𝑛𝑒−𝐶𝑂 
   (1) 

The maximum volumetric productivity for each product was calculated according to eq. 2, where tj represents the 

time at measurement number j, 𝐶𝑖,𝑡𝑗
 corresponds to the concentration of product i at time point tj and n is the 

number of measurements. Experimental measurements were taken on a daily basis. 

𝑄𝑝,𝑖(𝑚𝑚𝑜𝑙 ∙ 𝑙−1 ∙ 𝑑−1) = 𝑚𝑎𝑥 {
𝐶𝑖,𝑡𝑗

−𝐶𝑖,𝑡𝑗−1

𝑡𝑗−𝑡𝑗−1
: 𝑗 = 1, . . . , 𝑛}    (2) 

The overall distance between the maximum product yields and volumetric productivities of the reactivated 

cultures and the reference experiment was calculated through the standardized Euclidean distance, computed for 

each of the triplicates according to eq. 3 and 4. 

𝐷𝐴,𝑟𝑒𝑓 = √∑
1

𝑠𝑖
2 (𝑄𝑝,𝑖 − 𝑄𝑝,𝑖𝑟𝑒𝑓

)
2

𝑁
𝑖=1  (3) 

𝐷𝑌,𝑟𝑒𝑓 = √∑
1

𝑠𝑖
2 (𝑌𝑖 − 𝑌𝑖𝑟𝑒𝑓

)
2

𝑁
𝑖=1   (4) 

where 𝐷𝐴,𝑟𝑒𝑓 and 𝐷𝑌,𝑟𝑒𝑓 is the weighted Euclidean distance associated to volumetric productivities and product 

yields, respectively; 𝑄𝑝,𝑖 and 𝑄𝑝,𝑖𝑟𝑒𝑓
 represent the productivity of product i for the reactivated culture and the 

reference, respectively; 𝑌𝑖 and 𝑌𝑖𝑟𝑒𝑓
 represent the yield of product i  for the reactivated culture and the reference, 

respectively; 𝑠𝑖
2 corresponds to the standard deviation of all values  of variable i (including all experiments); and 

N is the number of variables, in this case, acetate, ethanol, butyrate, butanol and 1,3-propanediol (1,3-PDO). In 

order to account for the variability of the triplicates in reactivated cultures, the weighed Euclidean distance to 

each of the triplicates of the reference experiment was computed for each of the triplicates of the reactivated 

cultures. Then, the average distance was plotted along with the standard deviation. 
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3. Results and Discussion 

3.1. Microbial enrichment in continuous mode 

The microbial enrichment was intended to generate a microbial community dominated by acetogenic bacteria 

able to convert both H2/CO2 and CO into acetate and ethanol. The heat-shock treatment of the anaerobic sludge 

mixture successfully inhibited methanogenic growth since methane was not detected along the whole enrichment 

process. On the other hand, the presence of 2 g/l of sodium sulfate in the medium could have favored growth of 

spore-forming sulfate-reducing bacteria, mainly belonging to the genera Desulfotomaculum and 

Desulfosporosinus, which would be detrimental for the production of acetate and ethanol as these could be 

partially oxidized to CO2 [29]. However, the high product recovery observed along the whole enrichment, above 

80% in all operating conditions tested, suggested that this microbial group was not present in the enriched 

microbial community. Additionally, neither methanogenic archaea nor sulfate-reducing bacteria were detected in 

the enriched microbial community according to the microbial composition analysis. 

The product spectrum of the microbial community was clearly dominated by acetate and ethanol, although other 

products like butyrate and butanol (and traces of propionate, iso-butyrate and caproate) were also detected 

(fig.1). During start-up in batch mode, a maximum concentration of 257.6 mM of acetate and 48.5 mM of 

ethanol was obtained. Nevertheless, when continuous operation started, the concentration of acetate dropped 

significantly and stabilized within a range of 100-125 mM during the rest of the enrichment. In turn, the 

production of ethanol was found to be strongly affected by the HRT, ranging from a minimum concentration of 

17.5±0.1 mM at steady state with 2.36 days of HRT, to 40.9±1.6 mM at steady state with 5.09 days of HRT. 

This suggested that ethanol was probably produced through the reduction of acetate using either H2 or CO, as 

higher HRT should allow for higher extent of this reaction. Several acetogenic species typically used in syngas 

fermentation processes, such as Clostridium ljungdahlii, Clostridium autoethanogenum and Clostridium 

ragsdalei, have been reported to be able to convert syngas into ethanol either directly through aldehyde 

dehydrogenase or indirectly through acetaldehyde-ferredoxin oxidoreductase by reducing intracellular acetate 

[30]. However, Gonzalez-Cabaleiro et al. [31] pointed out that the reduction of acetate into ethanol using an 

electron donor, such as H2 or CO, could also be an independent energy-yielding metabolic bioconversion. 

According to this, it is possible that, in this case, ethanol was not produced by a single species, but by the 

microbial interaction between several species coupling the production of acetate to its further reduction into 

ethanol. 
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Figure 1. Conversion efficiency and product concentration profile during the microbial enrichment under batch and continuous operation. 

Changes in operating conditions are noted above the graph. The initial lag phase of the anaerobic sludge after inoculation is not included 

in the graph. 

A low pH (4.5) was selected in order to prevent a significant conversion of acetate and ethanol into butyrate 

through the chain elongation reaction, as the latter has been reported to be inhibited either by low pH (below 5.2) 

or by the high concentration of undissociated acids at low pH [32–35]. However, during the first phase of 

continuous operation (between days 13 and 37) and despite the low pH, the concentration of butyrate started to 

increase gradually until a maximum concentration of 6.0 mM was reached, which accounted for 8.0±1.0% of the 

e-mols diverted to products (fig. 1). The production of butyrate could take place either by direct production from 

syngas, or by an independent metabolic activity through the chain elongation reaction. Clostridium 

carboxidivorans is an example of those species able to produce butyrate and butanol directly from CO, although 

it is not clear whether these are mainly produced directly or through re-assimilation of other metabolites [36,37]. 

On the other hand, acetate and ethanol can also be elongated to butyrate by species that are not able to consume 

syngas, such as Clostridium kluyveri [35]. In any case, decreasing the HRT from 5.12 days to 2.36 days resulted 

in a sharp drop in the concentration of butyrate until the end of the enrichment, even when the HRT was 
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increased again to 5.09 days, which indicated that the species carrying out the chain elongation to butyrate was 

nearly washed out by the higher dilution rate (fig. 1). However, the fact that the concentration of butyrate was 

not zero when changing the HRT back to 5.09 days suggested a residual chain-elongating activity. Thus, it can 

be concluded that butyrate was likely produced in syntrophic association with other syngas-converting species.  

The analysis of the microbial composition showed that, as expected, the microbial community was clearly 

dominated by acetogenic bacteria belonging to the family Clostridiaceae. The dominant families, corresponding 

to Clostridiaceae, Enterobacteriaceae and Pseudomonadaceae, were established in the microbial community 

from the first day of active fermentation (fig. 2). However, despite their early establishment, based on the 

Shannon diversity index, a significant reduction in the complexity of the microbial community was observed as 

the enrichment progressed, which suggested a gradual specialization of the microbial community (ESM 1, fig. 

1). Within the family Clostridiaceae, the most abundant species was closely related to C. ljungdahlii (1.00 

bootstrap confidence), which represented a significant percentage of the reads mapped in all samples ranging 

from 45.5% to 83.4% (ESM 1, table 2). Other OTUs from this family with high relative abundance of reads at 

some point during the enrichment mapped to species closely related to C. luticellarii (with a maximum of 28% 

of the reads mapped) and Clostridioides mangenotii (with a maximum of 2.5% of the reads). Other Clostridium 

spp. with lower percentage of reads were also identified. The high abundance of reads mapping to C. ljungdahlii 

indicated that this species potentially metabolized a large fraction of the syngas supplied. Nevertheless, when 

operating at 5.12 days and 2.36 days of HRT (days 13-51), its relative abundance dropped sharply while reads 

corresponding to C. luticellarii  increased from 0.3% at the end of batch operation to 28.0% and 13.4% on days 

44 and 52, respectively. C. luticellari was recently isolated and has not been tested for its potential 

hydrogenotrophic or carboxydotrophic ability yet [38]. However, the high abundance of this species in the 

enrichment and the fact that it is closely related to C. ljungdahlii suggest a possible syngas-converting activity 

[38]. Additionally, C. luticellari was also found to be responsible for the chain-elongating activity observed in an 

open culture bioreactor [39], which could explain the appearance of butyrate in the product profile of the 

enrichment. Within families Enterobacteriaceae and Pseudomonadaceae, reads mapping to a Pseudomonas sp. 

and another species likely belonging to the genus Klebsiella (0.45 bootstrap confidence) reached a maximum 

abundance of 17.8% on day 35 and 12.2% on day 23, respectively, although both of them represented around 2% 

of the reads mapped at the end of the enrichment (fig.2). Overall, the composition of the microbial community 

was found to be very stable when reaching steady state under continuous operation but highly sensitive to 

changes in the operating conditions, responding to these changes with rearrangements in the dominant species. 
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Figure 2. Relative abundance of reads mapped to OTUs at family taxonomic level during the microbial enrichment. The corresponding 

day when the sample was taken is given above the columns. NA corresponds to reads mapped to OTUs assigned to families with a 

percentage of reads below 0.5%. 

3.2. Recovery of microbial activity 

Along the enrichment, a highly specialized microbial community dominated by Clostridium spp. and able to 

produce acetate and ethanol with high syngas conversion efficiency was generated. This enriched microbial 

community was then used to inoculate a batch fermentation in order to provide a reference for comparison with 

the reactivated microbial communities after 7 months of frozen storage using different CPAs. 

Besides the change in operating mode from continuous to batch in the reference batch experiments, the pH was 

increased from 4.5 to 5.7 in order to prevent a drop in pH above inhibitory levels during batch fermentation and 

allow for complete substrate consumption. The different operating conditions promoted changes in the product 

distribution of the batch reference experiments basically derived from (i) the higher initial pH, which promoted 

the chain elongation, and (ii) the batch operating mode, which allowed for growth of species that had lower 

affinity for the substrates and were previously outcompeted under continuous operation. As a result of these 

changes, acetate and ethanol were partially converted into butyrate and further reduced to butanol, probably by 

species that thrived in batch mode and were poorly represented during the enrichment, resulting in a maximum 

apparent yield for each product along the fermentation of 60.0±7.6% of acetate (88 h), 38.0±6.8% of ethanol 

(111 h), 22.5±5.8% of butyrate (126 h) and 12.2±2.1% of butanol (126 h) in e-mol basis (fig. 3). Under ideal 

cryopreservation conditions, the reactivated microbial communities were expected to undergo the same 

metabolic changes observed in reference experiments upon cultivation in batch fermentation flasks. 
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All frozen microbial communities were successfully revived upon cultivation in batch fermentation flasks. There 

were no differences in the lag phase duration of the reactivated cultures when compared to reference experiments 

(24 h), with the exception of the enriched community preserved using glycerol as CPA. When using glycerol as 

CPA, the culture started growing in less than 24 h; however, the culture presented diauxic-like growth as the 

conversion of syngas did not start until a considerable amount of the glycerol added along with the inoculum was 

consumed (48 h).  

