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Abstract 

Syngas biomethanation is a promising technology for the production of biomethane from 2nd generation biomasses. 

It has recently started gaining attention due to the increasing interest of global stakeholders and policymakers to 

reduce CO2 emissions and make a transition towards a sustainable circular economy, in which the production of 

energy will derive from renewable sources and not from fossil fuels. Biomethane can be introduced in the natural 

gas grid replacing fossil-fuel derived natural gas and it can play an important role in the transportation sector by 

fueling vehicle engines. Additionally, it can be used in industrial chemical synthesis processes for the production 

of added-value products. 

The core of the syngas biomethanation process are the microbes that convert the syngas components (H2, CO and 

CO2) to CH4. These chemolithoautotrophic microorganisms consist of bacteria and archaea that collaborate in a 

synergistic environment to extract the necessary energy for their survival at the thermodynamic limit of life. The 

major bottleneck of the process is the low mass transfer rate of H2 and CO to the water-based media that results in 

low cell concentrations and low productivities of CH4. The overall objective of the PhD study was, thus, to select 

and thoroughly assess an appropriate bioreactor configuration that could overcome the mass transfer limitations 

and achieve high cell density for an efficient conversion of syngas to CH4. The chosen configuration was the trickle 

bed reactor that allows the microbes to grow in biofilms at a high surface to volume ratio enhancing the cell density, 

the cell retention time in the reactor and the mass transfer rate. 

The first part of the study was devoted on investigating the effects of the operational parameters (pH, liquid 

recirculation rate and hydraulic retention time) and the media composition on syngas biomethanation in mesophilic 

conditions. The main byproduct of the process was acetic acid, which decreased the pH to values unfavorable for 

methanogenesis and further enhanced acetogenic activity. In addition, shortage of trace metals was detected in the 

medium limiting the potential of microbial cell growth. To solve these issues, a medium with strong buffering 

capacity and appropriate increased concentration of trace metals was designed. Moreover, it was observed that the 
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liquid recirculation rate affected the wetted fraction of the packed bed and its increase improved the liquid 

distribution in the bed resulting in higher conversion efficiency of the gas substrate and higher CH4 productivity. 

The next focal point was to examine the impact of the temperature comparing two trickle bed reactors operated at 

37 oC and 60 oC, respectively. The major outcome was that thermophilic conditions were significantly superior to 

mesophilic conditions exhibiting higher CH4 productivities and higher product selectivity. In addition, by 

performing population sequencing and metagenomic analysis of samples from the inoculum, the biofilm and the 

liquid phase of the reactor, it was observed that thermophilic conditions fostered the growth of different microbes 

compared to mesophilic conditions and that the biofilm was richer in archaea compared to the liquid phase. A 

noteworthy element was the high abundance of cell debris scavengers in thermophilic conditions indicating that 

carbon recycling was important part of the process. 

Syngas produced from biomass gasification faces stoichiometric limitations for its conversion to biomethane and 

cannot satisfy the criteria for injection in the natural gas grid. The next step of this PhD study addressed the effects 

of exogenous supply of H2 in the trickle bed reactor for the production of natural gas grade biomethane. The 

conducted research led to the conclusion that the production of biomethane that could satisfy the natural gas 

standards was possible when the additional H2 inflow rate was regulated to follow the equation 
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
= 4 

for the molar gas composition at the inlet of the reactor. Values below 4 corresponded to carbon-moles (CO2) 

excess, while values above 4 corresponded to electron-moles (H2) excess which deteriorated even more the 

biomethane quality due to thermodynamic limitations on carboxydotrophic hydrogenogenesis. 

At the final stage of the PhD study a pilot scale trickle bed reactor with a bed volume 28 times higher than that of 

the lab scale one was designed, constructed and operated at thermophilic conditions. The scaling-up was 

considered successful with the pilot scale reactor exhibiting even higher conversion efficiency of the substrate 

compared to the lab scale one at the same operating parameters. The reason was the improved mass-transfer rate 

induced (a) by the installation of a spraying nozzle that was distributing the liquid phase in the form of micro-
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droplets at the top of the packed bed and (b) by the improved geometry of the bed that had a 3 times higher height 

per diameter (H/D) ratio compared to the lab scale reactor. The completion of the PhD study involved the operation 

of the pilot scale reactor in series with a fluidized bed gasifier producing syngas from wood pellets. The obtained 

results demonstrated no inhibition of the reactor when supplied with wood pellets syngas. 

In conclusion, this thesis describes the fundamental and up-scaling research activities carried out for syngas 

biomethanation in a trickle bed reactor paving thus the way towards commercial application of this promising 

technology. 
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Dansk sammenfatning 

Syngas biometanisering er en lovende teknologi til produktion af biometan fra 2. generations biomasse. Det er for 

nyligt begyndt at få opmærksomhed, på grund af den øgede interesse fra globale interessegrupper og politikere for 

at reducere CO2 udledningerne og lave et skifte til en bæredygtig cirkulær økonomi, hvor energiproduktionen 

kommer fra vedvarende kilder og ikke fra fossile brændstoffer. Biometan kan bruges i naturgasnettet, hvor det kan 

erstatte naturgas fra fossile kilder og kan derfor spille in vigtig rolle i transportsektoren som brændsel i motorerne. 

Yderligere, kan det blive brugt i industrielle kemiske synteseprocesser til produktion af produkter med højere 

værdi. 

Essensen af syngas biometanisering er at mikrober konvertere syngas komponenterne (H2, CO og CO2) til CH4. 

Disse kemolithoautotrofe mikroorganismer består af bakterier og arkaea som arbejder i symbiose med hinanden, 

for at ekstrahere den nødvendige energi til deres overlevelse ved den termodynamiske begrænsning for liv. 

Flaskehalsen for processen er den lave massetransferrate af H2 og CO to vandbaseret medium som resulterer i lave 

celle koncentrationer og lav produktivitet af CH4. Målet med ph.d.-studiet var, derfor, at omhyggeligt vælge og 

vurdere en passende bioreaktor konfiguration, som ville kunne overkomme masse transfer begrænsningerne og 

opnå høj celle koncentration for en effektiv konversion af syngas til CH4. Den valgte konfiguration var en trickle 

bed reaktor, som tillader mikrober at gro i en biofilm med højt overflade to volumen ratio, hvilket øger både celle 

koncentration og celleopholdstiden i reaktoren og massetransferraten. 

Den første del af studiet var dedikeret til at undersøge effekten af driftsparametrene (pH, væske recirkulation og 

den hydrauliske opholdstid) og medium komposition for syngas biometanisering under mesofile forhold. Det 

primære biprodukt fra processen var eddikesyre, hvilket får pH værdien til at falde til værdier som er ugunstige 

for metanogenese, hvor acetogen aktivitet stiger yderligere. Derudover blev det påvist at et underskud af spor 

metaller i mediet begrænsede potentialet for mikrobiel celle vækst. For at løse disse problemer, blev et medium 

med høj bufferkapacitet og passende koncentration af sport metaller designet. Desuden blev det observeret, at 
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væske recirkulations hastigheden påvirkede den våde fraktion af det pakkede leje, og dets forøgelse forbedrede 

væske distributionen i lejet, hvilket resulterede i højere omdannelseseffektivitet af substratet og højere CH4 

produktivitet. 

Det næste fokuspunkt var at undersøge påvirkningen af ændringer i temperaturen, ved at sammenligne to trickle 

bed reaktorer kørt ved 37oC og 60oC. Resultatet viste at termofile betingelser var signifikant bedre en mesofile 

betingelser, demonstrerede højere CH4 produktivitet og højere produkt selektivitet. Yderligere, ved at lave 

population sekventering og metagenomisk analyse af prøver fra inokulum, biofilmen og væskefasen i reaktoren, 

blev det observeret at de termofile betingelser fremmer betingelserne for vækst af de forskellige mikrober 

sammenlignet med mesofile betingelser og at biofilmen er rigere på arkeae sammenlignet med væskefasen. Et 

bemærkelsesværdigt element, var den høje mængde af mikrober som omdannede cellerester, hvilket indikerede, 

at genanvendelse af kulstof var en vigtig del af processen. 

Syngas produceret ved forgasning af biomasse, er støkiometrisk begrænset i dens omdannelse til biometan, i 

forhold til at leve op til kriterierne for injektion i naturgasnettet. Det næste skridt i ph.d.-studiet adresserede 

effekten af eksogen H2 forsyning i trickle bed reaktoren, for produktion af naturgas kvalitets biometan. 

Forskningen førte til konklusionen at produktionen af naturgas kvalitets biometan var mulig, når raten for den 

exogene H2 blev reguleret til at opfylde ligningen 
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
= 4 for den molære gas komposition ved indløbet 

til reaktoren. Værdier under 4 svarede til kulstof mol (CO2) i overskud, mens værdier over 4 svarede til elektron 

mol (H2) i overskud og forværrede markant biometan kvaliteten, på grund af termodynamiske begrænsninger af 

carboxydotrof hydrogenogenese. 

I den sidste del af ph.d.-studiet blev en pilot skala trickle bed reaktor med et leje volumen 28 gange større end 

laboratorie skala reaktoren designet, bygget og kørt under termofile betingelser. Opskaleringen var ikke kun 

vellykket men pilot skala reaktoren viste endnu højre konversions effektivitet af substratet sammenlignet med 

laboratorie skala reaktoren under samme driftsparametre. Grunden til den øget masse transfer var (a) installation 
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af en dysse som distribuerede væske fasen som mikro-dråber i toppen af det pakkede leje, og (b) en den bedre 

geometri af lejet, som havde 3 gange højere højde per diameter (H/D) ratio sammenlignet med laboratorie skala 

reaktoren. Den afsluttende del af ph.d.-studiet involverede at køre pilot skala reaktoren i serie med en fluidiseret 

forgasser som producerede syngas via forgasning af træpiller. De opnåede resultater viste ingen inhibition af 

reaktoren ved brug af rå syngas. 

Afslutningsvis, beskriver denne afhandling de fundamentale forskningsaktiviteter nødvendige for at bane vejen 

for kommerciel brug af syngas biometanering. 
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Guide to readers 

The PhD dissertation consists of six chapters that explain in depth the background and the scope of the study, the 

experimental activities and the conclusions, future perspectives and potential applications of the developed 

technology. 

Chapter 1 addresses the questions: What is syngas biomethanation? What problem does it solve? How is syngas 

produced? Why microorganisms instead of chemical catalysts? Why mixed microbial consortia instead of pure 

cultures? Which are the main metabolic pathways for the conversion of syngas to CH4? Why was a trickle bed 

reactor selected? What has been done so far in syngas biomethanation? What alternatives exist for the exploitation 

of syngas? Part of these questions are answered in a systematic review (paper I) published in Chemical Engineering 

Journal that focuses on the attributes of various bioreactor configurations operated in a continuous mode for the 

conversion of syngas to liquid and gas added-value products. 

Chapter 2 points out the hypotheses and objectives of the PhD project. 

Chapter 3 describes the efforts of the author to design a lab scale trickle bed reactor unit at mesophilic conditions, 

operate it and examine the effects of the principal operational parameters on the conversion efficiency of the 

substrate, the productivity of CH4, the percentage of electron-moles fixed to CH4 and the concentration of liquid 

byproducts and their impact on the microbial communities. In addition, improvement of the medium composition 

was performed with respect to the buffering capacity and the concentration of trace metals. This work (paper II – 

published in Waste and Biomass Valorization) lasted almost a year and it was fundamental to understand the 

challenges and the characteristics of syngas biomethanation in trickle bed reactors at their core.  

Chapter 4 highlights the differences between a lab scale trickle bed reactor operated under mesophilic (37 oC) 

and one operated under thermophilic conditions (60 oC). Emphasis is given to the microbial species that dominate 

each temperature profile. Their relative abundance was revealed through metagenomic analysis of samples from 
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the biofilm, the recirculating liquid phase, and the enriched methanogenic inoculum. This work (paper III was 

submitted to the Chemical Engineering Journal) was of vital importance for the selection of the operating 

conditions of the later constructed pilot scale reactor. 

Chapter 5 addresses the inherent stoichiometric limitation of syngas produced from biomass gasification for its 

conversion to natural gas grade biomethane. In order to counterbalance the excess carbon moles and produce a 

biomethane composition compatible with the natural gas grid we introduced the concept of biomass gasification 

coupled to syngas biomethanation with in-situ exogenous H2 supply. Paper IV investigates the effect of the syngas 

composition fed to the trickle bed reactor on the biomethanation process, and provides a thermodynamic 

interpretation of the microbial metabolic interactions. 