 The ability of the microbial community to convert syngas into acetate and ethanol was successfully preserved 

when DMSO, PVP, Tween 80 and yeast extract were used as CPAs. With these CPAs, the maximum yield of 

acetate and ethanol varied between 87.6-99.5% and 87.9-92.4% of the maximum yield obtained in reference 

experiments,  respectively (fig. 3). Their volumetric productivity rates followed the same trends as the maximum 

yields, although with generally lower relative recovery in most cases, ranging from 62.8% to 79.6% for acetate 

and from 73.6% to 104.0% for ethanol (fig. 3). This indicated that the dominant microbial species, likely 

responsible for the conversion of syngas into acetate and ethanol, were well preserved during frozen storage. 

Nevertheless, notable differences were observed in the maximum yield of butyrate and butanol, which suggested 

that the viability of less abundant species performing secondary reactions like the chain elongation and the 

reduction of butyrate into butanol was severely affected after frozen storage. Among these CPAs, PVP seemed to 

present the best activity recovery, reflected in a maximum yield for butyrate and butanol of 23.0% and 30.9% of 

that of the reference, respectively (fig. 3). In turn, DMSO presented the lowest yield of butyrate and butanol, 

coresponding to 11.9% and 13.6% of the reference, respectively. It should be noted though that the butyrate- and 

butanol-producing activity was maintained in these reactivated microbial communities, and full activity recovery 

would probably take place upon continued operation. 

As opposed to the aforementioned CPAs, the reactivation of the microbial community stored using no CPA 

resulted in important differences in terms of maximum product yields and volumetric productivities. The acetate 

and ethanol producing activity of the microbial community was still present upon revival, which indicated that 

the dominant species converting syngas were adequately preserved. However, the reactivated culture exhibited a 

negligible butyrate and butanol yield and productivity (fig. 3). In fact, only traces of butanol and butyrate were 

detected, with the latter being produced in only one of the triplicate experiments. This suggested that 

concentration of cells played an important role during the preservation without CPA, as it seems that highly 

abundant species (likely converting syngas) were appropriately preserved and poorly represented species (likely 

performing chain elongation) had the lowest survival rates among all preservation conditions tested.  
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The activity recovery found when using glycerol as CPA also indicated that the culture was considerably 

affected upon reactivation. However, in this case, the main differences observed derived from the fact that 

glycerol was metabolized along with syngas during the reactivation. Despite the microbial community was 

enriched for almost 80 days using syngas as the only carbon and energy source, the enriched culture still 

presented the ability to metabolize glycerol. Consequently, syngas and glycerol were co-metabolized resulting in 

a drastically different final product distribution (despite the correction for control experiments). A good example 

of these differences is the production of a considerable amount of 1,3-propanediol (1,3-PDO), which constituted 

the second major product of the fermentation (fig. 3). Other significant differences arising from the co-

metabolism of syngas and glycerol were the higher productivity of butyrate and reduced productivity of ethanol 

compared to the reference (fig. 3). This drastic change in the product distribution could imply that the 

composition of the reactivated microbial community was also strongly affected. 
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Figure 3. Maximum apparent product yield and maximum volumetric productivity of each product for reference experiments (fresh 

microbial community) and reactivated microbial communities after long-term frozen storage using different CPAs, and Euclidean 

distance to the reference for each CPA based on the maximum product yields (DY,ref) and maximum productivities (DA,ref). Note that the 

maximum product yields do not correspond to the final product yields, but to the yield in the time points where the maximum 

concentration of each product was observed. The maximum product yields were corrected for the production from control experiments. 

Generalized loss of activity upon revival after long-term cryopreservation was previously reported when 

attempting to recover the original activity of fecal biomass cultivated anaerobically and denitrifying sludge 

[16,18]. These observations are in line with the findings of Vlaeminck et al. [17] when studying the influence of 
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storage temperature on the preservation of aerobic and anaerobic ammonium-oxidizing bacteria, since a loss of 

activity upon reactivation was observed regardless of the storage temperature and conditions. The results of this 

study are in agreement with the above since a generally lower maximum product yield and productivity was 

observed in all reactivated microbial communities when compared to reference experiments. Based on the loss of 

activity in secondary biochemical conversions like the chain elongation and the reduction of butyrate to butanol, 

it can be concluded that the relative activity recovery depended strictly on the initial concentration of viable cells 

of each species upon reactivation. This is consistent with the loss in relative cell viability after long-term frozen 

storage typically reported for axenic cultures [40]. 

The effectiveness of the long-term cryopreservation of an industrial denitrifying sludge at -80˚C without CPA 

addition and with glycerol were previously compared by Laurin et al. [16]. These authors concluded that the 

preservation of the microbial community was clearly more effective when glycerol was added in the freezing 

medium based on its higher activity recovery. In this study, the cryopreservation without CPA addition resulted 

in drastic differences in the performance of the reactivated microbial community and the reference, as the 

reactivated culture presented negligible butyrate and butanol productivities. In turn, all products found in 

reference experiments were also observed upon reactivation of the microbial community preserved with 

glycerol, which suggested that the cryopreservation with glycerol was more effective than without CPA addition. 

However, the effects of glycerol as cryoprotectant could not be thoroughly evaluated in terms of activity 

recovery since the product distribution of these experiments was severely influenced by the co-metabolism of 

syngas and glycerol. When working with anaerobic microorganims, instead of separating the cells by 

centrifugation prior to inoculation, a common practice to minimize the toxicity of the CPA is to dilute the 

freezing medium 100-200 times upon inoculation into the growth medium [11]. This protocol was also followed 

for recovering the activity of an enriched microbial community growing on switchgrass using glycerol [15]. 

However, the effects of glycerol on the product recovery, if any, were not reported in the study. Based on the 

present study though, the use of glycerol as CPA for achieving a fast microbial activity recovery is not 

recommended for microbial communities without separation of the biomass prior to reactivation. 

Previous studies also showed that cryopreservation with DMSO was more effective than without CPA addition 

using different microbial communities [15,18]. This observations are in line with the findings of this study since 

DMSO was clearly more effective than not adding any CPA. Nonetheless, in this study, PVP, Tween 80 and 

yeast extract were found at least as effective as DMSO in terms of activity recovery. Based on the Euclidean 

distance between the maximum product yields (DY,ref) of the reactivated microbial communities and that of the 

reference microbial community, PVP seemed to be the most effective CPA. The differences between the DY,ref of 

PVP and the other CPAs tested though were only statistically significant for DMSO (p-value 0.026), glycerol (p-
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value 0.027) and when no CPA was added (p-value 0.018). No statistically significant differences were found 

between the DY,ref of PVP, Tween 80 and yeast extract. 

3.3. Preservation of the microbial composition 

After the batch reference experiments, the microbial community maintained the same community structure as the 

enrichment culture from the bioreactor as it presented a high abundance of reads mapping to the family 

Clostridiaceae (sample S11_78d in fig. 2 and S1_Ref in fig. 4A). However, there were some differences arising 

from the change in operating conditions, such as the higher percentage of reads mapping to Enterobacteriaceae 

spp. (8.5-8.7% compared to 2.3% in the bioreactor), the lower percentage of reads mapping to Pseudomonaceae 

spp. (0.013-0.02% compared to 1.9% in the bioreactor) and the appearance of Enterococcaceae spp. (1.07-

1.08% of reads mapped), previously lower than 0.05% in the bioreactor. Another significant difference was 

found within family Clostridiaceae. While the community structure of the enriched microbial community from 

the bioreactor was dominated by the putative species C. ljungdahlii; after the batch reference experiments, the 

microbial community presented a more even structure with multiple abundant OTUs corresponding to different 

Clostridium spp. (fig. 4B). The dominant OTUs within family Clostridiaceae corresponded to a species closely 

related to C. ljungdahlii (1.00 bootstrap confidence) and two Clostridium spp. with closest but low similarity to 

C. carboxidivorans (0.53 bootstrap confidence) and C. nitrophenolicum (0.48 bootstrap confidence). This rapid 

shift in the relative abundance of Clostridiaceae spp. resulting from the change in operating conditions 

demonstrates the high functional redundancy of the enriched microbial community, as the latter quickly adapted 

to the change in operating mode and pH with rearrangements in the community structure maintaining its 

functionality. The high percentage of reads mapping to Clostridiaceae spp. was indicative of an important role 

during the fermentation of syngas. Both C. ljungdahlii and C. carboxidivorans are well known for their 

hydrogenotrophic and carboxydotrophic abilities, with C. carboxidivorans being able to synthesize butyrate and 

butanol from syngas, besides acetate and ethanol [36,41]. In turn, a species closely related to C. nitrophenolicum 

was identified in an enrichment culture reducing acetate into ethanol using syngas as electron donor [42], which 

suggested that this could possibly be the role of this species during the batch reference experiments. 

All reactivated microbial communities after long-term frozen storage exhibited a similar microbial community 

structure at family level, which suggested that all CPAs used were able to preserve the most abundant species of 

the microbial community. Nevertheless, a few differences were identified when comparing to the reference 

microbial composition at this taxonomic level. The microbial communities preserved without CPA addition and 

with DMSO, PVP, Tween 80 and yeast extract presented a higher percentage of reads mapping to 

Enterobacteriaceae spp. corresponding to a range of 8.1-19.4%, compared to 8.5-8.7% in the reference 

microbial community (fig. 4A). The biggest deviation at this taxonomic level was found in the microbial 
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community preserved with glycerol, where Enterobacteriaceae spp. and Enterococcaceae spp. reached a 

maximum of 32.7% and 5.7% of reads mapped, respectively, compared to 8.7% and 1.0% in the reference 

microbial community (fig. 4A). The higher relative abundance of reads mapping to Enterobacteriaceae spp. and 

Enterococcaceae spp. when using glycerol as CPA could be clearly attributed to the consumption of the glycerol 

added along with the inoculum, as glycerol metabolism is widespread in Enterobacteriaceae spp. and 

Enterococcaceae spp. [43,44]. Nevertheless, a possible role of these families in microbial communities 

preserved with other CPAs, justifying the generalized increase in percentage of reads mapped in all reactivated 

cultures, could not be identified. 