All the knowledge and experience acquired through the lab-scale research activities was combined for the design, 

construction, and operation of a 28 times larger volume reactor (pilot-scale). Chapter 6 deals with the performance 

of the pilot-scale trickle bed reactor and its comparison with the lab scale one. At the last stage of the PhD study, 

the pilot-scale trickle bed reactor was connected in series with a fluidized bed gasifier supplied with wood pellets 

and its efficiency in converting wood pellets syngas to CH4 was assessed. The aforementioned work is included 

in paper V.  

Chapter 7 recites the major conclusions from the PhD study and delineates future research perspectives for syngas 

biomethanation. 
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Chapter 1  

General Introduction 
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1. Motivation 

Anthropogenic carbon dioxide (CO2) emissions constitute the fundamental cause of climate change. This 

phenomenon has emerged as one of the hottest political topics in the 21st century due to the wide-ranging set of 

risks that it poses to the human-earth equilibrium [1]. Efforts towards its resolution resulted in the adoption of the 

Paris agreement on December 12, 2015 by 196 state members of the United Nations Framework Convention on 

Climate Change (UNFCCC). The agreed goal was to limit the global temperature rise well below 2 oC above pre-

industrial levels within this century by mitigating the greenhouse gas emissions. Despite the set framework, the 

concentration of CO2 in the atmosphere keeps increasing reaching a record high above 415 ppm on May 2019 

according to data (Fig. 1) gathered by scientists at Mauna Loa Observatory in Hawaii [2]. The current trajectory 

shows that a shift towards a biobased economy is urgent and should be applied rapidly, especially in the energy 

sector. 

 

Figure 1. Concentration of CO2 measured at the Mauna Loa Observatory in Hawaii [2]. The red line shows the average concentration 

monthly and the black line the trend. 
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The global energy consumption increased by 2.9% in 2018 compared to the previous year, according to the 

Statistical Review of World Energy 2019 released on June 2019 by British Petroleum (bp), while only 4.0% of it 

is attributed to the use of renewables and 84.7% to the use of fossil fuels (natural gas, oil and coal) [3]. There is 

an encouraging growth trend in the consumption of renewables (Fig. 2) presenting a 0.4% increase in 2018 

compared to 2017. Nevertheless, unless the pace of the decarbonization of the energy sector speeds up, the annual 

CO2 emissions will keep increasing (Fig. 3) along with the distance from the targets set from the international 

policy makers [4].  

 

Figure 2. Global energy consumption by fuel in 2018 (main pie chart) and 2017 (small pie chart). Source data from the Statistical Review 

of World Energy 2019, published from British Petroleum [3]. 

The addressed challenge for a transition towards green energy within a circular economy is the economic viability 

of the current technologies, which most of the times cannot compete with their alternative solutions provided from 

the petrochemical sector. As a result, an attractive field for scientific research is the development of sustainable 
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technological solutions for the production of biofuels, while occupying as little arable land as possible. A biofuel 

that has recently gathered a lot of attention is biomethane as it can replace natural gas in the extended gas grids 

and it can be used as a fuel in the transportation sector. Considering that natural gas is the only fossil fuel whose 

share in the energy market is still rising (Fig. 2), production of biomethane looks even more attractive. Besides, 

biomethane can also be a biological building block for various compounds, such as methanol [5], lactate [6], 

biodiesel [7] and biopolymers [8], with the use of bacteria known as methanotrophs. Biomethane is an 

environmental friendly energy carrier and its consumption is principally under the spectrum of Goal 7 (ensure 

access to affordable, reliable, sustainable and modern energy for all) and Goal 13 (take urgent actions to combat 

climate change and its impacts) of the Sustainable Development Goals (SDGs) [9].  

 

Figure 3. Carbon dioxide emissions annually based on data published in BP Statistical Review of World Energy 2019 [3]. 
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2. Availability of syngas as a feedstock 

2.1 Lignocellulosic biomass 

Gasification can be defined as the thermochemical conversion of any carbonaceous feedstock to a gas product 

consisting primarily of CO, CO2 and H2. This feedstock can be a fossil fuel such as coal [10], however, the focus 

should be on sustainable options. Lignocellulosic energy crops, such as willow and hemp, are a potential candidate. 

Nonetheless, with the “food vs fuel” dilemma becoming more and more popular alternative sources are preferable. 

Such sources are lignocellulosic biomass waste like residues from the forestry and the agricultural sector, residues 

from the production of biodiesel and bioethanol from 1st generation biomass [11], and residues from anaerobic 

digestion plants (biogas plants) which constitute 50% – 70% of the total organic feedstock entrained in the digester 

[12,13]. Residues from the agricultural and forestry sector are not suitable for food production and their use for 

the synthesis of biofuels through the carbohydrate pathway would produce a secondary waste of unexploited lignin 

[14]. In addition, treatment of woody biomass in anaerobic digesters is not recommended due to its low 

biodegradability and its high lignin content that cannot be effectively digested [15]. Municipal solid waste (MSW) 

could also be an interesting feedstock for the generation of syngas, since its amount is in a constant increase and 

is projected to increase even more rapidly in the future due to the growth of the global population [16]. Taking 

into consideration that landfill of organic wastes, which has detrimental effects on the environment, is still an 

option in many countries, even in the EU, waste recycling through gasification could be an effective solution. 

Another source of syngas could be algal biomass [17] being quite abundant and in some cases toxic, such as 

cyanobacterial blooms. 

The composition of syngas produced from the gasification of biomass depends on the feedstock, the configuration 

of the gasifier (e.g. moving bed, fluidized bed), the gasification conditions (e.g. temperature, pressure), and the 

gasification agent [18]. Typical gasification agents are air, air-enriched O2, pure O2 and steam. The use of air as a 

gasification agent results in the production of syngas with a high content of N2. On the other hand, steam 
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gasification leads to the production of syngas with a higher content of H2 and CO. There are many research 

activities on gasification technologies and novel ideas dealing with the energy efficiency of the process often 

emerge in literature [19,20].  

2.2 Industrial activities 

According to the International Energy Agency (IEA), 19% of the global CO2 emissions in 2016 derived from the 

industrial activities [21]. However, not all waste gases are suitable for syngas fermentation. CO2 cannot be 

converted to biofuels without electron donors (CO or H2). An industrial process that produces massive amounts of 

off-gases with high carbon and energy content is steel milling [22]. The sources of fermentable gases from the 

steel mills are the basic oxygen furnaces (BOF), the blast furnace (BF) and the coke oven gas (COG) [23]. The 

first and the second one have a high content in CO and the third one has a high content in H2. As a result, the 

installation of a biological reactor in the exit line of the gas wastes of this kind of industries could be a potential 

trajectory for carbon sequestration, and mitigation of the environmental impacts created from the release of these 

off-gases to the environment. This is exactly what Lanzatech did for the production of ethanol in the first 

commercial application of syngas fermentation built in China in a collaboration with the Shougang group, a 

Chinese-state owned steel producing company [24]. 

3. Catalytic vs Biological Conversion of Syngas 

Syngas can be treated either catalytically with metal catalysts or biologically with microorganisms. The most 

famous catalytic processes are the Fischer-Tropsch synthesis that converts syngas to liquid hydrocarbons and the 

Sabatier reaction that converts syngas to CH4. The main advantages of the biological processes include the (i) high 

tolerance of the microbes to inhibitory impurities that deactivate the chemical catalysts (e.g. sulfur compounds), 

(ii) the adaptability of the microbes to any syngas composition in contrast to the metal catalysts, the selectivity of 

which depends on the ratio of the syngas components, (iii) operation at atmospheric pressure and temperature that 
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does not exceed 70 oC, while catalytic processes demand temperatures of 200 – 550 oC and pressures up to 100 

bar, (iv) the lower cost of the biocatalysts (microbes) compared to the chemical catalysts, (v) the fact that the 

biocatalytic process is odorless, it does not create any health hazard and is much less harmful to the environment 

and (vi) the fact that the chemical conversion of syngas is competitive only in large scale units [25,26]. On the 

other hand, the main bottlenecks of the biocatalytic process are the gas-liquid mass transfer limitation due to the 

low solubility of H2 and CO to the water based media and the low cell concentration in the reactor that results in 

low productivity. 

4. Product Portfolio from the Biocatalytic Conversion of Syngas 

Syngas can be biologically converted to a wide spectrum of products dependent on the microbial species that 

utilize it as a substrate. The most common process in literature is the production of acetic acid and ethanol through 

the Wood-Ljungdahl pathway, which is present in acetogenic bacteria such as Clostridium autoethanogenum, 

Clostridium ljungdahlii, and Acetobacterium woodii [27]. Carbon-chain elongation for the production of longer 

chain fatty acids and alcohols, such as butyric acid, propionic acid, valeric acid caproic acid, butanol and hexanol, 

during syngas fermentation has also been reported [28,29]. Researchers have even demonstrated production of 

octanol from syngas [30]. Another interesting product from syngas fermentation that could be quite popular in the 

future as an energy carrier is H2, which can be produced in both mesophilic and thermophilic conditions through 

the biological water-gas shift reaction from microbes such as Rhodospirillum rubrum, Thermincola carboxydiphila 

and Carboxydothermus hydrogenoformans [31–33]. Production of acetone has also been achieved with 

metabolically engineered microbes such as Acetobacterium woodii [34] and Clostridium sp. MAceT113 [35], along 

with its reduction to isopropanol [36]. Other chemicals for which there is not yet extensive research activity and 

belong in the Lanzatech portfolio are D-2,3-Butanediol, acetoin, succinic acid and lactic acid via pyruvate, and 

heterologous products such as sec-Butanol, methylethylketone (MEK), meso-2,3-Butanediol, n-propanol and 

propanal [23]. Furthermore, syngas has recently been used as a substrate for the production of bioplastics such as 
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polyhydroxyalkanoates (PHA) [37]. Apart from liquid biofuels, syngas can also be converted to CH4 with 

methanogenic archaea in both mesophilic and thermophilic conditions [38]. 

5. Mixed Microbial Consortia vs Pure Cultures and Defined Co-cultures 

Despite the inhibitory nature of syngas, due to its high content of CO, there is a wide variety of microbes that can 

utilize it as a source of carbon and energy for their growth and proliferation. These microbes can work either by 

themselves (pure cultures) or in a synergistic environment (either defined co-cultures or mixed microbial consortia) 

with each case presenting advantages and disadvantages. Advantages of mixed microbial consortia are that (a) 

they present much higher resiliency to inhibitory compounds since some strains may use these compounds in their 

metabolism or may be easily adapted, (b) there is no need for sterilization of the reactors and no risk of 

contamination that could result in process failure and (c) they present high robustness to sudden environmental 

disturbances in the reactor [18]. However, a major disadvantage is their complexity that renders difficult the 

understanding of a process malfunction and the low selectivity towards the desired product due to competitions in 

the microbial community. In order to face the latter challenge, there is a lot of ongoing research in enrichment 

strategies that increase the yield to a specific product minimizing, thus, carbon losses to byproducts [39]. For 

instance, Grimalt et al. has developed an enrichment strategy where anaerobic sludge is initially introduced in an 

anaerobic vial at a specific syngas composition and when the growth reaches the exponential or the stationary 

phase (dependent on the desired product) the mixed culture in the vial is used as an inoculum for a second vial at 

the same environmental conditions [40,41]. These transfers can be repeated until only the desired product is 

produced. The word enrichment may sound paradoxical since the microbial diversity is decreased with this process, 

yet the real meaning is that the microbial community is enriched with the most competitive microbial groups for 

the targeted bioconversion. 

Another alternative is the use of defined synthetic co-cultures for a stepwise production of the desired product 

through intermediate metabolites. This solution is preferred when it is difficult or infeasible to convert a specific 
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substrate to a desired product with just one microbe. The disadvantage of this process, similarly to the pure cultures, 

is the risk of contamination and the need for sterilization, whereas the advantage is the high selectivity of the 

product. Examples applied in the case of syngas fermentation is the use of a tri-culture consisting of R. rubrum, 

M. formicicum and M. barkeri for the production of CH4 [42,43], the use of a co-culture consisting of Citrobacter 

amalonaticus Y19 and Sporomusa Ovata for the production of acetic acid [44], the use of a co-culture consisting 

of Carboxydothermus hydrogenoformans and Methanothermobacter thermoautotrophicus for the production of 

CH4 in thermophilic conditions [45], and the use of a co-culture consisting of Clostridium autoethanogenum / 

Clostridium ljungdahlii and Clostridium kluyveri for the production of butyrate, caproate and their respective 

alcohols [30,46]. 

6. Microbial Metabolism for the Biomethanation of Syngas 

A phylogenetically diverse group of microbes co-exists in the bioreactor during syngas biomethanation. 

Assimilation of CO is performed from carboxydotrophic acetogens through the Wood-Ljungdahl pathway, from 

carboxydotrophic hydrogenogens through a reaction known as water-gas shift reaction and from carboxydotrophic 

methanogens. H2 and CO2 are converted directly to methane by hydrogenotrophic methanogenic archaea or 

indirectly through acetate from homoacetogens (Wood-Ljungdahl) and aceticlastic methanogens. Under 

thermodynamically favorable conditions, acetate can be converted to H2 and CO2 by syntrophic acetate oxidizers 

[47]. 

Table 1. Metabolic reactions performed by microbial groups involved in syngas biomethanation. ΔGo’ corresponds to the Gibbs free 

energy change at standard conditions. The table is adapted from Asimakopoulos et al. [47]. 

Microbial Group Metabolic reaction ΔGo’ (kJ/mol) 

Carboxydotrophic hydrogenogens CO + H2O → CO2 + H2 -20 

Carboxydotrophic methanogens 4 CO +2 H2O → 3 CO2 + CH4 -210.9 

Carboxydotrophic acetogens 4 CO + 2 H2O → CH3COOH + 2 CO2 -165.4 

Hydrogenotrophic methanogens CO2
 + 4 H2 → CH4 + 2 H2O -135.6 

Homoacetogens 2 CO2 + 4 H2 → CH3COOH + 2 H2O -104.6 

Aceticlastic methanogens CH3COOH → CH4 + CO2
 -31 

Syntrophic acetate oxidizers CH3COOH + 2 H2O → CO2
 + 4 H2 +104.6 
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Syngas biomethanation involves thermodynamically unique metabolic interactions that have not yet been fully 

deciphered and their bioenergetics are not fully understood [48]. It was not until very recently that the third 

mechanism of energy conservation (electron-bifurcation) was discovered in anaerobic acetogenic bacteria and 

methanogenic archaea [49]. Since then, possible models of energy assimilation have been proposed for these 

microorganisms but deeper research digging is needed to comprehend the mechanisms [50].  

6.1 Carboxydotrophic acetogenesis / Homoacetogenesis 

Acetogenic bacteria can produce acetate chemolithoautotrophically (both the energy source and the carbon source 

is inorganic) from 4 mol of CO and 2 mol of H2O (carboxydotrophic acetogenesis) or from 4 mol of H2 and 2 mol 

of CO2 (homoacetogenesis) dependent on the available electron donor (Fig. 4). The precursor of acetate is acetyl-

CoA produced from the combination of the Methyl branch and the Carbonyl branch of the Wood-Ljungdahl 

pathway with an enzyme complex consisting of a carbon monoxide dehydrogenase and an acetyl CoA synthase 

[51]. After the acetyl-CoA is formed, acetate production involves the use of two more enzymes 

(phosphotransacetylase and acetate kinase), while 1 mol of ATP through substrate level phosphorylation is 

generated per mol of acetate produced. Since 1 mol of ATP is also consumed for the conversion of formate to 

formyl-THF, the net ATP gain through substrate level phosphorylation is zero. The necessary ATP for growth is 

generated from a recently discovered energy conservation mechanism known as electron-bifurcation [50]. Detailed 

explanation of this mechanism is beyond the scope of this study. More information can be found in a recent review 

that proposes a conceptual framework for electron-bifurcation based on the knowledge that existed up to three 

years ago [52].  
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Figure 4. Wood-Ljungdahl metabolic pathway adapted from Schumann and Muller [50]. Fd: ferredoxin, THF: tetrahydrofolate, CoFeSP: 

corrinoid iron-sulfur protein 
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6.2 Carboxydotrophic Hydrogenogenesis 

Carboxydotrophic hydrogenogenesis or the biological water-gas shift reaction is conceptually one of the simplest 

mechanisms of energy conservation. In short, the oxidation of a CO molecule is coupled to proton reduction 

resulting in the formation of H2 and CO2 (Table 1). Three enzymes have been identified to perform this reaction: 

a carbon monoxide dehydrogenase (CODH) where CO is oxidized, an electron transfer protein bound to the carbon 

monoxide dehydrogenase and an energy converting membrane-bound hydrogenase (EcH) [53,54]. While an 

electron is transferred from the CODH to the ECH, a proton is being translocated across the cytoplasmic membrane 

generating, thus, an electrochemical proton gradient that fuels ATP synthesis [55].  

6.3 Hydrogenotrophic Methanogenesis 

Hydrogenotrophic methanogenic archaea belong to the phylum of Euryarchaeota and they achieve energy 

conservation through the formation of CH4 from CO2 and H2. Methanogenic archaea are very abundant in the 

natural environment at anoxic conditions such as swamps, paddy fields, freshwater sediments, and intestinal tracts 

of ruminants and termites, and scientists estimate that the are responsible for the production of 1 giga ton of CH4 

in an annual basis [56]. Methanogenic archaea can be classified to those containing cytochromes and those without. 

The existence of cytochromes determines the energy conservation mechanism, and thus the net ATP gain from 

hydrogenotrophic methanogenesis. Hydrogenotrophic methanogens with cytochromes conserve energy by 

coupling the first and last step in methanogenesis (Fig. 5) chemiosmotically, whereas methanogens without 

cytochromes conserve energy through flavin-based electron-bifurcation [56], a mechanism also used from 

acetogenic bacteria as mentioned earlier. The net ATP gain of Methanosarcina barkeri (with cytochromes) is 1.5 

mol per mol of CH4, while Methanobrevibacter arboriphilus (without cytochromes) has a five times less ATP gain 

of 0.3 mol per mol of CH4 [56]. The low ATP yields led Deppenmeier and Müller to describe methanogenesis as 

life close to the thermodynamic limit [57]. The metabolic pathway of hydrogenotrophic methanogenesis is 
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presented in Fig. 5 and comparing it with the methyl branch of the Wood-Ljungdahl pathway, many similarities 

can be observed.   

 

Figure 5. Metabolic pathway of hydrogenotrophic methanogenesis adapted from Zabranska and Pokorna [58]. MFR: methanofuran, H4MPT: 

tetrahydromethanopterin, HSCoM: coenzyme M, HSCoB: coenzyme B  
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6.4 Aceticlastic Methanogenesis 

Only two genera are known to have the capability to conserve metabolic energy by converting acetate to CH4, 

Methanosarcina and Methanosaeta [59]. The pathway initiates with the conversion of acetate to acetyl-CoA with 

an acetate kinase and a phosphotransacetylase (Fig. 6). Then a methyl group is bounded to a 

tetrahydrosarcinapterin (H4SPT) and CO2 is released out of the cell membrane. The following steps are identical 

to the hydrogenotrophic methanogenic pathway with the methyl group being transferred to coenzyme M, which, 

in turn, gets reductively demethylated and bounded to coenzyme B releasing a CH4 molecule [60]. ATP synthesis 

is achieved through an electrochemical ion gradient driving a membrane bound ATP synthase. The net ATP gain 

is 1 mol of ATP per mol of CH4 [57].  

 

Figure 6. Metabolic pathway of aceticlastic methanogenesis adapted by Ferry [60]. HS-CoA: coenzyme A, HSCoM: coenzyme M, 

HSCoB: coenzyme B, H4SPT: tetrahydrosarcinapterin 
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6.5 Carboxydotrophic Methanogenesis 

The conversion of CO to CH4 was discovered in 1931, yet, since then it has been scarcely studied [53]. The direct 

conversion of CO to CH4 has only been reported for few species so far and, according to many research activities, 

it does not appear to be the preferable metabolic pathway during syngas or CO biomethanation [41,61–67]. 

According to Buan [68] and Diender et al. [69], the metabolic pathway used for the conversion of CO to CH4 is 

expected to operate in a similar way to the one described for hydrogenotrophic methanogenesis, yet further 

research is needed to decipher the exact process of energy conservation. It is suspected that archaea that possess 

in their genome an operon responsible for the expression of an enzyme complex consisting of a carbon monoxide 

dehydrogenase and a acetyl-CoA synthase have the potential to perform carboxydotrophic methanogenic 

metabolism [53]. 

6.6 Syntrophic Acetate Oxidation 

Syntrophic acetate oxidation is the reverse process of homoacetogenesis, leading to the production of 4 mol of H2 

and 2 mol of CO2 from the consumption of 1 mol of acetate. Because the reaction is highly endergonic at standard 

conditions (+104 kJ/mol), H2 should reach a very low partial pressure in order to shift to a negative Gibbs free 

energy. At reactors with mass transfer limitations, low concentration of solubilized H2 in the liquid phase or in the 

biofilm is possible, thus, rendering the syntrophic acetate oxidation metabolism feasible [64]. The suggested 

mechanism for this metabolic pathway is an oxidative Wood-Ljungdahl pathway [70], however, it is still unknown 

whether there are any differences between the forward pathway (acetogenic) and the reverse (acetate oxidizing) 

[71]. In addition, not all acetogens are able to perform the reverse pathway; a fact that makes the efforts to discover 

the biochemical and regulatory mechanisms along with the energy conservation mechanism behind syntrophic 

acetate oxidation more intense [71]. 
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7. Impacts of operational parameters / environmental conditions on 

syngas biomethanation 

Achieving the optimal growth conditions in syngas biomethanation performed by mixed microbial consortia is a 

complex endeavor, since each microbe within the synergistic consortium has each own ideal pH and temperature. 

Nevertheless, it is very important to identify the influence that these operational parameters have on the 

carboxydotrophic and hydrogenotrophic activity of the microbial cluster, in order to select the most favorable 

conditions for the achievement of the maximum CH4 productivities and yields. 

7.1 Temperature 

It is well established in microbiology that temperature affects decisively the microbial strains that will grow inside 

a reactor inoculated with an undefined mixed consortium. Therefore, the temperature choice is one of the most 

successful microbial selection processes after the desired feedstock is defined. In syngas biomethanation, 

temperature determines the succession of the microbial reactions. In mesophilic conditions, acetate is the precursor 

for the conversion of CO to CH4, while in thermophilic conditions CO is converted to H2 via the biological water 

gas shift reaction and then to CH4 by hydrogenotrophic methanogens [72]. When syngas is used as the only carbon 

and electron donor, the commonly abundant microbes at 37 oC, are the acetogenic bacteria belonging to the genera 

Sporomusa and Acetobacterium [41,65] and methanogenic archaea belonging to the genera of Methanobacterium, 

Methanospirillum and Methanosaeta [41,65,73,74], whereas 60 oC foster the growth of carboxydotrophic 

hydrogenogens, such as Carboxydothermus hydrogenoformans and Thermincola carboxydiphila [41,75], and the 

resilient archaeal genus Methanothermobacter [41,76,77]. Apart from the metabolic pathways through which CH4 

is produced, temperature also affects the kinetics of syngas biomethanation. For instance, researchers reported a 2 

times higher molar CH4 quantity at thermophilic conditions, when testing the growth of mixed microbial consortia 

grown in biofilms inside sachets with syngas at 37 oC and 55 oC [78]. In another research study, the 
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carboxydotrophic activity of wastewater treating anaerobic granules presented a 5-fold increase when the 

temperature was increased from 35 oC to 60 oC. The hydrogenotrophic methanogenic activity is also enhanced at 

higher temperatures with studies reporting a 5.3-fold increase from 37 oC to 60 oC and a 2.8-fold increase 55 oC to 

65 oC [41,77]. 

7.2 pH 

Securing a stable pH during syngas biomethanation is fundamental for the correct and undisturbed performance 

of the microbial consortia. Hydrogenotrophic methanogens have a very low pH range from 6 to 8, with the majority 

of them presenting optimal performance at values close to 7 [79]. In contrast, acetogens are a very versatile 

category of microbes having the capability to tolerate a wide pH range. Acetogenic strains with optimal pH growth 

as low as 5.4 and as high as 9.8 have been identified with syngas as a substrate [80]. An additional characteristic 

of many acetogens is that they can shift their metabolism to solventogenic from acidogenic at low pH values (even 

4.5) [81,82]. In a study regarding the effects of pH on carboxydotrophic ethanologenesis, it was demonstrated that 

the maximum ethanol titer was obtained at the lowest pH = 4.75 tested [83]. On the other hand, low pH values are 

detrimental to carbon chain elongation [84], a metabolism that is often present during syngas biomethanation by 

mixed microbial consortia [47,85]. Consequently, in the case of methanogenesis, the pH should be neutral so as to 

avoid microbial inhibition and lower yields and productivities of CH4. 