Analyzing the family Clostridiaceae in more detail revealed considerable differences in the cryopreservation of 

the dominant species belonging to this family depending on the CPA used. The microbial community preserved 

without addition of CPA presented an almost negligible percentage of reads mapping to the Clostridium sp. with 

closest similarity to C. carboxidivorans, corresponding to 3.7%, 0.006% and 0.002% in the triplicates, compared 

to 34.4-48.4% in the reference microbial community (fig. 4B). Assuming that this species was involved in the 

production of butyrate and butanol [36], its low abundance would explain the negligible productivity of these 

products found in this reactivated microbial community. Glycerol was found to be ineffective for the 

preservation of the Clostridium sp. with closest similarity to C. nitrophenolicum as reads mapping to this OTU 

corresponded to 0.07-0.20% compared to 10.7-17.6% in the reference microbial community (fig. 4B). In turn, 

when DMSO and yeast extract were used as CPAs, the three dominant Clostridium spp. were present in the 

microbial community, but these exhibited a high variability in their relative abundance across triplicates (fig. 

4B). Overall, PVP and Tween 80 were the only CPAs resulting in high reproducibility in the relative abundance 

of these OTUs across triplicates as well as low variability upon reactivation when compared to the reference 

microbial community. Therefore, given the strong link found between these Clostridium spp. and the 

functionality of the microbial community, it is obvious that PVP and Tween 80 were the most reliable CPAs as 

these were the only ones warranting reproducible results upon reactivation. Further investigation on whether the 

microbial community will eventually revert to its original state upon continued operation in sequential batch 

fermentations is needed for the other CPAs. 
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Figure 4. A Relative abundance of reads mapped to OTUs at family taxonomic level in reference microbial community and reactivated 

microbial communities after long-term frozen storage using different CPAs. OTUs with a bootstrap confidence measure at family level 

below the bootstrap confidence threshold of 0.8 were categorized as Undefined. B Relative abundance of reads mapping to Clostridiaceae 

spp. in reference microbial community and reactivated microbial communities after long-term frozen storage using different CPAs. The 

bootstrap confidence measure is given in brackets.  

An overview of the OTUs identified in the reference and all reactivated microbial communities is provided in 

fig. 5 along with their relative abundance and the highest possible level of taxonomic assignment using a 

bootstrap confidence of 0.80. Considerable differences were found in species with minor representation in the 

microbial community since several OTUs present in the reference microbial community were absent after 

cryopreservation using the different CPAs, and vice versa.  Glycerol is one of the most notable examples of this 

as several OTUs within the Clostridium cluster were absent in this microbial community (fig. 5). On the 

contrary, the microbial community preserved using PVP exhibited the highest amount of species not present in 

the reference microbial community. This is also reflected in fig. 6A, where it is shown that the microbial 
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communities preserved using glycerol and PVP presented the lowest and highest average Shannon diversity 

index. 

 

Figure 5. Phylogenetic tree of OTU sequences identified in reference microbial community and reactivated microbial communities, and 

relative abundance of reads mapped to OTUs for triplicates of the reference microbial community and reactivated microbial communities 

after long-term frozen storage using different CPAs. Taxonomy was assigned at the highest possible taxonomic level based on a bootstrap 

confidence threshold of 0.80. 
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Figure 6. A Alpha diversity measure based on the Shannon diversity index for the reference microbial community and all reactivated 

microbial communities after cryopreservation using different CPAs. B Principal Coordinate Analysis (PCoA) on Unifrac distances 

between samples from the reference microbial community and all reactivated microbial communities. The percentage of variability 

explained in the ordination of samples by each axis is given in the axis label. 

Previous work on the cryopreservation of microbial communities from fecal samples showed that frozen storage 

without addition of CPA resulted in a drastic loss of bacterial cell viability, while using glycerol as CPA 

increased the viability to levels similar to unfrozen samples [45]. However, these authors also pointed out that 

glycerol was not equally effective for preserving all bacterial species. Yu et al. [15] found that the 

cryopreservation without addition of CPA resulted in high variability in the composition of the reactivated 

microbial community, whereas both glycerol and DMSO, despite changes in the overall microbial community 

composition, were able to retain the dominant species after short-term cryopreservation. In line with this, 

Kerckhof et al. [18] reported loss of OTUs after cryopreservation in different microbial communities, even when 

adding DMSO and DMSO + tryptic soy and trehalose, although the general community structure was 

maintained.  

In this study, the long-term cryopreservation without CPA addition and with addition of glycerol was not able to 

maintain the microbial diversity and functionality of the microbial community upon reactivation. These two 

storage conditions resulted in the lowest alpha diversity (fig. 6A) upon reactivation, and several Clostridium spp. 

with an important role in the microbial community were missing. This is also reflected in their large Unifrac 

distances to the reference samples (fig. 6B). It should be noted though that some changes in the structure of the 

microbial community preserved with glycerol could be attributed to the glycerol metabolism of the microbial 

community (e.g. the increase in Enterobacteriaceae spp. and Enterococcaceae spp.) rather than to its 
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effectiveness as cryoprotectant. DMSO was found to be more effective than glycerol and not adding CPA in 

maintaining the microbial community structure and its microbial diversity (fig. 6A). Nevertheless, among all 

CPAs tested, PVP and Tween 80 were found to be the most reliable as these were the only CPAs warranting 

high reproducibility in the composition of the family Clostridiaceae, which was clearly linked to the 

functionality of the microbial community. Based on the Unifrac distances to the reference microbial community 

samples though, Tween 80 was the most effective CPA in preserving the overall microbial community structure 

(fig. 6B). 

From a biotechnological perspective, both fast activity recovery and preservation of the microbial community 

diversity and structure are indispensable requirements upon reactivation. On one hand, a fast activity recovery is 

crucial in mixed-culture-based bioprocesses in order to minimize the start-up time needed to reach stable 

operation after an eventual process shutdown. On the other hand, preserving the functional redundancy of 

microbial communities after frozen storage is essential for maintaining a healthy and functional microbial 

community, given that functional redundancy is the main asset against eventual process disturbances in mixed-

culture-based bioprocesses. In this sense, the development of cryopreservation methods satisfying both of these 

requirements is necessary for the further advancement of mixed-culture-based biotechnological applications. 

4. Conclusions 

In this work, a highly specialized and stable microbial community converting syngas into mainly acetate and 

ethanol, and dominated by Clostridium spp., was generated through a microbial enrichment in continuous mode. 

The enriched microbial community presented high functional redundancy as it rapidly responded to changes in 

operating conditions with rearrangements in its community structure while maintaining its functionality. The 

preservation of this microbial community, evaluated based on the microbial activity recovery and microbial 

composition of reactivated cultures, was found to be affected by the cryopreservation agents used during frozen 

storage. All reactivated microbial communities presented differences in terms of activity and community 

structure when compared to the reference microbial community. Considering the storage protocols used, not 

adding cryopreservation agent and using glycerol for assisting the cryopreservation were found the least 

recommendable storage methods both for achieving a fast activity recovery upon revival of the microbial 

community and for preserving the microbial diversity. DMSO was found to be more suitable for the 

cryopreservation of the microbial community than the latter. However, PVP and especially Tween 80 were the 

only cryoprotectants warranting reproducible results in terms of both fast activity recovery and maintenance of 

the microbial community structure after long-term frozen storage. Overall, this work provided alternative and 

more effective cryopreservation methods than those commonly used for preserving anaerobic mixed microbial 
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communities, which contribute to further advancing in this important, yet poorly developed, research area. 

Further research in this direction is still necessary. 
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Abstract 

Biomass gasification generates a gas mixture (syngas) that constitutes a rich source of carbon and energy for the 

production of second-generation renewable fuels such as biomethane. However, the produced syngas 

composition (H2/CO/CO2) cannot be converted to natural gas grade biomethane due to stoichiometric limitations. 

The present study introduces the concept of biomass gasification coupled to syngas biomethanation with in-situ 

exogenous H2 supply for the production of biomethane able to be injected in the natural gas grid. Syngas 

biomethanation was executed by mixed microbial consortia in a trickle bed reactor at 37 
o
C and 60 

o
C. The 

assessment of the effects of the net inlet gas composition was performed according to a proposed syngas quality 

index (𝑆𝑄𝐼 =
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
), which is founded on the stoichiometry of the reactions converting syngas to CH4. The 

ideal syngas composition has a SQI = 4. Values below 4 correspond to a stoichiometric carbon-moles excess 

while values above 4 correspond to a stoichiometric electron-moles excess.  It was demonstrated that switching 

the SQI from 1.44 to 3.67 increased the CH4 content in the outlet of the reactor from 30% to 72%, accompanied 

by an at least 1.2-fold increase of the CH4 productivity. A SQI of 4.78 (>4) resulted in a significant deterioration 

of the quality of the produced biomethane due to a high content (52%-54%) of unconverted H2 and because of 

thermodynamic limitations on carboxydotrophic hydrogenogenesis in thermophilic conditions. Production of 

natural gas grade biomethane (97.2% CH4 content) was feasible at a SQI = 3.98. 
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1. Introduction 

A key element of the route towards a biobased economy is the detoxification of the global energy production 

from fossil fuels and the transition to green energy with net-zero CO2 emissions. Biomethane is considered an 

important renewable fuel for the implementation of the directives of the European Commission because it can 

supplant natural gas, serve as a fuel for transport applications [1] and as a platform chemical in a wide range of 

chemical and biochemical processes [2]. Consequently, the development of innovative technologies for the 

sustainable production of biomethane has recently attracted scientific attention [3]. 

An emerging technology presenting high potential is biomass gasification followed by syngas biomethanation by 

mixed microbial consortia (MMC) [4]. The thermochemical conversion of biomass produces a gas mixture 

(mainly CO, CO2 and H2) called synthesis gas or syngas, the composition of which depends primarily on the 

gasification conditions, such as temperature and pressure [5], and the mechanical design of the gasifier [6]. 

Syngas can be, subsequently, converted to biomethane by microorganisms, which, in contrast to chemical 

catalysts, present higher resiliency to impurities (inhibitory compounds), last longer, are cheaper, and their 

selectivity is independent of the syngas composition [7]. Furthermore, syngas biomethanation is performed at 

mild temperatures (30 
o
C – 70 

o
C) and atmospheric pressure. 

Temperature has a strong impact on the metabolic pathways via which CO is converted to biomethane due to the 

growth of different microbial communities at different temperature ranges [8,9]. Under mesophilic conditions 

CO is mainly converted to acetate by carboxydotrophic acetogens through the Wood-Ljungdahl pathway and 

then acetate is converted to CH4 by aceticlastic methanogens [10,11]. In turn, in thermophilic conditions CO is 

mainly consumed by carboxydotrophic hydrogenogens through the biological water-gas shift reaction [9]. 

Regardless of the temperature level, the biological conversion of H2 and CO2 to CH4 is performed by archaea 

known as hydrogenotrophic methanogens [12]. Apart from the aforementioned principal metabolic pathways, 

other bioreactions that may occur are homoacetogenesis, syntrophic acetate oxidation and carboxydotrophic 

methanogenesis [4]. Syntrophic acetate oxidation is thermodynamically unfavorable under standard conditions, 

and thus it can typically occur under very low partial pressures of H2 [10].  