7.3 Pressure 

Increase of the pressure would theoretically enhance the solubility of the gas components, resulting thus in higher 

mass transfer rates and higher productivities. To our knowledge, there are no studies in literature where a specific 

syngas composition has been supplied in a bioreactor operated at variable pressures for the production of 

biomethane. The influence of pressure has been studied, though, for biological hydrogen methanation (BHM) [26], 

a process in which the energy derives from H2 and the carbon from CO2. The researchers employed a trickle bed 
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reactor run counter-current mode inoculated with an anaerobic microbial consortium and operated it at 1.5 bar, 5 

bar and 9 bar. An increase of the methane content from 64.1% to 80.0% and 86.5% was reported at the respective 

three tested pressures accompanied by an increase of the conversion efficiency of H2 and CO2 [26]. The respective 

achieved CH4 productivities were 4.09, 4.28 and 4.20 m3·(m3
bed)

-1·d-1, which indicates that increase of the pressure 

from 5 bar to 9 bar resulted in a lower electron yield to CH4, and thus a slightly lower CH4 productivity. However, 

BHM and syngas biomethanation may not have the same response to an operational pressure increase due to the 

fact that syngas contains CO. Increase of the reactor pressure from 1 bar to 9 bar would correspond to a 9 times 

higher partial pressure of CO, which may have negative effects in methanogenesis. For instance, in a research 

study about syngas (48% H2, 16% CO, 16% CO2, 20% N2) fermentation to ethanol with Clostridium ljungdahlii 

in a CSTR at three pressures (1 bar, 4 bar and 7 bar), the researchers reported a conversion efficiency of H2 equal 

to 42.4% (1 bar), 50.4% (4 bar) and 20.6% (7 bar) and the respective values for the conversion efficiency of CO 

were 93% (1 bar), 98.5% (4 bar) and 84.9% (7 bar) [86]. The outcome of the study was that the increase of the 

pressure from 1 bar to 4 bar increased the mass transfer of the gas compounds to the liquid phase without apparent 

inhibitory effects from CO, but further increase of the pressure to 7 bar resulted in an inhibitory concentration of 

CO in the liquid phase that retarded the microbial uptake rate of the electron donors. 

7.4 Syngas Composition 

The partial pressure of the gas components in syngas is important for three reasons: 1) because it determines the 

maximum methane content in the exit of the bioreactor, since a high stoichiometric excess of carbon-moles will 

result in a high amount of unconverted CO2 and a high stoichiometric excess of electron-moles will result in a high 

content of unconverted H2, 2) because CO is a toxic compound for several microbes and a higher partial pressure 

of CO may affect their kinetics or even their survival, and 3) because the partial pressure of H2 is responsible for 

the thermodynamic control of specific reactions that may be endergonic or exergonic dependent on the 

concentration of H2; such reactions are carboxydotrophic hydrogenogenesis and syntrophic acetate oxidation.  
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In syngas biomethanation, high partial pressures of CO exerts inhibitory effects on the methanogenic activity of 

hydrogenotrophic and aceticlastic archaea, resulting in low CH4 yields and low CH4 productivities [87]. Navarro 

et al. [64] performed a dedicated study on the carboxydotrophic efficiency of a methanogenic sludge deriving from 

an upflow anaerobic sludge bed reactor (UASB) at mesophilic conditions, testing six different partial pressures of 

CO (0.1 atm, 0.2 atm, 0.3 atm, 0.5 atm, 1.0 atm and 1.5 atm). The researchers showed that the maximum 

methanogenic specific activity and the maximum yield to CH4 was achieved at a pCO of 0.1 atm, while full 

inhibition of methanogenesis was observed at a pCO = 1.0 atm. However, the maximum carboxydotrophic activity 

was achieved at a pCO = 0.5 atm along with the maximum product yield to acetate. Since in further tests direct 

carboxydotrophic methanogenesis was not observed, CH4 was produced indirectly through acetate and the 

outcome of the study was that inhibition of aceticlastic methanogens starts from a partial pressure of CO as low as 

0.2 atm and possibly even lower. 

There are no reports of inhibitory effects of H2 on syngas biomethanation, yet it has been demonstrated that the 

partial pressure of H2 plays an important role on the metabolic interactions in a mixed microbial consortium. In a 

recent study, it was portrayed that the kinetics of hydrogenotrophic methanogenesis can shift the homoacetogenic 

metabolism to syntrophic acetate oxidation and vice versa [41]. Let us assume that the concentration of H2 and 

CO2 in the liquid phase is low but not low enough to render hydrogenotrophic methanogenesis thermodynamically 

infeasible. Then there should be a transition point for the concentration of acetate, below which homoacetogenesis 

will be thermodynamically feasible and above which syntrophic acetate oxidation will be thermodynamically 

feasible.  
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8. Alternative Biomethanation Technologies  

8.1 Power-to-Gas 

The Power-to-Gas (PtG) technology can be defined as the conversion of surplus electricity to a natural grid 

compatible gas [88]. The electricity should derive from renewable energy sources such as windmills and solar 

panels and its conversion to substitute natural gas (SNG) is achieved via a two-step process. The first step is 

electrolysis of H2O to H2 and O2 performed with technologies such as alkaline electrolysis and polymer electrolyte 

membrane electrolysis. The second step is the reduction of CO2 to CH4 with chemical or biological catalysts using 

H2 as a reducing agent [89]. The advantages of the microbial process over the use of metal catalysts have already 

been mentioned in Section 3. The biological process is called hydrogenotrophic methanogenesis or biological 

hydrogen methanation (BHM) and involves the use of archaea (Table 1).  

A paper released on the 30th of June 2019 [90] reviewed 153 past, present and planned projects regarding 

production of H2 and CH4 within the PtG concept. 93 projects emphasized only on electrolysis technologies while 

60 included methanogenesis either catalytically (30) or biologically (30). From the 30 investigated biological 

projects 14 are performed in trickle bed reactors, 11 in stirred tank reactors, and the rest in-situ at anaerobic digester 

facilities like biogas plants and wastewater treatment plants. Half of the 30 projects focus on raw biogas upgrade 

and 13 projects focus on bottled biogas upgrade. Only three projects have reached commercial scale so far located 

at Avedøre in Denmark, at Solothurn in Switzerland and at Colorado in US. All three projects employ the patented 

biomethanation reactor developed by Electrochaea GmbH (Munich, Germany) during the BioCat research project 

in Denmark. In short, biogas is produced on-site at BIOFOS wastewater treatment and then supplied to the 

biomethanation reactor, which is inoculated with a pure hydrogenotrophic methanogenic culture. H2 is produced 

by a polymer electrolyte membrane on-site at the BIOFOS facility. The biomethanation unit delivers a gas 

containing >97% CH4, 0.2-1% CO2 and 1-2% H2 in the injection gas grid station also located in the BIOFOS 

campus. The annual capacity of the plant is 1 MW and sequesters 740 tons of CO2 from the atmosphere of Denmark 
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(source: http://www.electrochaea.com/ and presentation of Electrochaea GmbH CTO Dr. Doris Hafenbradl at 

REGATEC 2019 conference in Malmö, Sweden). 

The PtG technology is not competitive with syngas biomethanation; instead, they could rather be coupled since 

syngas produced from the gasification of biomass cannot be converted to natural gas standards biomethane due to 

stoichiometric limitations. A proposed scenario within this PhD study is the use of low-cost renewable electricity 

for the production of H2 through electrolysis, subsequently supplied in-situ to the biomethanation unit treating 

syngas produced from 2nd generation biomass gasification.  

8.2 Anaerobic Digestion 

Anaerobic digestion is a biological process where complex organic matter is decomposed anaerobically for the 

production of a gas stream (biogas) containing 55% - 65% CH4 and 35% - 45% CO2 and a liquid stream called 

digestate containing non-digestible elements [91]. A conventional biogas plant contains a pretreatment stage where 

the feedstock becomes more accessible to microorganisms, a sanitation stage where pathogenic microorganisms 

are killed, a pH and temperature adjustment stage in a buffer tank and an anaerobic digestion stage where the 

organic matter is converted to biogas [92]. The produced biogas can be upgraded to biomethane with downstream 

processes or used as fuel in combustion systems for the production of heat and electricity. 

The main advantage of the gasification process coupled with syngas biomethanation over anaerobic digestion is 

the fact that all the carbonaceous feedstock can be converted to syngas and then used for CH4 production. 

Anaerobic digestion is not indicated for the digestion of dry waste with high lignin content that yields no CH4 and 

accumulates in the digestate. Other feedstock such as municipal solid waste have an average digestible organic 

fraction of 30% at most [93]. The rest dependent on the legislation of a country can be used for compost, 

fertilization or sent incineration [12]. There is a recent trend in research studies concerning integration of pyrolysis 

or gasification of the digestate with anaerobic digestion for the improvement of the energy efficiency of the waste 

treatment [12,93–96]. A question that can be raised about this coupling is if it is economically more sustainable to 
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gasify from the beginning all the feedstock and supply the syngas to a biomethanation reactor or to just gasify the 

digestate of the anaerobic digestion process and supply the occurring syngas with the same anaerobic digestion 

unit.  

8.3 Electrocatalytic, Photoelectrochemical and Unassisted Light-Driven Biomethanation 

In 2015, a research group from University of California, Berkeley published an article suggesting three sustainable 

technologies for the production of biomethane [97]. The technologies are at their infancy and no follow-up has 

been published since then (to our knowledge), yet they are worth mentioning due to the innovative ideas behind 

them. 

The first technology was a hybrid Platinum/Archaea catalyst platform performed in an electrolysis cell. 

Galvanostatic electrolysis of water molecules was performed at a platinum anode. The anode was separated with 

an ion-permeable membrane from the cathode to prevent O2 from flowing to the cathode chamber. H2 was 

generated on the platinum cathode from protons and electrons. The cathode was sunk in basic anaerobic medium 

inoculated with Methanosarcina barkeri and saturated with CO2. M. barkeri is a hydrogenotrophic methanogen, 

thus converting the H2 generated on the cathode with CO2 to CH4. The researchers applied a current ranging from 

1 mA to 7.5 mA and observed a proportional increase of the methanogenic activity with the increase of the electric 

current, showing thus that the system was operating in a H2 limited regime. To make the process more sustainable, 

the researchers developed an environmental friendly catalyst (nanoparticulate nickel sulfide: a-NiS) as a 

replacement to the platinum one. The faradaic efficiency of the a-NiS catalyst was 74% compared to the 75% 

achieved with the metal catalyst at a 7.5 mA current indicating the success of the cathode catalyst replacement. 

The second technology was named “photoelectrochemical generation of CH4 from CO2. The difference of this 

technology from the first one was that portion of the potential needed for water electrolysis was provided by light. 

To achieve that a photoactive cathode was designed by sputtering a thin layer of Ni-Mo alloy atop TiO2-passivated 
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n+/p-Si. The electric current was set at 2.5 mA and the illumination at 740 nm resulting in a faradaic efficiency to 

CH4 of 82%. In addition, no inhibition of M. barkeri from the illumination was observed. 

The third technology was named “unassisted light-driven synthesis of CH4 from CO2” and involved the use of 

both a photoanode and a photocathode. The photoanode was made of titanium dioxide (TiO2) and the photocathode 

from indium phosphide (p-InP) coated with platinum (Pt). The setup was able to produce CH4 only from light 

without applying electric current at a faradaic efficiency of 74%. 

9. Bioreactor Configurations

The major bottleneck of syngas biomethanation is the mass transfer of H2 and CO to the water based media. It is, 

thus, important to select a bioreactor configuration that can overcome this challenge allowing for higher uptake 

rate of the substrate and higher CH4 productivities. Several reactors have been tried with a target to face the 

described shortcoming and innovative reactor designs often spring up in literature [98–101].  