The selectivity of anaerobic MMC to CH4 as an end product can be increased with acclimation/microbial 

enrichment procedures, i.e. the successive transfers of actively growing MMC under the appropriate batch 

operating conditions [10], or the long term exposure to a specific anaerobic environment [11]. The latter showed 

that a 45 days exposure of an anaerobic sludge to CO increased its conversion yield to CH4 from 8% to 90% [11]. 

In another study, long term acclimation of sludge samples to 5% CO decreased the lag phase from 5 h to 1 h at 
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55 
o
C and from 15 h to 3 h at 70 

o
C when inoculated in serum vials under batch operation with H2:CO2:CO ratio 

of 80:16:5 as a substrate [13]. The aim of the microbial enrichment practices is the selection of the most 

competitive microbial groups for the targeted bioconversion (syngas to CH4 in this case).  

Table 1. Equations of biological reactions performed by mixed microbial consortia when grown on syngas and their standard Gibbs free 

energy change. 

Metabolism Reaction  ΔG
0’

 (kJ∙mol
-1

) 

Carboxydotrophic acetogenesis 4 CO + 2 H2O → CH3COOH + 2 CO2 -176 

Aceticlastic methanogenesis CH3COOH → CH4 + CO2 -31 

Carboxydotrophic hydrogenogenesis CO + H2O → CO2 + H2 -20 

Hydrogenotrophic methanogenesis CO2 + 4 H2 → CH4 + 2 H2O -131 

Homoacetogenesis 2 CO2 + 4 H2 → CH3COOH + 2 H2O -104 

Syntrophic acetate oxidation CH3COOH + 2 H2O → 2 CO2 + 4H2  +104 

Carboxydotrophic methanogenesis 4 CO + 2 H2O → CH4 + 3 CO2 -211 

 

The syngas composition determines the quality of the biomethane that will be produced from the biomethanation 

process. According to the stoichiometry of the reactions presented in Table 1, the ideal syngas composition 

should satisfy the equation: 𝑆𝑄𝐼 =
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
= 4 (𝑒𝑞. 1), when CH4 is the targeted product. This is, however, 

not the case with the available biomass gasification technologies which result in a Syngas Quality Index (SQI) 

between 1 and 2 [14,15]. As a result, the produced gas from syngas biomethanation consists of a high fraction of 

CO2, which demands further upgrade before its injection to the natural gas grid. An attractive alternative to the 

present downstream processing technologies is the in-situ exogenous H2 supply to the syngas biomethanation 

unit in order to counterbalance the stoichiometric excess of CO2 [16]. To comply with the biobased circular 

economy agenda, H2 should derive from sustainable sources, such as water electrolysis from the surplus 

electricity produced from solar panels or wind turbines [17]. The described concept is under the power-to-gas 

framework which is founded on the fact that the electricity grid gets periodically overcharged due to intermittent 

fluctuations of the weather conditions [18]. An important advantage of this technology is, not only the 

exploitation of the surplus electricity, but also the carbon sequestration from the conversion of the remaining 

CO2 to CH4. Several small-scale and large-scale projects focusing on anaerobic digestion with in-situ or ex-situ 

H2 injection have been developed over the last 10 years, most of which are located in Germany and Denmark 

[19]. Nevertheless, to the best of our knowledge, this is the first study that addresses the concept of biomass 

gasification coupled with syngas biomethanation including in-situ upgrade of biomethane to natural gas grade 

levels.  
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The limiting factors of syngas fermentation processes are the mass transfer of the sparingly soluble syngas 

components (H2 and CO) to the water based media along with the low concentrations of microbes [20]. A 

solution is the use of a bioreactor configuration that can circumvent both of them simultaneously. A bioreactor 

that fulfills these specifications is the trickle bed reactor and has recently been on the spotlight for biological 

hydrogen methanation processes [17,21–23]. Trickle bed bioreactors consist of a fixed bed with high surface to 

volume ratio, where biofilm is formed and converts the gaseous substrate flowing co-currently or counter-

currently to the recirculating trickling liquid flow [24]. Biofilms are viscoelastic aggregates of cells embedded in 

a matrix that protects them from dehydration and inhibitory toxic compounds, thus allowing for a high cell 

density and long cell retention time in the reactor [25]. A recent review has shown that bioreactors with biofilms 

provide higher gas-to-liquid mass transfer rates than conventional stirred tank and bubble column reactors and 

thus, they are more suitable for syngas biomethanation [26]. Furthermore, as a recent research study has shown 

[27], trickle bed reactors can have a key role in the power-to-gas framework since they can be put in a standby 

mode for up to 8 days at 25 
o
C and then get restarted without negative effects on the biomethanation 

performance.  

While several studies focus on biological hydrogen methanation for biogas upgrade [28], syngas biomethanation 

has not yet received the attention it deserves. Recent research activities show potential in this technology, when 

the major challenges it faces are properly addressed [29–33]. The aim of this study was to assess the impacts of 

exogenous H2 supply on syngas biomethanation performed by enriched mixed microbial consortia in a trickle 

bed reactor under mesophilic and thermophilic conditions. In addition, the role of thermodynamics and its effects 

on the microbial interactions under different syngas compositions was investigated. To our knowledge, this is the 

first study that addresses the effect of the syngas composition on syngas biomethanation by MMC at two 

different temperatures (37 
o
C and 60 

o
C) in a trickle bed reactor operated at continuous mode.    

2. Materials and Methods 

2.1 Inocula 

The inocula employed in the present study were enriched mixed microbial consortia deriving from a mixture of 

two anaerobic sludges. Their preparation can be described in the following steps: i) Collection of sludge (a) from 

the Lundtofte Wastewater Treatment plant (Lundtofte, Denmark) and sludge (b) from a lab-scale manure treating 

anaerobic digester (Chemical Engineering Department, Technical University of Denmark), ii) Mixing of sludge 

(a) and (b) in equal volumes so as to increase the initial microbial diversity, iii) The mixed sludge underwent a 
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batch enrichment process under mesophilic (37 
o
C) and thermophilic conditions (60 

o
C), which is thoroughly 

described in a previous study [10]. Briefly, the mixed sludge was initially injected in an anaerobically sealed 

serum vial (15% volume of sludge per total volume) with growth medium and a headspace gas composition of 

1.3 atm H2, 0.4 atm CO and 0.3 atm CO2. When active growth in the exponential phase was observed the culture 

from the first vial was used as inoculum (15% v/v) for the second vial with the same headspace gas composition 

and growth medium (transfer – one). Five successive transfers were performed at each temperature and the 

actively growing culture of the last transfer was used as inoculum for the respective mesophilic and thermophilic 

trickle bed reactor. 

2.2 Growth Medium  

A modified basic anaerobic medium (BA) was used to buffer the pH in the reactor at 7 and to provide the 

necessary trace elements and nutrients to the microbes. The following stock solutions were used for the 

preparation of the BA: Solution A contained NH4Cl-100 g∙l
-1

, NaCl-10 g∙l
-1

, MgCl2∙6H2O-10 g∙l
-1

 and 

CaCl2∙2H2O-5 g∙l
-1

; Solution B contained KH2PO4-17.7 g∙l
-1

; Solution C contained K2HPO4-151.6 g∙l
-1

; Solution 

D contained NaHCO3-52 g∙l
-1

; Trace Metal Solution (TMS) contained FeCl2∙4H2O-2 g∙l
-1

, H3BO3-0.05 g∙l
-1

, 

ZnCl2-0.05 g∙l
-1

, CuCl2-0.03 g∙l
-1

, MnCl2∙4H2O-0.05 g∙l
-1

, (NH4)6Mo7O24∙5H2O-0.05 g∙l
-1

, AlCl3-0.05 g∙l
-1

, 

Na2SeO3∙5H2O-0.1 g∙l
-1

 and Na2WO4∙2H2O-0.06 g∙l
-1

; Solution E contained nitrilotriacetic acid (NTA)-1 g∙l
-1

; 

Vitamin Solution (VS) contained vitamins B7-2 mg∙l
-1

, B6-10 mg∙l
-1

, B2-5 mg∙l
-1

, B1-5 mg∙l
-1

, B12-0.1 mg∙l
-1

, 

folic acid-2 mg∙l
-1

, nicotinic acid-5 mg∙l
-1

, P-aminobenzoic acid-5 mg∙l
-1

, thiotic acid-5 mg∙l
-1

 and DL-

pantothenic acid-5 mg∙l
-1

; and Solution F contained Na2S-25 mg∙l
-1

. Solution F was prepared anaerobically in an 

anaerobically sealed serum vial by adding Na2S to distilled H2O after flushing for 20 min with N2 to remove 

solubilized O2.  

The volumes of each stock solution per liter of medium were: A-10 ml, B-100 ml, C-100 ml, D-50 ml, TMS-4 

ml, E-15 ml, VS-40 ml and F-40 ml. The stock solutions were added in 641 ml of distilled H2O. Solution F was 

added with a syringe after flushing the rest mixture with N2 for 20 min and sealing it anaerobically with a butyl 

rubber stopper. Fresh medium was prepared in a weekly basis. 

2.3 Trickle Bed Reactor  

The design of the bioreactor configuration was a modified version of a unit presented in a previous study [29]. 

Fig. 1 shows the schematic diagram of the setup and the direction of the flow of the fluids in it. The molar 

composition of the inlet gas mixture was suggested from an external partner (Danish Gas Technology Center) as 
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the produced gas from the gasification of wood pellets in an allothermal fluidized bed gasifier utilizing steam as 

a fluidization and gasification agent. The suggestion for the syngas composition was 45% H2, 25% CO2, 20% 

CO and 10% CH4; in this study CH4 was replaced with N2 in order to avoid having the product in the inlet.   

Syngas (45% H2, 25% CO2, 20% CO and 10% N2) and high purity H2 (>99.99%) were supplied from two 

different gas cylinders (AGA Industrielle gasser; 1, 18) to the trickle bed column (4). The flow of each gas was 

regulated with a mass flow controller (Bronkhorst; 3, 20) through the LabVIEW PC software (NATIONAL 

INSTRUMENTS) and the available flow range was between 0 and 10 ml∙min
-1

 with a 0.1 ml∙min
-1

 increment. 

The volume of the packed bed was 180 ml with a height/diameter ratio of 4.18 and contained 

polypropylene/polyethylene packing material (BioFLO 9 – Smoky Mountain Biomedia, USA) with a density of 

1 g∙cm
-3

 and a surface area of 800 m
2
∙m

-3
. Developed biofilm on the packing material converted the supplied gas 

mixture to biomethane as it flowed downwards through the trickle bed column. The produced biomethane 

entered the headspace of a liquid reservoir (5) and, afterwards, it exited the reactor flowing through a gas 

sampling port (8), a foam trap (9) and a gas flowmeter (Ritter; 10). The trickle bed column and the liquid 

reservoir were made of borosilicate glass and had a double wall that allowed for temperature control.  Water was 

pumped at a high speed from a water bath with internal sensor (Julabo) to the outer walls of the trickle bed 

column and the liquid reservoir securing a stable temperature in the reactor.  

The liquid broth was continuously recirculated from the reservoir to the trickle bed column with a peristaltic 

pump (Watson Marlow; 7) at a constant flow rate of 200 ml∙min
-1

. Homogenous mixing of the liquid broth in the 

reservoir was achieved with a magnetic stirrer (IKA, 17) operated at 200 rpm and liquid samples were obtained 

from a liquid sampling port (6). The direction of the liquid flow was co-current to the gas flow (top-to-bottom). 

Moreover, fresh medium was introduced in the recirculation line with a peristaltic pump (Cole Parmer, 14) from 

an anaerobically sealed vessel (13) at an HRT of 8 days. A compressible gas bag (12) filled with N2 was 

connected with the headspace of the vessel (13) so as to prevent O2 entrance to the vessel and avoid vacuum 

creation as the medium was pumped out of it. Liquid effluent was removed from the unit with the use of a 

peristaltic pump (Cole Parmer, 15) operating always at the same speed with pump 14 so as to preserve a constant 

liquid volume of 220 ml in the reactor and a constant HRT of 8 d.   
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Figure 1. Schematic diagram of the trickle bed reactor. The design of the setup was a modified version of a module used in a previous 

study [29] from the same research group. Red arrows depict the flow of fluids in the gas phase, light blue arrows depict the flow of fluids 

in the liquid phase, and green arrows depict the combined flow of gas and liquid fluids. 

2.4 Analytical Methods  

The composition of the gas phase at the exit of the reactor was analyzed with the use of a SRI 8610C gas 

chromatograph (GC) equipped with a Molsieve 13 x column, a silica gel column, a rotating valve and a TCD 

detector. The Molsieve 13 x column separated H2, O2, N2, CH4 and CO while the silica gel column separated 

CO2. The rotating valve determined the direction of the flow of the mobile phase (helium) through the columns. 

Gas samples (100 μl) were collected from the gas sampling port (Fig. 1 – 8) with a Hamilton gas tight syringe 

and were directly injected, without storage, in the GC.  The applied analysis method can be split in two phases. 

In phase 1 helium flowed first through the silica gel column and then through the Molsieve 13 x column while 
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the temperature was stable at 65 
o
C for 3 min followed by a 10 

o
C∙min

-1
 temperature ramp until 95 

o
C. In phase 2 

the direction of the flow of the mobile phase was reversed and a 24 
o
C∙min

-1
 temperature ramp was applied until 

a final temperature of 140 
o
C was reached.  

The analysis of the concentration of volatile fatty acids (VFAs) and alcohols was performed with high 

performance liquid chromatography (Shimadzu, USA). The analyzed compounds were acetate, propionate, 

isobutyrate, butyrate, caproate, valerate, isovalerate, ethanol and 1-butanol. The chromatograph was equipped 

with refractive index detector and an Aminex HPX-87H column (Bio-Rad, USA). The mobile phase consisted of 

H2SO4 12 mM and was set at 600 μl∙min
-1

. Liquid samples were collected from the liquid sampling port (Fig. 1 – 

6) and were stored in HPLC vials. 40 μl from each vial were analyzed for 43 min at 63 
o
C for the detection of the 

aforementioned compounds. Liquid and gas samples were collected on a daily basis. 

2.5 Calculations 

The produced gas from the biological trickle bed reactor was defined as biomethane regardless of the CH4 

content in it or the content of the other gases. In addition, a new index was introduced in the present study for the 

determination of the stoichiometric quality of the inlet gas. The syngas quality index was calculated as 𝑆𝑄𝐼 =

%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
 and is based on the stoichiometric reactions presented in Table 1. Assuming no carbon losses to cell 

growth and maintenance and byproducts, when the SQI takes values below 4 the available carbon moles are 

more than the available electron moles for the production of CH4 as the end product, and when the SQI takes 

values above 4 the available electrons moles are in an excess. When the SQI takes a value of 4 the available 

electron moles are in perfect stoichiometry with the available carbon moles for the production of CH4. The ideal 

stoichiometric SQI = 4 will be mentioned hereafter as SQIId (Syngas Quality Index Ideal).     

The volume specific productivity of CH4 (𝑄𝐶𝐻4
) was calculated as the mmol of CH4 produced per liter of bed 

volume per unit of time [mmol∙lbed
-1

∙h
-1

] by multiplying the concentration of CH4 [mmol∙ml
-1

]
 
in the gas sampling 

port with the volume specific total gas outflow rate [ml∙lbed
-1

∙h
-1

]. The conversion of the amount of the gas 

compounds from liters to moles was performed with the ideal gas law at 1 atm and 298 K. Moreover, the 

conversion efficiencies of CO, CO2 and H2 were calculated as 𝑅𝑖 =
𝑄𝑖

𝑖𝑛−𝑄𝑖
𝑜𝑢𝑡

𝑄𝑖
𝑖𝑛 100%, where Q is the volume 

specific flow rate of each component i. Furthermore, the electron recovery or electron yield is represented in this 

study with “𝑌𝑗” and refers to the percentage of the released electron moles from the consumption of the electron 

donors (CO and H2) that were fixed to each product j (j: CH4, VFAs and Unidentified sinks that correspond 
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primarily to cell biomass and incidentally to potential undetected byproducts). The calculation of “𝑌𝑗 ” is 

thoroughly explained in a previous study [29]. All the detected VFAs were summed together to facilitate the 

presentation of the results. The HRT [d] was calculated as the total liquid volume in the reactor [220 ml] divided 

by the liquid medium outflow rate [27.5 ml∙d
-1

]. Finally, the empty bed residence time (EBRT) [h] is the quotient 

of the division of the volume of the bed [180 ml] by the total gas inflow rate [ml∙h
-1

]. The results presented in 

this study are under steady state operation and a steady state was considered when the gas effluent composition 

did not change more than 1% for every individual gas compound for three consecutive days. 

2.6 Startup of the reactors and description of the experimental conditions 

Before inoculation, the trickle bed column and the liquid reservoir were covered with black tape to avoid any 

potential photosynthetic growth. They were also flushed with N2 overnight to establish an anaerobic 

environment. After inoculation (10% volume of inoculum per total liquid volume in the reactor) with an actively 

growing culture of enriched mixed microbial consortia, the pumping speed of the recirculation pump was set at 

200 ml∙min
-1

, the HRT at 8 d and the flow from the syngas cylinder at 1 ml∙min
-1

. Based on previous experience 

these conditions were retained for 1 month in order to secure a stable biofilm [29].  The described procedure was 

applied for both mesophilic (37 
o
C) and thermophilic (60 

o
C) conditions. 

The full set of experiments performed in this study is presented in Table 2 and contains 15 operating conditions, 

seven of them at 37 
o
C and eight at 60 

o
C. The chosen parameters allow for a direct comparison between 

mesophilic and thermophilic conditions, between a higher EBRT (3 h) and a lower EBRT (1.5 h) and, most 

importantly, shed light on the impact of the inlet gas composition (or the SQI) on the biomethanation process. 

Operating condition 15 was tested in order to assess the results from a stoichiometrically ideal syngas 

composition (SQIId = 4). 

The inlet gas composition was dependent on the flow rate from the syngas cylinder and the high purity H2 

cylinder. For example, at a total inflow rate of 1 ml∙min
-1

, in order to increase the SQI from 1.44 to 2.93 the 

flowrate from the syngas cylinder should drop from 1 ml∙min
-1

 to 0.6 ml∙min
-1

 and the flowrate from the H2 

cylinder should increase from 0 ml∙min
-1

 to 0.4 ml∙min
-1

. In this case the inlet gas composition changes from 45% 

H2, 20% CO, 25% CO2 and 10% N2 to 67% H2, 12% CO, 15% CO2 and 6% N2. The aforementioned example 

refers to operating conditions No. 1 and No. 2 in Table 2. 

Table 2. Overview of the tested experimental conditions. Syngas cylinder column refers to the percentage of the total flow supplied from 

the syngas cylinder and H2 cylinder column refers to the percentage of the total flow supplied from the pure H2 cylinder. The Inlet molar 
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gas composition column refers to the final gas composition of gas entering the reactor. The Syngas Quality Index (SQI) is calculated 

according to eq. 1. 

No. 
Temperature 

(
o
C) 

Total Inflow 

rate 

(ml∙min
-1

) 

Syngas 

cylinder 

(%) 

H2 

cylinder 

(%) 

EBRT 

(h) 

Inlet molar gas 

composition (%) 

SQI 

H2 CO CO2 N2 

1 37 1.0 100 0 3.0 45 20 25 10 1.44 
2 37 1.0 60 40 3.0 67 12 15 6 2.93 
3 37 1.0 50 50 3.0 72.5 10 12.5 5 3.67 
4 37 1.0 40 60 3.0 78 8 10 4 4.78 

5 37 2.0 100 0 1.5 45 20 25 10 1.44 
6 37 2.0 60 40 1.5 67 12 15 6 2.93 
7 37 2.0 50 50 1.5 72.5 10 12.5 5 3.67 
8 60 1.0 100 0 3.0 45 20 25 10 1.44 
9 60 1.0 60 40 3.0 67 12 15 6 2.93 

10 60 1.0 50 50 3.0 72.5 10 12.5 5 3.67 
11 60 1.0 40 60 3.0 78 8 10 4 4.78 
12 60 2.0 100 0 1.5 45 20 25 10 1.44 
13 60 2.0 60 40 1.5 67 12 15 6 2.93 
14 60 2.0 50 50 1.5 72.5 10 12.5 5 3.67 

15 60 1.5 47 53 2.0 74.3 9.3 11.7 4.7 3.98 
 

2.7 Thermodynamic feasibility study 

2.7.1 Computational Methods 

The thermodynamics of hydrogenotrophic methanogenesis, syntrophic acetate oxidation and carboxydotrophic 

hydrogenogenesis were evaluated based on the Gibbs free energy change (∆rG´T) and the thermodynamic 

potential factor (FT) of net biochemical reactions [10]. Briefly, the standard Gibbs free energies of formation 

(ΔfG°) and standard enthalpies of formation (ΔfH°) used were extracted from Alberty [34]. ΔfG° were corrected 

for temperature (310 K and 333 K) and ionic strength (0.25 M) according to eq. 1 and 2, where zi corresponds to 

the charge number of compound i, I is the ionic strength of the medium [34], B is an empirical constant that 

takes a value of 1.6 L
1/2

mol
-1/2

 within a range of ionic strength of 0.05-0.25 M, and A was calculated as a 

function of temperature according to Alberty [34]. The ΔrG´T was then corrected for partial pressure of gases and 

concentration of acetate according to eq. 3, and the effect of the pH was taken into account as described in 

Steinbusch et al.  [35].  
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∆𝑓𝐺´𝑖(𝑇) = ∆𝑓𝐺°𝑖(298.15 𝐾) ∙
𝑇

298.15 𝐾
+ ∆𝑓𝐻°𝑖(298.15 𝐾) ∙

298.15 𝐾−𝑇

298.15 𝐾
  (1) 

∆𝑓𝐺°𝑖(𝐼) = ∆𝑓𝐺°𝑖(𝐼 = 0) −
𝑅𝑇𝐴𝑧𝑖

2𝐼1 2⁄

1+𝐵𝐼1 2⁄       (2) 

∆𝑟𝐺´𝑇 = ∆𝑟𝐺°𝑇(𝐼 = 0.25 𝑀) + 𝑅𝑇 ln
[𝐶]𝑐[𝐷]𝑑

[𝐴]𝑎[𝐵]𝑏     (3) 

The FT, derived by Jin & Bethke [36], was used to study the feasibility of the microbial interaction between 

hydrogenotrophic methanogens and syntrophic acetate oxidizers and was calculated according to eq. 4 and 5, 

where ∆GA represented -∆rG´T in kJ per reaction; ∆GC corresponds to the energy conserved calculated as a 

function of the ATP yield of each metabolic pathway and the Gibbs free energy of phosphorylation (∆Gp); and χ 

represents the average stoichiometric number. FT values above zero (∆GA=∆GC) indicate that the reaction is 

feasible as the ∆GA is greater than ∆GC. When FT approaches 1, at ∆GA>>∆GC, there is a strong thermodynamic 

driving force for the reaction to proceed forward, and thus the rate of the reaction can be considered strictly 

dependent of the kinetics of the microbial species carrying out the conversion. In turn, when FT approaches 0, at 

∆GA ≈ ∆GC, the thermodynamic driving force of the reaction is low and the reaction rate can be considered 

thermodynamically controlled. 