The selection, design, construction, and optimization of a bioreactor for syngas biomethanation was in the core of 

the PhD study. Therefore, the literature regarding types of bioreactors employed for syngas fermentation processes 

in continuous mode was thoroughly reviewed (first paper in the list of publications; starts on the next page). In 

short, the outcome of the article was that there is a big focus on biofilm reactor modules, such as hollow fiber 

membrane reactors and packed bed reactors, due to the increased cell retention time that they provide, and their 

higher mass transfer rate, deriving from their higher surface to volume ratio, compared to stirred tank reactors and 

gas-lift reactors
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A B S T R A C T

Implementation of biofuels as an alternative to fossil fuels has been established as an answer to climate change
by limiting GHG emissions. Syngas fermentation has emerged as a promising process for the conversion of waste
biomasses to valuable products with bioethanol being on the main focus. However, the bottleneck of the mass
transfer of syngas compounds H2 and CO along with low production yields has set barriers to the development of
an industrial scale plant. Recent research indicates that many different methodologies spring up in order to face
this important challenge. The aim of this review is to assemble all these techniques applied in syngas fermen-
tation, focusing on the different bioreactor configurations operated in continuous mode for the production of
liquid and gas biofuels. This article also outlines the so far entrepreneurial initiatives and the progress made
towards the commercialization of the process.

1. Introduction

The continuous increase of global energy needs due to the constant
rise of global population and the intensification of industrial activities
renders the use of renewable energy necessary [1,2]. Not only because
of the gradual depletion of fossil fuel reserves, but also because
humanity has to confront the major problem of the greenhouse effect
and the resulting global warming [3–5]. Towards this direction, syngas
fermentation to biofuels has gained increasing scientific attention as an
alternative methodology for the production of renewable energy over
the last decade [6–17].

Syngas or synthesis gas is a mixture of gases (mainly CO, CO2 and
H2) that can be produced from the gasification of biomass. The pro-
portion of each gas depends on the type of the biomass used as a
feedstock, the configuration of the gasifier and the operational para-
meters of the gasification process [18]. The industrially used gasifica-
tion technology primarily includes fixed bed and fluidized bed gasifiers
and the gas effluent often undergoes additional cleaning processes be-
fore it is fed to a reactor [19]. There is also on-going research on the
optimization of the gasification process and novel technologies are

often introduced [20–23].
Furthermore, syngas is quite enthralling from an environmental

point of view because to-date it remains an important by-product of
several industrial processes such as steel milling, petroleum refining,
steam reforming and others involving combustion and partial oxida-
tion. European Union has set a long-term target (2050) to decrease its
greenhouse gas emissions by 80–95% compared to 1990 [24] and in
order to achieve that, exploitation of inorganic carbon sources is bound
to have a fundamental role. Integration of syngas producing industrial
activities and syngas fermentation units in a pre-commercial stage has
already been attempted for bioethanol production in China [25].

Conventional catalytic processes for the production of liquid fuels
like Fischer-Tropsch (FT) present high operational costs as they require
high temperatures and pressures, high supply cost for the catalysts,
fixed H2/CO ratios and pretreatment of the gaseous mixture for the
removal of compounds that are poisonous to the catalysts [26]. Those
disadvantages highlight the need for alternative ways to be sought. One
promising alternative is the combination of thermochemical and bio-
logical processing of biomass [27]. The greatest merits of the fermen-
tation processes are the mild conditions needed that entail low energy
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and infrastructure costs along with the high selectivity of the microbes.
Apart from that, the biocatalysts (microbes) are cheap, they do not
demand fixed H2/CO ratio and the process is odorless. In addition,
health hazards are precluded and environmental pollution is markedly
abated [28]. However, syngas bioconversion to liquid fuels faces im-
portant challenges that should be circumvented before the process is
scaled up. The main issues are the mass transfer of sparingly soluble
syngas compounds (CO, H2) to the water-based microbial cultures and
the relatively low growth rate of the microbes that leads to relatively
low productivity rates [29].

The bottlenecks of syngas fermentation have been perceived since
three decades ago but, because of the use of alternative methodologies
for the production of liquid fuels such as fermentation of sugars or
gasification and FT, little effort was given to surpass them up to the last
decade. Concisely, the bioreactor setups for syngas fermentation that
are dominant in the literature are continuous stirred tank reactors
(CSTR) and membrane reactors. However, often new ideas spring up
due to limitations and challenges those two main configurations have.
CSTRs demand a lot of energy consumption for high agitation speeds so
as to increase gas-to-liquid mass transfer [30] and, on the other hand
membrane bioreactors, where biofilm formation takes place, face
fouling issues from high cell concentrations and cell washout phe-
nomena at high hydraulic dilution rates [31].

A key targeted product of the combined biomass gasification –
syngas fermentation process is bioethanol due to its high octane
number that allows it to be used in fuel blends in the transportation
sector. Today bioethanol is produced in a commercial scale through the
fermentation of carbohydrates deriving mainly from corn, sugarcane,
sugarbeet and wheat. It is, however, highly debated that these crops,
which can also be a source of food in a world that has not eliminated
hunger, should play a major role in bioethanol production. This conflict
rose extensive research towards second generation bioethanol (2 GB)
produced from lignocellulosic biomass that cannot be used as a food
source [32]. The key step for the production of 2 GB is the pretreatment
of the biomass, so as to break down the lignocellulosic structure and
make cellulose and hemicellulose more amenable to the subsequent
enzymatic hydrolysis step. Dependent on the type of the biomass, many
different pretreatment approaches have been studied (most common
are: acid pretreatment, alkaline pretreatment, wet oxidation, organo-
solv pretreatment, ozonolysis, steam explosion, ammonia fiber explo-
sion and biological treatment) each of them facing different economic
and environmental challenges [33]. The main advantage of the ther-
mochemical – biological processing is that the whole organic material
of the lignocellulosic biomass (including lignin and hemicellulose) can
be converted to hydrogen, carbon dioxide and carbon monoxide and
then fermented to bioethanol, whereas in 2 GB production through
hydrolysis, carbon in lignin and in a fraction of hemicellulose (25–30%
of the total feedstock carbon) cannot be utilized resulting thus in lower
yields. In addition to that, the syngas fermentation platform is more
flexible since it can process simultaneously waste gases from other
sources besides lignocellulosic biomass [34].

Besides ethanol, other important products from the fermentation of
syngas, are methane [8], acetic acid [10] and higher alcohols, i.e. bu-
tanol [35–37], and acids [11]. Methane is a valuable molecule for en-
ergy storage and can be utilized as a fuel for heat and electricity pro-
duction as well as in Natural Gas Vehicles in the transportation sector.
Acetic acid is an important precursor for the production of adhesives,
inks, paints and coatings. It has also medical applications, for example,
as an antiseptic against pseudomonas infections. Higher carbon chain
VFAs such as propionic acid and butyric acid are used industrially as
building blocks for the production of high added value chemicals and as
additives for the preservation of food while butanol is mainly used as a
solvent in many industrial applications. The aforementioned chemicals
are principally produced chemically from fossil resources and, thus,
there is high scientific interest on the possibility of sustainable biolo-
gical production through syngas fermentation.

The aim of this review is to present the so far reported bioreactor
configurations operated in continuous mode for the bioconversion of
syngas to the abovementioned added value products and compare their
effectiveness in achieving high productivity rates and high product
concentrations.

2. Basic reactor principles

One of the most critical decisions to be considered for the growth of
microorganisms is the configuration of the reactor that will be used as
well as the operation mode of the process (continuous, batch, semi-
continuous, combinations of processes). In an industrial scale several
factors affect the final choice of the reactor and the operation mode, i.e.
secondary products that may require the microorganisms to be in a
stationary phase, genetic instability, toxicity of the desired product
which results to inhibition of the microbes [38,39].

The basic principle of stirred tank reactors is the agitation that leads
to uniform conditions of concentration and temperature throughout the
reactor volume. One agitator or more are mounted on a shaft which is
connected to a gear box and a motor, used for the manipulation of the
rotational speed. The power input for the rotation of the agitator is a
crucial economic parameter that determines the economic sustain-
ability of the bioprocess [40].

Bubble column reactors (BCR) are cylindrical vessels, which are
filled with a liquid phase, and a gas phase is supplied at their bottom.
For the design of a bubble column attention should be payed to two
factors: diameter to length ratio and the type of the gas sparger forming
the bubbles. The gas is spread in the liquid volume of the column
through convective flow which is driven by the incremental density
differences [41,42]. An additional reactor configuration is the gaslift.
Depending on their structure, gaslift reactors can be divided in two
main categories; external loop and internal loop. The external loop
airlift reactors consist of distinct conduits and the fluid flow is circu-
lating from the one conduit to the other. On the other hand internal
loop airlift reactors consist of concentric tubes and the fluid flow is
circulating from the inner to the outer tube. In both configurations gas
is sparged from the bottom of the reactor [42,43].

Hollow fiber membrane reactors (HFR) are gas to liquid transfer
membrane systems providing a high specific surface area. They can also
serve as support for microbial growth and biofilm formation but special
attention should be given to the thickness of the biofilm because it can
also have a negative effect when microbial growth rate is high enough
[44,45]. This phenomenon is called biofouling and a lot of research is
currently applied towards illuminating its causes, so as to design more
efficient reactors where biofouling can be limited and controlled
[46,47]. In order to mitigate biofouling in membrane bioreactors,
several strategies have been attempted including both physical and
chemical methods [48]. Depending on the application, the membranes
can be either submerged to the liquid medium in the reactor or ex-
ternally connected in series with the reactor [49–51]. Applications of
various types of hollow fiber membrane modules have been reviewed
by Kumar et al. [52].

Trickle bed reactors (TBR) consist of a packed bed column on which
biofilm grows and gas is flowing co-currently or counter-currently to
the liquid [53]. The name of this type of reactors comes from the
trickling of the liquid medium through the pores of the inert material
and through the gaps amongst the inert material [54]. This kind of
setups has been used for degradation of pollutants such as hydrogen
sulfide, volatile organic compounds (VOCs), dichloromethane and
ammonia [55–59].

3. Mass transfer calculations under abiotic conditions

Several bioreactor configurations can be found in the literature
tested under abiotic conditions for the calculation of the mass transfer
coefficient (KLa) of syngas compounds to water. However, any
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comparison of the values of mass transfer coefficients reported in dif-
ferent publications should be done with caution because of the different
methodologies used for the calculation of KLa, the different ways of
volume calculation (working volume, total volume, packed bed vo-
lume) and the different operational parameters tested [60]. A collection
of reported KLa values and the operational conditions under which they
were achieved can be seen in Table 1.

One of the highest reported values of KLa is 946 h−1 for a composite
hollow fiber (CHF) membrane module made of polyethylene and
polyurethane [61]. The inlet was pure CO at a flow of
500mL·min−1·LRWV

−1 (RWV=Reactor Working Volume) and the CHF
module was operated without a gas outlet. In a similar configuration
with hydrophobic polypropylene hollow fiber membranes, KLa for CO
was calculated at 385 h−1 when a syngas composition of 50% CO, 30%
H2 and 20% CO2, and an inlet flow of 55.34mL·min−1·LRWV

−1 were
applied [50]. It was also shown that higher gas supply rates, higher
liquid recirculation rates and a bigger number of fibers resulted in the
improvement of the mass transfer rate. When experiments were carried
out with a gas-lift reactor coupled with a 20 μm bulb diffuser and pure
CO in the inlet at a flow of 1667mL·min−1·LRWV

−1 the KLa value was
129.6 h−1 for CO [62]. In a previous experimental study, Munasinghe
and Khanal reported values ranging from 0.4 to 91 h−1 for eight dif-
ferent bioreactor configurations tested under the same conditions [63].

Orgill et al. [60] compared the mass transfer coefficients of a trickle
bed reactor, a hollow fiber membrane reactor and a stirred tank reactor
under various gas flow and liquid flow rates. In that study the gas ap-
plied was air and the calculation of the KLa was determined through the
%DO (dissolved oxygen) in the liquid phase [60]. Regarding the trickle
bed reactor, two different sizes of packing material were assessed
(3mm and 6mm soda lime glass beads) and for the hollow fiber re-
actor, the effect of five different hollow fiber modules on mass transfer
was examined. The maximum mass transfer values of the TBR, the HFR
and the CSTR were 421, 1062 and 114 h−1 respectively. Finally, for a
study regarding the type of the impeller employed in a CSTR the out-
come was that improved mass transfer without increased power supply
could be achieved with dual impeller schemes with an axial flow im-
peller as the top impeller [64].

4. Continuous processes

4.1. Production of ethanol and/or acetate

Ethanol constitutes the main targeted product of syngas fermenta-
tion because of its suitability for a wide spectrum of applications, hence
several factors of the fermentation process have been studied and are in
depth reviewed [15,27,28,34,65,66]. In short, the most crucial ones
are: bioreactor configuration and operational parameters such as
pressure, temperature and pH. In addition, the yield and the

productivity of ethanol can be affected by the type of liquid media used,
surfactants, even the use of nanoparticles [67–76]. Regarding the ef-
fects of temperature on syngas fermentation, there has recently been an
effort to enhance alcohol productivity and avoid acid crash phenomena
by applying lower values than the optimum ones with positive results in
batch experiments [77].