𝐹𝑇 = 1 − exp (−
∆𝐺𝐴−∆𝐺𝐶

𝜒𝑅𝑇
) (4) 

∆𝐺𝐶 =  𝑌𝐴𝑇𝑃 ∙ ∆𝐺𝑝  (5) 

FT calculations for hydrogenotrophic methanogenesis were made assuming a conservative ATP yield of 0.5 mol 

ATP/mol CH4 resulting from the translocation of 2 Na
+
 across the membrane and an ATP synthesis 

stoichiometry of 4 Na
+
 per ATP formed [37]. χ for hydrogenotrophic methanogenesis was calculated assuming 

that the rate-determining step was the translocation of Na
+
 by the methyl transferase complex (MTR). The 

syntrophic acetate oxidation was assumed to have a ∆GC of 12 kJ/mol of acetate as found by Jackson & 

McInerney [38] for syntrophic fatty acid oxidizers. The carboxydotrophic hydrogenogenesis was assumed to 

translocate one H
+
 across the membrane per mol of CO, which would result in an ATP yield of 0.33 mol 

ATP/mol CO by using an ATP synthesis stoichiometry of 3 H
+
 per ATP synthesized [10]. All ∆GC calculations 

were made using a ∆Gp of 45 kJ/mol ATP. The ∆GC, ATP yields and χ used for FT calculations are summarized 

in table 3.  
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Table 3. Overall biochemical reactions, ATP yield and average stoichiometric number used in thermodynamic potential factor (FT) 
calculations. FT calculations were not used for carboxydotrophic hydrogenogenesis and thus the average stoichiometric number (χ) is 
not given.  

Stoichiometry of biochemical 

reactions 

∆GC 

(kJ per reaction) 

ATP yield 

(mol per reaction) 
χ Ref. 

Carboxydotrophic hydrogenogenesis     

CO + H2O → H2 + CO2 14.85 0.33  [10] 

Syntrophic acetate oxidation     

CH3COOH + 2 H2O → 4 H2 + 2 CO2 12  1 [39] 

Methanogenesis     

4 H2 + CO2 → CH4 + 2 H2O 22.5 0.5 2 [38] 

 

2.7.2 Experimental Confirmation of Thermodynamic Interpretations 

The thermodynamic analysis of the effect of the syngas composition on syntrophic acetate oxidation and 

hydrogenotrophic methanogenesis in mesophilic conditions was performed by switching from a SQI = 2.83 to a 

SQI = 3.67 at an EBRT of 2.3 h and an HRT of 8 d. The total duration of this study was 21 days. 

In thermophilic conditions, the thermodynamic interpretation of the effects of the increase of the SQI on 

carboxydotrophic hydrogenogenesis was performed at an EBRT = 3 h and an HRT = 8 d. The duration of the 

study was 12 days, during which two SQI transitions were performed (2.93 → 3.67 → 4.78). 

The aforementioned experiments were performed after the completion of the experiments described in section 

2.6 for the interpretation of observations made during the main core of the study. 

3. Results and Discussion 

3.1 Effect of the SQI/syngas composition on the performance of the trickle bed reactors 

Eight operating conditions were selected for the assessment of the impact of different syngas compositions (SQI) 

on syngas biomethanation. Half of them were under mesophilic conditions (No. 1 – 4) and the rest under 

thermophilic conditions (No. 8 – 11). The EBRT at these operating conditions was 3.0 h (total flow 1 ml∙min
-1

). 

The tested SQIs were 1.44, 2.93, 3.67 and 4.78. SQI = 1.44 corresponded to the scenario when no supply of 

exogenous H2 takes place, SQI = 2.93 and SQI = 3.67 addressed the effects of the partial pressure/content of the 

syngas components, as the SQIId was approached, and SQI = 4.78 allowed for an assessment of the consequences 

of a stoichiometric excess of H2 on syngas biomethanation (Table 2).  
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An increase of the SQI from 1.44 to 3.67 resulted in a respective increase of the conversion efficiency of CO2 

from 44.7% to 92.7% in mesophilic conditions and from 26.7% to 86.0% in thermophilic conditions (Fig. 2c). 

This was also reflected in the excess gas composition where the percentage of CO2 in biomethane decreased 

from 33.7% to 4.0% and from 41.7% to 7.4% in mesophilic and thermophilic conditions, respectively (Fig. 2b). 

When the SQI was further increased to 4.78, CO2 was fully converted in both temperatures and a high H2 

percentage was observed in the produced biomethane (54.9% in mesophilic and 52.7% in thermophilic 

conditions). Furthermore, approaching the SQIId, the fraction of CH4 in the produced gas increased from 31.0% 

(SQI = 1.44) to 71.7% (SQI = 3.67) in mesophilic conditions and from 32.4% (SQI = 1.44) to 71.2% (SQI = 3.67) 

in thermophilic conditions but, when the SQI was set over the SQIId, CH4 plummeted back to 32.4% and 28.7% 

(Fig. 2b), respectively. The aforementioned results indicated that the described stoichiometry from H2, CO and 

CO2 to CH4 in Table 1 was strictly followed in the trickle bed reactor from the MMC independent of the 

temperature. Note that the increase of the percentage of N2 in biomethane (Fig . 2b) does not imply N2 

production. It occurrs due to the fact that, stoichiometrically, there are 3 reacting gas compounds and only one 

produced gas compound. In addition, a fraction of the gas reactants was used for synthesis of cell biomass and 

liquid byproducts. 

An interesting difference between mesophilic and thermophilic conditions was that at SQI = 4.78 partial 

inhibition of the carboxydotrophic activity at 60 
o
C (Fig. 2c) was observed (RCO = 54.0%), while no apparent 

inhibition occurred at 37 
o
C (RCO = 90.6%). This observation is discussed and explained in detail in section 3.5. 
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Figure 2. Effect of the syngas quality index (SQI) or the syngas composition on [(a) volume specific CH4 productivity, (b) produced 

biomethane composition, (c) conversion efficiency of the substrate and (d) electron yield to CH4, VFAs and other unidentified sinks] at 1 

ml∙min-1 total gas inflow rate. In graph (a) the brown dots correspond to mesophilic conditions (No. 1 – 4) and the blue dots on 

thermophilic conditions (No. 8 – 11). In graph (d) YUnidentified corresponds mainly to cell biomass synthesis and maintenance, and 

potentially other liquid byproducts not detected in the present study. 

The volume specific CH4 productivity increased in both mesophilic and thermophilic conditions when 

exogenous H2 was supplied (Fig. 2a). More specifically, by raising the SQI from 1.44 to 2.93, the achieved CH4 

productivity  increased from 1.71 and 1.92 to 2.14 and 2.26 in mesophilic and thermophilic conditions, 

respectively. This was expected since an increase of the SQI at a constant inflow rate increases the convertible 

C-moles for CH4 production (Table 4), and thus higher CH4 productivity can be achieved. As it is shown in 

Table 4, there is an important distinction between the stoichiometrically maximum convertible carbon moles and 

the inflow rate of carbon in the reactor. This distinction is not intuitively obvious since at a constant gas inflow 

rate (constant EBRT)  increasing the SQI from 1.44 to 2.93 corresponds to the decrease of the flow from the 

syngas cylinder from 1.0 ml∙min
-1

 to 0.6 ml∙min
-1

 and the increase of the flow from the high purity H2 cylinder 
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from 0 ml∙min
-1

 to 0.4 ml∙min
-1

, and thus the inflow rate of the carbon in the reactor at SQI = 2.93 is 60% of the 

one at SQI = 1.44. Nevertheless, based on the stoichiometry of the biological reactions (Table 1), at SQI = 1.44 

only 36% of the supplied carbon is stoichiometrically convertible to CH4, while at SQI = 2.93 the convertible 

carbon to CH4 increases to 73% (Table 4). 

Regarding the electron yield, it was observed that in both temperatures the electron yield to biomass (YUnidentified) 

presented an upward trend (Fig. 2d) with the increase of the SQI, and consequently, the electron yield to CH4 

decreased. The cause of this could be a potential change of the microbial populations and the microbial 

metabolism in the biofilm because of the lower partial pressure of CO and the higher partial pressure of H2. Jing 

et al. [39] showed that CO addition in anaerobic granular sludge converting wastewater, changed significantly 

the microbial communities. At SQI = 4.78 the volume specific CH4 productivity dropped harshly compared to 

the SQI = 3.67 both in mesophilic and thermophilic conditions while the minimum electron yield to CH4 was 

observed.  

Table 4. Distinction of the total supply of carbon in the reactor vs the stoichiometrically available carbon for CH4 production. 

Stoichiometrically means that it is assumed that no carbon is used for synthesis of cell biomass or production of liquid byproducts. The 

fourth column refers to the percentage of the stoichiometrically available carbon for CH4 production over the total carbon supplied. If the 

percentage is below 100% the carbon supply is in stoichiometric excess, and if it is above 100% the carbon supply is in stoichiometric 

deficiency. 