The majority of bioreactor configurations tested for the production
of ethanol, or acetate as a precursor, is stirred tank vessels.
Peptostreptococus productus was one of the first bacteria ever studied for
the fermentation of syngas compounds to liquid fuels [78–80]. The
maximum productivity of acetate measured was 4.8 mmol·LRWV

−1·h−1

with an agitation speed of 400 rpm and a gas flow of
19.54mL·min−1·LRWV

−1 [78]. Those results were promising and ad-
vocated the continuation of experimental research over the subject.
However, to our knowledge no other studies with P. productus (later
classified as Ruminococcus productus [81] and finally as Blautia producta
[82]) can be found in the literature for continuous syngas fermentation.
The first pH based study for syngas fermentation was performed by
Grethlein et al. [83] with bacterium Butyribacterium methylotrophicum in
a CSTR set-up. The scientists observed that lowering the pH resulted in
an alteration of the metabolism of CO towards more reduced products,
which was quite critical since a route to alcohols’ production opened.
Researchers had earlier managed to produce acetate and butyrate with
B. methylotrophicum [84–86].

Another landmark in the research of syngas fermentation is the in-
troduction of microbubble sparging [87,88]. The researchers desig-
nated the augmented mass transfer of CO into the liquid phase when the
gas phase was sparged in the form of microbubbles with a 5.5 times
increase of the KLa value compared to conventional sparging (91 h−1

and 14 h−1 respectively). This was a rational observation since smaller
bubbles have more beneficial surface/volume ratio [89]. The opera-
tional parameters were the same for both experiments and only the
effect of the type of the sparger was tested. Acetate productivity from
Butyribacterium methylotrophicum was measured at
2.71mmol·LRWV

−1·h−1 which was less than the one with P. productus. A
schematic of the bioreactor set-up, as it was reported from Bredwell
et al. [87], is presented in Fig. 1.

Chang et al. [74] used a bioreactor configuration (Fig. 2) made up
from a bubble column reactor and a hollow fiber membrane module as
a cell recycle system. The purpose of the study was to ascertain Eu-
bacterium limosum as a means of syngas conversion to liquid fuels under
several CO partial pressures. The acetate productivity reached almost
3.65mmol·LRWV

−1·h−1 and KLa was calculated at 72 h−1 with a CO
partial pressure of 41.5 kPa.

A different approach to the bioconversion process of syngas to
ethanol was given by Kundiyana et al. [76] and Richter et al. [90] by
suggesting a two stage system where in the first stage microbial growth
coupled to acetogenesis occurs while in the second phase solvento-
genesis takes place. Kundiyana et al. [76] used two CSTR fermentors
connected in series and installed a hollow fiber membrane module for
cell recycle in each fermentor. The flow of syngas was tested both in a
co-current and a counter-current orientation. In the first case syngas
was flowing from stage 1 reactor to stage 2 and in the second from stage
2 to stage 1. Conversely, Richter et al. [90] developed a setup with a
CSTR and a bubble column reactor applying also a cell retention system
and a gas recycle loop (Fig. 3). Ethanol production took place in the
bubble column at a productivity of 8.04mmol·LRWV

−1·h−1 and a con-
centration of 20.7 g·L−1 which was promising for this kind of systems as
this value is much higher than single CSTR fermentation with C.
ljungdahlii reported by Mohammadi et al. [91] and Younesi et al. [92]
who achieved maximum titer of 6.5 g·L−1 and 11 g·L−1, respectively.
However the researchers reported 2% ethanol content in the effluent
which is relatively low and demands advanced distillation techniques.

In order to overcome mass transfer limitations, Shen et al. [93–95]
tested three biofilm formation modules in regard to their KLa and
ethanol productivity. The syngas composition (20% CO, 5% H2, 15%

Fig. 1. CSTR set-up with external microbubble generator [87]. The micro-
bubble generator contained a spinning disc rotated at 4000 rpm for the mi-
crobubble formation.

K. Asimakopoulos et al. Chemical Engineering Journal 348 (2018) 732–744

29



CO2, and 60% N2) and the biocatalyst (Clostridium carboxidivorans P7)
was the same for all the experiments whereas the operational para-
meters were optimized for each case. First, a hollow fiber membrane
module made of microporous hydrophobic polypropylene was tested
[93]. The module was not submerged within the bioreactor, but in-
stead, connected to an agitated reservoir vessel. Ethanol productivity
was 3.12mmol·LRWV

−1·h−1 with an ethanol to acetate ratio of 4.79
when the syngas flow, the liquid recirculation and the dilution rate
were 37.5mL·min−1·LRWV

−1, 25mL·min−1·LRWV
−1 and 0.96 d−1 re-

spectively. Second, the author employed a cordierite-based ceramic
monolith cylinder housed in a plexiglass column connected with an
agitated reservoir vessel akin to the previous set up [94]. The

confinements in the range of values of the operational parameters in
this case were due to unwanted abrading and biofouling phenomena
taking place in the biofilm. The maximum ethanol productivity of
2.13mmol·LRWV

−1·h−1 was achieved at 37.5 mL·min−1·LRWV
−1 syngas

flow rate and 0.48 d−1 dilution rate. Ethanol to acetate ratio was
measured at 2.1. A schematic of the reactor configuration is presented
in Fig. 4. The third set up was different from the previous ones: a
horizontal mesh cage packed with AnoxKaldnes™ carriers was placed
into a glass tank and was rotated by a gearmotor [95]. The rotated
packed bed bioreactor provided a 45% cage submersion when the cage
was in its vertical state to the surface of the liquid. Syngas was en-
trained in the liquid media through a submerged gas distributor in the
bottom of the vessel. While the rotational speed of the gearmotor was
50 rpm, the headspace absolute pressure 29.7 psi and the dilution rate
0.96 d−1, the productivity of ethanol reached 6.06mmol·LRWV

−1·h−1

which was the highest amongst the configurations tested with the
headspace pressure being a parameter affecting the productivity to a
significant degree.

Contrary to the current research status that opts for ethanol pro-
duction, Kantzow et al. [101] tried to maximize the acetate productivity
taking advantage of the innate acetogenic nature of Acetobacterium
woodii. For the experiments they used a CSTR reactor with a submerged
hollow fiber membrane module to stimulate cell concentration. The
membranes were constructed from hydrophilic polysulfone and they
were used for full cell retention. It should be highlighted that CO was
not included in the gas feed but a gas mixture of H2, CO2 and N2 was
applied instead. The reactor was operated at 1200 rpm stirring speed
with a dilution rate of 0.35 h−1 and a productivity of
103.8 mmol·LRWV

−1·h−1 was achieved. This value was 7.1 times higher
than the one without cell retention operated under the same conditions
depicting the noteworthy contribution of the hollow fiber membrane
module to gas fermentation.

Ethanol and acetate production from syngas has also been tested in
trickle bed bioreactors. Devarapalli et al. harnessed the attribute of this
configuration and filled a borosilicate glass column with 6mm soda
lime glass beads [97]. This bioreactor setup had already been proved to
function for CO fermentation purposes [102]. After 1662 h of semi-
continuous operation with biocatalyst Clostridium ragsdalei the con-
centrations of ethanol and acetate were 5.7 and 12.3 g·L−1 respectively
when liquid recirculation rate was 400mL·min−1·LRWV

−1, syngas flow
9.2 mL·min−1·LRWV

−1, and the flow in co-current mode. Counter-cur-
rent mode needs further optimization as the author reported flooding of

Fig. 2. Schematic bioreactor set-up used by Chang
et al. [74] for CO fermentation. CO was fed from the
bottom of the bubble column with a gas recycle loop
recirculating the non-converted CO in the top. The
liquid media were stored in a reservoir vessel flowing
into the bubble column from the top. Liquid re-
circulation was also employed with a hollow fiber
membrane module.

Fig. 3. Two stage syngas fermentation to ethanol scheme by Richter et al. [90].
Solid lines represent the flow of the liquid media and dotted lines the flow of the
gas phase. Abbreviations: Ag, agitation; BP, bypass; E, effluent reservoir; Ex,
exhaust; FT, foam trap; G1, G2, gas recycle loops; HF, hollow fiber module for
cell recycle; M, media reservoir; Per, permeate; Ret, retenate. Liquid media
flowed to the CSTR from a reservoir vessel and subsequently were pumped to
the bubble column. Recirculation of the liquid media was applied through a
hollow fiber membrane module. The gas was sparged from the bottom of the
bubble column and was recirculated for better conversion rates. Similarly,
syngas was flowing to the agitated vessel.
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the bed and foam formation at high liquid recirculation rates. The same
researchers studied the effects of dilution and gas flow rates on ethanol
productivity by changing the setup from semi-continuous to continuous
under co-current and counter-current configurations [100]. They ob-
served that ethanol productivity was higher during co-current mode
with a maximum of 3.43mmol·LRWV

−1·h−1 at 0.012 h−1 dilution, gas
flow 18.9mL·min−1·LRWV

−1 and liquid recirculation rate of
200mL·min−1·LRWV

−1. Flooding issues under counter-current mode
were observed again resulting in over two times less ethanol production
compared to co-current mode.

In an effort to diminish the cost of media broth, Maddipati et al.
[99] replaced 1 g·L−1 yeast extract with the much cheaper 20 g·L−1

corn steep liquor (CSL) and run experiments in continuous mode in a
chemostat. Clostridium strain P11 was used as a biocatalyst and the
agitation speed was relatively low at 150 rpm. Albeit higher ethanol
concentration values were achieved with 20 g·L−1 CSL in the medium,
the productivity of ethanol was very low (0.58 mmol·LRWV

−1·h−1) due
to the poor conversion efficiency of CO and H2. In another study the
addition of 0.75 μm tungsten to the media solution for continuous
syngas fermentation with Clostridium autoethanogenum led to an inter-
esting observation, that is at pH 4.75 no accumulation of acetate took
place [98]. The aforementioned bioreactor set-ups are summed up in
Table 2 where crucial information on operational parameters is also
presented.

4.2. Production of long chain alcohols (butanol – hexanol)

Butanol is a liquid fuel that can supplant the use of gasoline and it is
emerging as a game-changer in the current view of biofuels [103–105].

Although studies about ethanol production from syngas fermentation
can be ubiquitously found, there is limited information regarding
continuous production of butanol with syngas compounds as a carbon
and energy source. The main reason is that there are few acidogens
discovered that can produce butanol naturally [35,36] and therefore
metabolic engineering approaches are needed for high butanol se-
lectivity [106–108]. In addition to that, butanol has been reported to be
inhibitory to carboxydotrophic clostridia [109] and mixed microbial
consortia demand a high hydraulic retention time in order to imple-
ment carbon elongation [110].

Clostridium carboxidivorans is a microbe that has recently drawn a
lot of attention in terms of its inherent ability to produce long chain
alcohols [109,111–114]. A try for consolidated butanol – ethanol pro-
duction was attempted with Clostridium carboxidivorans P7 in a CSTR
reactor with agitation speed of 250 rpm and temperature of 33 °C [115].
Two experiments were performed under the same conditions except for
the pH control. In the first experiment pH was constant at 5.75 for 408 h
and then its value was changed to 4.75. The maximum ethanol and
butanol concentrations achieved were 5.55 g·L−1 and 2.66 g·L−1 re-
spectively. In the second experiment pH was gradually decreased from
5.75 to 4.75 after 72 h of operation and the maximum concentrations
succeeded were 2.90 g·L−1 for ethanol and 1.60 g·L−1 for butanol. The
reason for the lower concentrations in the second experiment was that
biomass formation was not favored in low pH. Clostridium carbox-
idivorans P7 converts CO first to fatty acids at high pH (acidogenic
phase combined with cell growth) and then the formed fatty acids are
converted to alcohols at lower pH.

In a syngas fermentation study with bacterium Alkalibaculum bacchi
an unexpected production of butanol and propanol was observed [116].