SQI Volume specific carbon inflow 

rate (C-mmol∙lbed
-1

∙h
-1

) 

Stoichiometrically maximum 

convertible carbon flow rate for CH4 

production (C-mmol∙lbed
-1

∙h
-1

)  

Percentage of 

convertible 

carbon over the 

total carbon 

supply 
EBRT = 3 h EBRT = 1.5 h EBRT = 3 h EBRT = 1.5 h 

1.44 6.05 12.10 2.20 4.40 36% 

2.93 3.63 7.26 2.66 5.32 73% 

3.67 3.02 6.04 2.77 5.54 92% 

4.78 2.42 4.84 2.90 5.80 120% 

 

Overall, the major observations from this set of experiments were: a) as the SQI increased towards the SQIId, the 

quality of the produced biomethane was significantly improved, the electron yield to CH4 was slightly decreased 

and the CH4 productivity was increased, and b) surpassing the SQIId resulted in much lower CH4 productivity, 

lower electron yield to CH4 and a high percentage of H2 in biomethane. Consequently, the exogenous H2 supply 

should be regulated at flowrates that result in an inflow gas composition with SQI close to 4 and SQIs higher 
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than 4 should be avoided. It is noteworthy that the trickle bed reactor responded efficiently to exogenous 

hydrogen addition and according to the anticipated stoichiometry both in mesophilic and thermophilic conditions. 

3.2 Impacts of temperature on syngas biomethanation with respect to the SQI 

The assessment of the impacts of temperature on syngas biomethanation at different SQIs was performed at a 

total gas inflow rate of 2 ml∙min
-1

 (EBRT = 1.5 h) and was based on six operating conditions.  Operating 

conditions No. 5, 6 and 7 correspond to mesophilic conditions at SQIs 1.44, 2.93 and 3.67, respectively, while 

operating conditions No. 12, 13 and 14 correspond to thermophilic conditions at the same SQIs (Table 2).  

The thermophilic trickle bed reactor achieved higher CH4 productivity and higher conversion efficiency of the 

electron donors (CO and H2) at each SQI tested compared to the mesophilic trickle bed reactor, (Fig. 3a and Fig. 

3c). The superiority of the thermophilic reactor can also be observed from the biomethane composition (Fig. 3b), 

where, at SQI = 3.67, the percentage of CH4 was 72.0% at thermophilic conditions and 46.4% at mesophilic 

conditions. This observation is in line with relevant research activities reporting that the specific 

carboxydotrophic methanogenic activity of an anaerobic sludge at 60 
o
C was 5 times higher than at 35 

o
C [9], 

and that a 5.3 fold increase of the maximum specific hydrogenotrophic activity was achieved at 60 
o
C compared 

to 37 
o
C in batch experiments performed with MMC and syngas as the only available substrate [10]. In the 

present study at thermophilic conditions CO and H2 were almost fully converted at the three examined SQIs 

(EBRT = 1.5 h). On the other hand, at mesophilic conditions at SQI = 1.44 the conversion efficiency of CO and 

H2 was 67.5% and 70.8%, respectively, and at SQI = 3.67 the conversion efficiency of CO and H2 was 85.1% 

and 87.0%. In another study with a thermophilic synthetic coculture (Carboxydothermus hydrogenoformans and 

Methanothermobacter thermoautotrophicus) and a gas mixture (66.6% H2 and 33.3% CO) with a SQI = 3, the 

fraction of CH4 in the produced gas was 72% (96% of the stoichiometric fraction = 75%) [40], while in this 

study at a similar SQI of 2.93 the fraction of CH4 in the produced gas was 58.8% (98.3% of the maximum 

stoichiometric fraction = 59.8% {The reason why the stoichiometric CH4 fraction has a big difference between 

the two studies, despite the close proximity of the SQI, is because in the present study 10% N2 was contained in 

the syngas cylinder. Without an inert gas, a SQI = 2.93 corresponds to a maximum stoichiometric CH4 fraction 

of 73.3%}). This shows that the MMC have the capability to perform syngas biomethanation as effectively as 

defined cocultures, a noteworthy observation taking also into account that reactors operated with MMC do not 

demand sterilization prior to inoculation and do not face any risk of contamination. 

Even though the conversion efficiency of H2 was just 1.9% higher than the conversion efficiency of CO at 

mesophilic conditions at SQI = 3.67, the inflow rate of H2 was 7.25 times higher than the inflow rate of CO, thus 
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indicating a 7.4 times higher conversion rate of H2 over CO at the tested EBRT. This observation is in 

accordance with a research study employing anaerobic sludge and blast furnace gas (20% CO, 16% CO2 and 64% 

H2) as a substrate, where the specific hydrogenotrophic activity was 18 times higher than the specific 

carboxydotrophic activity under batch operation at 37 
o
C [16].  

The decrease of the percentage/partial pressure of CO in the gas inflow from 20% to 12% and 10% resulted in 

improved conversion efficiency of the electron donors (H2 and CO) in mesophilic conditions (Fig. 3c), thus 

implying an inhibitory effect of CO on the metabolism of the developed biofilm. Guiot et al. [9] reported a steep 

increase of the consumption of CO by anaerobic granules for the production of CH4 when its partial pressure 

dropped below 0.15 atm (15%).  

 

Figure 3. Effect of the temperature on [(a) volume specific CH4 productivity, (b) produced biomethane composition, (c) conversion 

efficiency of the substrate and (d) electron yield to CH4, VFAs and other unidentified sinks] at 2 ml∙min-1 total gas inflow rate. In graph (a) 
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the brown dots correspond to mesophilic conditions (No. 5 – 7) and the blue dots on thermophilic conditions (No. 12 – 14). In graph (d) 

YUnidentified corresponds to cell biomass synthesis and potentially other liquid byproducts not detected in the present study. 

Regarding the electron yield to CH4 (Fig. 3d) no significant differences were observed between mesophilic and 

thermophilic conditions, whereas an at least 2-fold higher electron yield to VFAs was observed in mesophilic 

conditions at each SQI tested. Nevertheless, the electron yield to VFAs was lower than 5% in all operating 

conditions examined in the present study, thus pointing out a high selectivity of the enriched mixed microbial 

consortia to CH4 independent of the temperature. The low yields to VFAs were also important from a 

microbiological perspective since it has been reported that acetate inhibits hydrogenotrophic methanogenesis and 

diverts the carbon flow towards homoacetogenesis [41]. 

3.3 Effect of the EBRT on syngas biomethanation with respect to the SQI 

The required data for the assessment of the effect of the EBRT on syngas biomethanation are included in Fig. 2 

and Fig. 3 which correspond to an EBRT of 3 h (total inflow rate of 1 ml∙min
-1

) and an EBRT of 1.5 h (total 

inflow rate of 2 ml∙min
-1

), respectively. Comparing the electron yield to CH4 (YCH4) and biomass (YUnidentified) 

(Fig. 2d and Fig. 3d), it was deduced that when the supply of substrate was doubled, the losses to biomass 

decreased in both mesophilic and thermophilic conditions at all SQIs tested, and thus the electron yield to CH4 

increased. For example, at SQI = 3.67 and a total gas inflow rate of 1 ml∙min
-1

 the YUnidentified was 19.3% and 15.1% 

at mesophilic and thermophilic conditions, respectively, whereas at SQI = 3.67 and a total gas inflow rate of 2 

ml∙min
-1

 the YUnidentified was 12.7% and 10.4%,respectively. The aforementioned results indicated that the 

demanded electron moles for microbial cell growth and maintenance were not linearly correlated with the 

substrate supply rate.  

Schwede et al. [32] performed batch mesophilic (38 
o
C) experiments with non-acclimated anaerobic sludge and a 

headspace syngas composition of 48.4% H2, 26.4% CO2, 23.3% CO and 1.9% CH4 which, coincidentally, has a 

SQI = 1.44 and achieved a 50% electron yield to CH4. In the present study at the same SQI in mesophilic 

conditions a much higher electron yield of  84% and 90% was observed at an EBRT of 3 h and 1.5 h, 

respectively. This indicates a better selectivity of the enriched MMC used in this study, albeit the comparison of 

a batch reactor with a continuous reactor should be done cautiously. 

Furthermore, in section 3.1 (EBRT = 3 h) it was mentioned that as the SQI approached the SQIId, the volume 

specific CH4 productivity (Fig. 2a) increased in both mesophilic and thermophilic conditions and this 

observation was attributed to the big increase of the stoichiometrical convertible carbon to CH4 (Table 4). The 

same expected trend was observed at an EBRT of 1.5 h. When the convertible carbon supply was increased from 
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4.40 C-mmol∙lbed
-1

∙h
-1

 (SQI = 1.44) to 5.32 C-mmol∙lbed
-1

∙h
-1

 (SQI = 2.93), the volume specific CH4 productivity 

was increased from 2.75 mmol∙lbed
-1

∙h
-1

 to 3.99 mmol∙lbed
-1

∙h
-1

 in mesophilic conditions and from 3.95 mmol∙lbed
-

1
∙h

-1
 to 4.82 mmol∙lbed

-1
∙h

-1
 in thermophilic conditions. Subtracting the convertible carbon supply at SQI = 2.93 

from the one at SQI = 1.44 equals to an increase of 0.92 C-mmol∙lbed
-1

∙h
-1

. In thermophilic conditions the 

achieved increase in CH4 productivity from SQI = 1.44 to 2.93 was 4.82-3.95 = 0.87 C-mmol∙lbed
-1

∙h
-1

 (94.6% of 

the increase of the molar carbon supply), while in mesophilic conditions the respective increase was 3.99-2.75 = 

1.24 C-mmol∙lbed
-1

∙h
-1

 (134.8% of the increase of the carbon mole supply). These values can be explained by 

looking at the conversion efficiency the electron donors (H2 and CO), which in mesophilic conditions increased 

from 70.8% to 86.5% for H2 and from 67.5% to 84.0% for CO (Fig. 3c), while in thermophilic conditions they 

were almost fully converted in both SQIs. 

Overall, the major outcome from the comparison of the two EBRTs was that the lower EBRT enhanced the 

selectivity to CH4 and decreased the carbon and energy losses for the synthesis and maintenance of cell biomass 

(Fig 2d and Fig 3d). Furthermore, it can be concluded that an increase of the SQI led to a decrease of the electron 

yield to CH4 irrespective of the temperature and the EBRT. In addition, in thermophilic conditions the electron 

donors (CO and H2) were almost fully converted (>98%) in both EBRTs at SQIs < 4. This was not the case, 

though, at mesophilic conditions where a drop of the EBRT from 3 h to 1.5 h led to a decrease of the conversion 

efficiency of H2 and CO at all SQIs < 4, thus indicating that the uptake rate of the substrate from the biofilm 

could not keep up with the increase of the supply rate of the substrate in the mesophilic reactor. 

3.4 Operation of the thermophilic trickle bed reactor at the SQIId 

Due to the fact that the mass flow controllers had an increment of 0.1 ml∙min
-1

, the closest value to the SQIId that 

could be achieved was 3.98 at a total gas inflow rate of 1.5 ml∙min
-1

 (Syngas Cylinder: 0.7 ml∙min
-1

 and high 

purity H2 cylinder: 0.8 ml∙min
-1

). The conversion efficiency of the substrate at SQI = 3.98 was 99.7% for H2, 

99.0% for CO and 97.2% for CO2, resulting in a biomethane composition of 77.3% CH4, 1.4% CO2, 1.0% H2, 

0.4% CO and 19.9% N2 (Fig. 4). As expected, the CO2 content (1.4%) in biomethane was the lowest amongst all 

operating conditions tested with a SQI < 4. Additionally, at SQI = 3.98 the fraction of CH4 (77.3%) in 

biomethane was the highest observed in the present study.  

In section 2.3, it was stated that the syngas composition in the syngas cylinder was chosen according to a 

suggestion from a collaborating company with expertise in gasification technologies, and that a slight 

modification from this suggestion was made by replacing 10% CH4 with 10% N2. Assuming that CH4 had not 

been substituted by N2, the content of CH4 in biomethane at SQI = 3.98 would be 97.2%. The Upper Wobbe 
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Index of biomethane with a gas composition of 97.2% CH4, 1.0% H2, 0.4% CO and 1.4% CO2 is 51.76 MJ∙Nm
-3

 

(calculated based on ISO 6976:2016), a value that lies within the allowed bandwidth for substitution of natural 

gas in the European Union. For example, in France the allowed range is 48.24 – 56.52 MJ∙Nm
-3

 and in Germany 

46.1 – 56.5 MJ∙Nm
-3

 [17]. Furthermore, the presented gas composition complies with additional requirements 

such as CO2 content < 2% and H2 content < 5% [17]. As a result, operating the trickle bed reactor with the 

enriched MMC at a SQI ≅ SQIId can produce a gas mixture able to be injected in the natural gas grid without the 

need of downstream processing applications. 

 

Figure 4. (a) Conversion Efficiency of H2, CO and CO2 at SQI = 3.98, temperature = 60 oC and EBRT = 2 h. (b) Biomethane 

composition at SQI = 3.98 and EBRT = 2 h. 

 

3.5 Thermodynamic interpretation of the effect of H2 and CO2 on catabolic routes 

In the sections above, it was demonstrated that the addition of exogenous H2 to a synthetic syngas mixture might 

allow for producing a natural gas grid standard biomethane as well as increasing the CH4 productivity in both 



291 

 

mesophilic and thermophilic trickle bed reactors. Based on previous work on the same enriched microbial 

consortia, an additional expected benefit from the addition of exogenous H2 was a significant reduction in 

byproducts formation [10]. In this study, the electron yield to VFAs did not exceed 5% in any of the conditions 

tested. However, other studies including mixed and co-cultures reported a rather high fraction of e-mols diverted 

to VFAs of 10% and higher during the biomethanation of syngas [29,40,42].  

 

Figure 5. Partial pressure of gases in the effluent and acetate concentration profile of the mesophilic trickle bed reactor operated in 

continuous mode at SQI 2.83 and 3.67. 

Reduction of the net VFAs production, through control of the active catabolic routes used by the mesophilic 

microbial consortium, was evaluated based on the effects of the decreasing PCO2 during a transient state from a 

SQI = 2.83 to a SQI = 3.67. As shown in Fig. 5, the PCO2 exerted a clear effect on the concentration of acetate at 

mesophilic conditions.  Decreasing the PCO2 from 0.12 atm to 0.016 atm (and the PH2 from 0.11 atm to around 

0.02 atm) resulted in a twelve-fold decrease in the acetate concentration in the reactor, which corresponded to a 

drop in the respective electron yield from 3.4% to 0.4%. In this case, the higher acetate conversion could not be 

attributed to a higher aceticlastic activity since the latter should not be significantly affected by changes in CO2 

concentration in the liquid at the range tested. Additionally, in previous work it was found that this microbial 

group was probably absent in this enriched microbial consortium [43]. Instead, the higher acetate conversion 

activity could be explained by the fact that the syntrophic interaction between syntrophic acetate oxidizers (SAO) 
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and hydrogenotrophic methanogens (HM) was enabled or significantly enhanced from the drop of the 

concentration of H2 and CO2 in the liquid. The thermodynamic feasibility of this syntrophic interaction was 

evaluated through the thermodynamic potential factor (FT), which takes values above zero when a specific 

biochemical reaction is thermodynamically feasible. According to FT calculations as a function of PH2 and PCO2 

using the process conditions found experimentally, the syntrophic interaction between SAO and HM would not 

be possible at a PCO2 of 0.1 atm since HM would not be able to decrease the PH2 to levels low enough to allow 

syntrophic acetate oxidation (fig.6). However, decreasing the concentration of CO2 in the liquid to levels 

equivalent to a PCO2 of 0.001 atm would make this syntrophic interaction clearly feasible, as it can be seen that 

both HM and SAO could be active at the same range of H2 concentrations (intersection of the yellow and red line 

corresponding to PCO2 = 0.001 in fig. 6b). Considering that the CO2 concentration in the liquid should be 

significantly below its saturation level due to the fact that there is net consumption of CO2, it can be concluded 

that the drop in acetate concentration was due to a higher syntrophic acetate oxidation activity. Therefore, 

paradoxically, adding exogenous H2 to the mesophilic trickle bed reactor favored a higher acetate conversion 

into H2 and CO2 by SAO (and ultimately into CH4 by HM), resulting in lower byproduct formation. 

 

 

Figure 6. (a) Gibbs free energy change (ΔrG´310K) as a function of PH2 in kJ per reaction (according to the stoichiometry given in table 3) 

for hydrogenotrophic methanogenesis and syntrophic acetate oxidation calculated at different PCO2. (b) Thermodynamic potential factor 

(FT) as a function of PH2 for hydrogenotrophic methanogenesis and syntrophic acetate oxidation calculated at different PCO2. The 

operating conditions considered in the calculations were PCO2 of 0.1 atm, 0.01 atm and 0.001 atm; PCH4 of 0.6 atm; acetate concentration 

of 17 mM; temperature of 310 K; pH 7.4; and ionic strength of 0.25 M. 
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In previous work it was shown that the carboxydotrophic and hydrogenotrophic microbial groups present in the 

thermophilic microbial consortium used here corresponded strictly to HM and carboxydotrophic hydrogenogens 

[10,43]. Consequently, the VFA production observed in the thermophilic reactor was attributed to the acetogenic 

metabolism of carboxydotrophic hydrogenogens, which has been shown to be dependent on the intrinsic 

thermodynamic limitation of the hydrogenogenesis [44,45]. The high sensitivity of the thermodynamic 

feasibility of the carboxydotrophic hydrogenogenesis is shown in figure 7, where it can be seen that the 

minimum threshold PCO is strongly affected by changes in PH2 and PCO2 (with the minimum threshold PCO 

changing 6 orders of magnitude depending on PH2 and PCO2). According to this, decreasing the PCO2 through the 

addition of exogenous H2 at SQIs < 4 would be expected to result in lower acetate concentrations in the reactor, 

as this should make carboxydotrophic hydrogenogenesis more exergonic. The effect of the PCO2 on 

carboxydotrophic hydrogenogenesis and the formation of acetate as byproduct was evaluated experimentally 

through the increase of the SQI from 2.93 to 3.67 and 4.78, where the H2 supply was increased gradually to 

achieve a lower PCO2. In this case, the decrease of the PCO2 from 0.23 atm to 0.07 atm resulted only in a modest 

decrease in the acetate concentration from 16.8 mM (electron yield of 3.1%) to 11.4 mM (electron yield of 2%), 

probably due to the fact that the CO2 concentration was not low enough to avoid acetate production (Fig. 8). It 

should be noted, though, that the production of acetate in thermophilic conditions also occurs due to the high 

abundance of dead cell scavengers such as the proteolytic genera Coprothermobacter and Lutispora [43]. 

Subsequently, adding excess H2 to decrease further the PCO2 resulted in a drastic drop in the conversion of CO 

arising from the increase in PH2 and the saturated concentration of H2 in the liquid, which limited the 

thermodynamic feasibility of hydrogenogenesis. This shows that the partial inhibition of carboxydotrophic 

hydrogenogenesis in thermophilic conditions abovementioned (see section 3.1), observed at SQI of 4.78, was 

grounded on a thermodynamic limitation of this reaction. 
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Figure 7. Gibbs free energy change (ΔrG´333K) as a function of PCO in kJ per reaction for carboxydotrophic hydrogenogenesis calculated 

using different PH2 and PCO2. The dashed line indicates the minimum energy conservation requirements (ΔGc or ΔGmin) assumed for 

carboxydotrophic hydrogenogenesis and the minimum threshold PCO at each of the conditions considered. The calculations were made 

using a PH2 of 1 atm, 0.1 atm, 0.01 atm, 0.001 atm and 0.0001 atm; PCO2 of 0.4 atm and 0.01 atm; and temperature of 333 K. 

 

Figure 8. Partial pressure of gases and acetate concentration profile of the thermophilic trickle bed reactor operated in continuous mode at 

SQI 2.93, 3.67 and 4.78. 
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4. Conclusions 

Based on the stoichiometry of the biological reactions leading to the production of CH4 when syngas is used as 

the sole carbon and electron donor, a new index (the syngas quality index, SQI) was introduced for the 

assessment of the impacts of syngas composition on syngas biomethanation. The results of the performed 

experiments showed an enhancement of the CH4 productivity and the content of CH4 in the effluent gas of the 

reactor under both mesophilic and thermophilic conditions, when exogenous H2 was supplied at increasing SQIs 

< 4. At an empty bed residence time (EBRT) of 1.5 h and a temperature of 60 
o
C, increasing the SQI from 1.44 

to 3.67 resulted in an increase of the volume specific CH4 productivity from 3.95 mmol·lbed
-1

·h
-1

 to 4.85 

mmol·lbed
-1

·h
-1

 and the CH4 content in the produced gas from 30% to 72%. When a SQI = 3.98 (the 

stoichiometrically ideal is 4) was applied, it was portrayed that natural gas grade biomethane complying with the 

criteria for introduction to the natural gas grid of European countries can be produced. Furthermore, increase of 

the SQI above 4 resulted in a big drop of the CH4 productivity and the CH4 content due to the high 

stoichiometrical excess of H2 that remained unconverted. An additional outcome was the superior 

biomethanation performance of the trickle bed reactor under thermophilic conditions compared to mesophilic 

conditions independent of the net inlet syngas composition. Finally, it was demonstrated that observed changes 

in the catabolic routes of the mixed microbial consortia related to carboxydotrophic hydrogenogenesis, 

syntrophic acetate oxidation, hydrogenotrophic methanogenesis and acetogenesis could be explained 

thermodynamically, and therefore, potentially induced by applying thermodynamic control strategies.  

Considering the scale-up of this process, the major conclusions of this study are that it is preferable to operate 

the reactor at thermophilic conditions and that it is of vital important to regulate the flow of the additional H2 

supply to levels that will produce a net inlet gas composition in the proximity of a SQI = 4, and preferably 

slightly lower since stoichiometric excess of H2 causes thermodynamic limitations to the carboxydotrophic 

hydrogenogenic metabolism in thermophilic conditions. 
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