Fig. 4. Schematics of the monolith biofilm reactor
designed by Shen et al. [94]. The red lines depict the
syngas flow and the blue lines the liquid flow. The
liquid media flow in a loop from the agitated vessel
to the bottom of the column, pass through the cor-
dierite monolith (biofilm formed) where fermenta-
tion takes place and finally the fermentation broth
flows back to the reservoir vessel from the top of the
column. Syngas is inserted through a microporous
diffuser in the bottom of the column and after its
bioconversion in the biofilm it flows from the head-
space of the column to the headspace of the reservoir
agitated vessel. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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The researchers performed 16S rRNA screening of the liquid medium
looking for possible contaminations and the results showed the ex-
istence of Clostridium propionicum in the fermentation broth. Driven by
the incentive to produce higher alcohols with the aforementioned co-
culture they performed semi-continuous experiments in a CSTR reactor
[117]. The concentrations of alcohols achieved were not high but the
results were promising for further research in co-culture syngas fer-
mentation for the production of higher alcohols. Richter et al. [118]
deployed a CSTR reactor, inoculated with a co-culture of Clostridium
ljungdahlii and Clostridium kluyveri, connected in line with downstream
processing for the production of long chain alcohols from syngas. The
reactor volume was 1 L, agitated at 400 rpm, the temperature was at
37 °C and the syngas fed in the reactor had a composition of 60% CO
(vol/vol), 35% H2 and 5% CO2. While the pH was controlled at 6 and
the dilution rate was set at 40 mL·h−1, the net productivities of n-bu-
tanol and n-hexanol were 0.408mmol·LRWV

−1·h−1 and
0.220mmol·LRWV

−1·h−1, respectively. It should be highlighted that
under the same operational conditions traces of n-octanol were re-
ported at the condensate of the reactor. Another co-culture study was
performed in anaerobic bottles by Diender et al. [119], who showed
that C. autoethanogenum and C. kluyveri can work together and convert
CO or syngas to medium chain fatty acids and their respective alcohols.
The researchers proposed also a model for the metabolic interactions of
the two microbes leading to the production of long chain alcohols.

4.3. Methane production

The first efforts to ferment gas to CH4 in a continuous process are
dated back to 1978 [120]. Wise et al. examined the efficiency of a CSTR
reactor functioning under mesophilic and thermophilic conditions, in-
oculated with mixed microbial consortia from an anaerobic sludge di-
gester. Mixed microbial consortia from anoxic environments are hosts
to a vast variety of microorganisms including methanogenic archaea
that can reduce C1 sources to CH4 [121]. Following the stoichiometry,
that is for the production of 1mol of CH4, 4mol of H2 and 1mol of CO2

are needed [122], the gas mixture used as a substrate was H2 and CO2 in
a 4:1 ratio. A cell recycle system was also applied to increase cell
concentration. At mesophilic conditions (37 °C) and atmospheric pres-
sure the maximum CH4 productivity achieved was
178.4 mmol·LRWV

−1·h−1 with the reactor operated at 3.5 d of liquid
retention time. Another interesting outcome of this study was that, al-
though gas solubility decreases, better CH4 productivity could be
achieved in elevated temperatures (446mmol·LRWV

−1·h−1 at 2–2.5 d
liquid retention time and 60 °C). According to a study for gas diffusivity
in water, the diffusion rate of CO doubles from 35 °C to 60 °C acting as
an offset to the decreased solubility [123]. Introduction of 3% CO to the
gas feed resulted to a washing out of the cells at a liquid retention time
of 8 d indicating the toxic effects of CO.

CH4 production from syngas was attempted successfully with a tri-
culture consisting of the photosynthetic bacterium R. rubrum and two
methanogens, M. formicicum and M. barkeri [124,125]. The research
group examined four bioreactor setups, three of which were trickle bed
reactors and one a packed bubble column. In all cases the syngas
composition was the same but the working volume of the reactors was
different. The two trickle bed reactors with volumes as low as 0.736 L
and 1.051 L, packed with Intalox saddles presented the highest CH4

productivities of 3.4 and 3.3mmol·LRWV
−1·h−1 respectively while a

scaled up trickle bed reactor with a volume of 26 L exhibited an almost
10-fold decrease in maximum CH4 productivity. A point to be taken into
account though, is that the packing material used in the scaled-up re-
actor was different. The maximum CH4 productivity of
0.4 mmol·LRWV

−1·h−1 achieved with the packed bubble column bior-
eactor was significantly lower than the low volume trickle bed reactors
indicating that the latter bioreactor configuration is more efficient.
Burkhardt et al. [126] used a pilot scale trickle bed reactor (61 L) to
convert H2 and CO2 to CH4 and achieved a high product quality (gas of

98% CH4) with a productivity of 2.77mmol·LRWV
−1·h−1 when the re-

tention time of the gaseous substrate in the packed bed was 4 h.
On the other hand, Guiot et al. assessed the potential of microbial

populations derived from an industrial granular sludge to convert CO to
CH4 [127]. For their experiments they used a 30 L gas-lift reactor under
mesophilic conditions (30 °C) and N2–CO diluted gas inflow. The
maximal CH4 specific productivity achieved was
0.126mmol·gVSS−1·h−1, when the gas recirculation rate was
600mL·min−1 and gas retention time 8.6 d, with the yield of CH4 from
CO reaching 95% of the theoretical.

A similar idea deploying sewage sludge for simultaneous anaerobic
digestion and CO biomethanation was developed by Luo et al. [128].
CO was fed to a stirred tank bioreactor through a hollow fiber mem-
brane module while agitation at 150 rpm was also applied. The 400mL
working volume fermentor, operated under thermophilic conditions
(55 °C) and neutral pH, presented a high CH4 productivity of
3.7 mmol·LRWV

−1·h−1. However, the percentage of CH4 in the gas ef-
fluent was only 19.2% because of the high CO flow rate of
6.6 mL·min−1·LRWV

−1 and, consequently, the low gas retention time of
2.5 h. The CO fraction in the biogas effluent was 35.2%. Sequencing
tests showed that the main species involved in CO bioconversion were
species close to Methanosarcina barkeri and Methanothermobacter ther-
mautotrophicus. Detailed information on more operational parameters is
presented in Table 3.

A reverse membrane bioreactor configuration was employed by
Westman et al. [129] opting for full cell retention within the fermen-
tation vessel. Flat plain hydrophilic PVDF membranes were used for the
cell encasement, permeable for the substrate and the product but im-
permeable for the cells. The sachets containing the inoculum (anaerobic
culture from municipal solid sludge digester) were heat-sealed and
subsequently inserted in the liquid media. The bioreactor was operated
under thermophilic conditions (55 °C) with a syngas feed of CO (55%
mol), H2 (20% mol), and CO2 (10% mol) resulting to a maximum CH4

productivity of 0.35mmol·LRWV
−1·h−1.

4.4. Biodiesel production

Despite the broad range of bioreactor configurations proposed for
syngas bioconversion, there is only one publication connecting syngas
fermentation with continuous biodiesel production [130]. Hu et al.
developed an integrated process for the conversion of syngas to lipids in
two stages, a bubble column and a stirred tank reactor, linked in series.
In the first stage the thermophilic anaerobic acetogen Moorella ther-
moacetica fixed CO2 to acetate. The produced acetate was in turn
pumped through a hollow membrane filter into an aerobic bioreactor,
where it was used as a substrate by the genetically engineered oleagi-
nous yeast, Yarrowia lipolytica, for the production of lipids. The overall
productivity achieved with the two-stage lab scale system was
0.19 g·LRWV

−1·h−1 [130]. The same researchers’ team had managed to
produce acetate at a titer of 31 g·L−1 and a productivity of
9.16mmol·LRWV

−1·h−1 under thermophilic conditions in a bubble
column fermentor [131].

4.5. Hydrogen production

The biological production of H2 from syngas has drawn less atten-
tion than other biofuels due to storage and delivery challenges [132]. In
addition to that, syngas compared to other feedstocks presents high
microbial toxicity due to its content in CO, which results in diminished
productivities. The microbes and the mechanisms involved in biological
H2 production from CO have been recently reviewed in depth from
Rittman et al. [133]. In short, carboxydotrophic hydrogenogens under
strict anaerobic conditions convert CO and H2O to H2 and CO2 via the
biological water-gas shift reaction.

Younesi et al. [134] used a CSTR configuration to produce H2 from
syngas with photosynthetic bacterium Rhodospirillum rubrum as a
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biocatalyst. At an optimized syngas flow rate of 14mL·min−1 and an
agitation speed of 500 rpm the maximum H2 productivity achieved was
24mmol·LRWV

−1·h−1 which was higher than the one reported by
Klasson et al. (4.7 mmol·LRWV

−1·h−1) using the same bacterium and the
same syngas composition (20% H2, 15% Ar, 55% CO and 10% CO2), but
different source of carbon for cell growth. [135]. An increased pro-
ductivity of H2 from CO was achieved in a HFMBR with a pure culture
of the extremely thermophilic bacterium Carboxydothermus hydro-
genoformans [136]. Evaluation of a combination of several different
operational conditions led to the observation that maximum CO con-
version occurs at 70 °C, with a CO partial pressure of 2 atm and liquid
velocity through the hollow fiber membrane module of 130m·h−1,
resulting to a H2 productivity of 125mmol·LRWV

−1·h−1. The same mi-
croorganism was also tested for its CO conversion bioactivity in a 30 L
gas-lift reactor [137]. Due to a low biomass concentration (highest
value achieved was 0.106 gVSS·LRWV

−1) the maximum H2 productivity
was 6.7mmol·LRWV

−1·h−1, which is a value 18 times lower than the
one with the HFMBR module.

A different strategy was followed from Oh et al. [138] who culti-
vated Rhodopseudomonas palustris P4 in a CSTR (5 L working volume)
system under aerobic conditions with sucrose as a substrate before
switching to anaerobic conditions with 10% CO in the gas phase. The
pH was maintained at 7, the temperature at 30 °C and the agitation at
700 rpm. When the gas retention time was at 5min and the inlet CO
fraction 20%, the maximum H2 productivity was 41mmol·LRWV

−1·h−1

with a 61% CO conversion efficiency. The same concept of aerobic
growth with sucrose before the initiation of anaerobic CO fermentation
was conducted in a CSTR reactor (3 L working volume) by Jung et al.
[139] with Citobacter sp. Y19. The temperature was maintained at
30 °C, the pH at 7 and the agitation at 500 rpm with a H2 productivity
estimated at 5.71mmol·LRWV

−1·h−1.
Kim et al. [140] studied the effectiveness of a genetically engineered

Thermococcus onnurineus NA1 strain to convert a 100% CO gas phase
into H2 and compared it to the wild type strain. For their experiments
they used a CSTR reactor (2 L working volume) at 80 °C, with the pH
controlled at 6.1–6.2 and the agitation speed set at 300 rpm. When CO
was continuously fed with a flow rate of 240mLmin−1, the H2 pro-
ductivity achieved was 123.5 mmol·LRWV

−1·h−1, whereas for the wild
type strain was 31.8 mmol·LRWV

−1·h−1. The aforementioned con-
tinuous experiments are collected in Table 4

5. Commercialization of syngas fermentation

Ineos Bio is a company established in 2008 but its bioethanol project
started from 2001 [141]. A great deal of research including pilot scale
tests (where gasification, fermentation and distillation were integrated)
led to the industrialization of the process in late 2012 with a capacity of
8 MMGY (million gallons per year) ethanol and 6MW electricity [142].
The company deployed proprietary naturally occurring biocatalysts

with high selectivity to ethanol and tolerant to most impurities pro-
duced in the gasification process [141]. The ethanol produced had
99.7% purity so that it could be mixed with gasoline. However, the
plant was idled in 2015 and on September 2016 the company an-
nounced its intention to sell the ethanol business due to changes in the
US ethanol market that did not conform to their strategic objectives
[142]. On July 2017 Alliance Bio-Products Inc. gained the approval of
USDA (United States Department of Agriculture) to purchase the Ineos
Bio plant with the company planning to use the facility to enhance their
cellulose-to-sugar process [143].

Lanzatech is close to commercializing a process converting steel mill
off gases to ethanol with two plants being currently under construction;
one in China with an ethanol capacity of 16 MMGY and one in Belgium
with 21 MMGY [144]. The company uses a proprietary microbial strain
for the bioconversion of synthesis gas and a hybrid separation system
with water recycle for the purification of the product and the collection
of the co-products. The process is already tested in their pre-commercial
scale plant in China. Lanzatech presents a high activity, with more than
40 international partnerships with the academia and the private sector,
targeting the development of platforms that will convert syngas to a
bigger variety of products such as jet fuel, butadiene, 2,3-butanediol,
isopropanol and isobutylene [144].

Another company doing business with syngas fermentation was
Coskata that developed a semi-commercial process for the fermentation
of syngas to fuel chemicals. However, the company went out of business
in 2015 and its technology was acquired by the company Synata Bio
[145].

6. Conclusions and future perspectives

The evolution of syngas fermentation platforms has an orientation
towards packed bed bioreactors and membrane modules combined with
biofilm formation. The main reason for the thriving research effort in
biofilm reactors is the increased mass transfer that they can provide
compared to the traditional bubble column and CSTR systems as well as
the enhanced cell retention within the reactor. Recent literature find-
ings show promising ethanol productivities with a rotating packed bed
bioreactor and a trickle bed bioreactor configuration while new meta-
bolic engineering techniques have been mainly applied towards an ef-
ficient production of higher alcohols and hydrogen. Novel ideas such as
reverse membrane bioreactors and hollow fiber membrane bioreactors
spring up for syngas biomethanation, yet, more experimental experi-
ence is required for the industrial success of these types of set-ups.
Future research on the development of bioreactor configurations for
continuous syngas fermentation should focus on the 1) design of novel
modules that would further enhance gas-to-liquid mass transfer, 2)
optimization of the operational parameters in the already used and
studied set-ups, 3) combinations of bioreactors in series, 4) study of the
versatility of a bioreactor for the production of different bioproducts,

Table 4
Bioreactor configurations for hydrogen production.

Reactor
configuration

Gas composition Working
volume (L)

Gas retention
(h)

Microorganisms Temperature (°C) Productivity
(mmol·LRWV

−1·h−1)
References

CSTR H2, Ar, CO, and CO2

(20/15/55/10)
2 2.4 Rhodospirillum rubrum 30 24 [134]

CSTR H2, Ar, CO, and CO2

(20/15/55/10)
1.25 NM Rhodospirillum rubrum 30 4.7 [135]

HFMBR CO 0.16 NM Carboxydothermus
hydrogenoformans

70 125 [136]

Gas-Lift CO 30 NM Carboxydothermus
hydrogenoformans

70 6.7 [137]

CSTR N2 and CO (80/20) 5 0.08 Rhodopseudomonas palustris P4 30 41 [138]
CSTR N2 and CO (90/10) 3 0.25 Citobacter sp. Y19 30 5.71 [139]
CSTR CO 2 0.14 Genetically engineered

Thermococcus onnurineus NA1
80 123.5 [140]
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the economic assessment and the scale-up potential of the proposed
platforms.
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10. Commercialization of Syngas Fermentation

Three companies pursued commercialization of syngas fermentation processes but only one accomplished this 

target. Ineos Bio and Coskata stopped their efforts towards commercialization in 2015 after constructing and 

operating a demonstration scale or semi-commercial scale plant. In contrast, after several successful attempts at 

demonstration scale, Lanzatech started its first commercial scale plant in 2018 producing ethanol from the steel-

mill off gas of Shougang Group’s industry at Caofeidian, China. The plant has a capacity of 48000 MTA (metric 

tons per year) and an estimated payback period of three years [102]. Lanzatech has also announced more 

partnerships in Belgium, South Africa, India, USA, and Japan (Table 2). The conversion of syngas to ethanol is 

achieved with a proprietary genetically engineered strain of Clostridium autoethanogenum [103] with a selectivity 

of 95%. The reactor used at Caofeidian is a novel microbubble column patented in 2016 [104], however no 

information is disclosed regarding the volume of the reactor, the height per diameter ratio or the volume specific 

ethanol productivity. 

Table 2. Lanzatech – Commercial scale plants and product capacities (Data based on Presentation by Sangeet Jan, Director of Lanzatech 

in India, at the “Gasification India 2018” Conference, New Delhi, 29-30 November, 2018 [102]). Energy capacity calculated based on the 

High Heating Value (HHV) of ethanol, which is equal to 8.25 kWh/kg. MTA: metric tons annually 

COUNTRY 
PARTNER 

COMPANY 

YEAR OF 

OPERATION 
FEEDSTOCK 

ETHANOL 

CAPACITY 

(MTA) 

ENERGY 

CAPACITY 

(KWH/YEAR) 

CHINA Shougang 2018 
Steel mill off 

gas 
4.80E+04 3.96E+08 

BELGIUM ArcelorMittal 
2019 

(expected) 

Steel mill off 

gas 
6.20E+04 5.12E+08 

SOUTH 

AFRICA 
SWAYANA 

2019 

(expected) 

Ferroalloy off 

gas 
5.20E+04 4.29E+08 

INDIA Indian Oil 
2019 

(expected) 
Refinery off gas 3.40E+04 2.81E+08 

USA AEMETIS 
2019 

(expected) 
Biomass syngas 3.50E+04 2.89E+08 

JAPAN SEKISUI 
2020 

(expected) 

MSW 

gasification off 

gas 

1.20E+03 9.90E+06 



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

40 

11. Trickle Bed Reactors

The selected bioreactor configuration in the present PhD study was the trickle bed reactor (TBR). This section 

presents an overview of trickle bed reactor principles and applications. 

The first use of trickle bed reactors can be dated back to the eighteenth century with applications mainly focusing 

on wastewater treatment for the oxidation of organic matter with chemical catalysts (CuO or Co/SiO2 – AlO2) 

[105]. Later they were introduced in the petroleum-processing sector for the performance of a wide range of 

processes, such as hydrodesulphurization, hydrodenitrification, catalytic hydrocracking, dewaxing, 

dearomatization, and hydrodemetalization with metal catalysts like Mo-Ni. Today they are used also used for 

hydrogenation reactions, esterification, and Fischer-Tropsch synthesis reaching a total value of products processed 

with trickle bed reactors of 300 billion USD per year [106]. Regarding the biological sector, trickle bed bioreactors 

or as more popularly known biotrickling filters started being used at the late 20th century for the biological 

treatment of air pollutants. The developed biotrickling filtration mechanism was that contaminated gas flowed co- 

or counter-currently to a medium feed through a packed bed where pollutant-degrading biofilm was established 

[107]. Their use as a means to produce CH4 from syngas was first studied in 1990 at University of Arkansas with 

a defined tri-culture [42]. After that and until the present PhD study syngas biomethanation in trickle bed reactors 

was never studied again (Table 3). The focus on trickle bed bioreactors for biological hydrogen methanation (BHM) 

or hydrogenotrophic methanogenesis by mixed microbial consortia initiated in 2013 at Brandenburg University of 

Technology [108] in a period where the power-to-gas concept started emerging. Today six research groups have 

published research on BHM in trickle bed reactors, one group on ethanol production from syngas and one group 

on H2 production from CO. 
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Table 3. List of research groups with studies on trickle bed reactors using as a substrate H2, CO and CO2  

Research 
Group No. 

University Substrate Product References Year 

1 
University of Arkansas, 

Department of Chemical 
Engineering 

H2/CO/CO2 Methane 
[42] 1990 

[43] 1991 

2 
National Renewable Energy 

Laboratory, USA 
CO Hydrogen [109] 2002 

3 
Brandenburg University of 

Technology, Department of 
Waste Management 

H2/CO2 Methane 

[108] 2013 

[110] 2017 

[111] 2019 

4 
Natural Resources Institute 

Finland (Luke) 
H2/CO2 Methane [112] 2015 

5 
University of Natural 

Resources and Life Science, 
Vienna 

H2/CO2 Methane [113] 2016 

6 
Oklahoma State University, 
Biosystems and Agricultural 

Engineering Department 
H2/CO/CO2 Ethanol 

[114] 2016 

[115] 2017 

7 
Technical University of 
Munich, Chair of Urban 

Water Systems Engineering 
H2/CO2 Methane 

[116] 2017 

[117] 2018 

[118] 2019 

8 
Duke University, Department 

of Civil and Environmental 
Engineering 

H2/CO2 Methane 
[119] 2017 

[120] 2019 

9 
University of Hohenheim, 

State Institute of Agricultural 
Engineering and Bioenergy 

H2/CO2 Methane 

[26] 2018 

[121] 2018 

[122] 2019 

10 
Technical University of 

Denmark, Department of 
Environmental Engineering 

H2/CO2 Methane [123] 2019 

11 
Technical University of 

Denmark, Department of 
Chemical Engineering 

H2/CO/CO2 Methane [47] 
This 
PhD 

study 
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Several factors affect the performance of a TBR opening, thus, an umbrella of different opportunities for research 

studies targeting the optimization of a specific process. The height to diameter (H/D) ratio along with the type and 

size of the packing material and the module for the introduction of the liquid in the reactor can affect the wetting 

fraction of the bed and thus the mass transfer rate and the available surface for biofilm growth. Another important 

decision may be the orientation of the flow since at this time there is no consensus as to whether co-current or 

counter-current flow is more efficient. Furthermore, operational parameters that can be optimized are the empty 

bed residence time of the supplied gas, the hydraulic retention time, the medium composition, the hydraulic 

retention time, the liquid recirculation rate, the temperature, the pH, and the pressure. Finally, the selection of the 

microbes is an important factor. For instance, if a pure culture or a defined co-culture is preferred then the strain/s 

play an important role with respect to their affinity for biofilm formation on the packing material and their kinetics. 

On the other hand, if a mixed microbial consortium is selected then the source of this culture and the enrichment 

strategy can affect the overall performance of the reactor. 
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Scope of the Thesis 

The PhD thesis was performed under the frame of the SYNFERON (Optimized syngas fermentation for biofuels 

production) project, which had as an ultimate scope the development of a technological platform that would 

combine the thermochemical and biological processing of biomass for the production of green fuels. The scientific 

focus of the present study was on the biological processing of syngas (CO, H2 and CO2) deriving from the 

gasification of woody biomass for the production of biomethane. 

The main challenges of the existing technologies for the biological conversion of syngas are the gas-to-liquid mass 

transfer of H2 and CO and the need for sterile operation. Therefore, the technological focus of this work was to 

develop and optimize a bioreactor that can tackle the mass transfer bottleneck using as a biocatalyst mixed 

microbial consortia. The major scientific hypothesis of the PhD study was that the trickle bed is a suitable 

bioreactor configuration to achieve the described goal. 

The first objective was to design a lab-scale trickle bed reactor setup and assess its potential to convert artificial 

syngas to CH4 with enriched mixed microbial consortia. After reaching this milestone, the next target was to 

examine the principal operational parameters of the process, such as liquid recirculation rate, empty bed residence 

time, medium composition and temperature. The completion of this set of experimental procedures led to the next 

scientific question, i.e. how can we achieve production of natural gas grade biomethane. To address this challenge, 

we proposed a concept where H2 produced from renewable electricity could be injected in-situ to the trickle bed 

reactor covering the stoichiometric limitations of the supplied syngas from the gasifier. Upon completion of the 

aforementioned studies, the final objective was to scale-up the trickle bed reactor and test it in series with a gasifier. 
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Abstract
Two identical trickle-bed reactor setups were designed and operated under mesophilic conditions and atmospheric pressure, 
without pH control, for the biomethanation of syngas consisted of 45%  H2, 25%  CO2, 20% CO and 10%  CH4. The reactors 
were inoculated with mixed methanogenic microbial consortia formerly adapted to the gaseous mixture. During the start-up 
of the reactors acetic acid accumulation in the liquid broth resulted in a pH decrease to levels unfavorable for methanogenic 
activity. This was corrected by introducing a strong phosphate buffer in the medium  (K2HPO4/KH2PO4 : 87 mM/13 mM). 
Channeling phenomena observed across the trickle bed were eliminated by setting a high liquid recirculation rate (1600 l/
lbed/d). The reactors were operated for 294 days presenting minor deviations between them at the 24 extracted steady states 
and high cell retention even at a hydraulic retention time (HRT) of 3.7 days. At a gas residence time of 2.31 h and a HRT 
of 5.5 days the achieved  CH4 productivity was 2 mmol/lbed/h with 93%  H2 and 90% CO conversion efficiency and a 78% 
electron yield to  CH4. The conducted study verified that an enriched methanogenic microbial consortium can effectively 
convert syngas to  CH4 in a trickle bed reactor under appropriate operational conditions.

Keywords Syngas · Biomethanation · Mixed cultures · Trickle bed reactor · Carbon monoxide · Biofuels

Statement of Novelty

Syngas can be produced from biomass gasification and also 
it is a byproduct of several industrial processes. It is carrier 
of a high amount of energy and carbon that cannot be stored 
(due to high content of  H2 and CO) unless it is processed. 
The presented work introduces a potential solution by fix-
ing the carbon and energy content of syngas into  CH4, a 
compound that can be easily stored in the natural gas grid. 
The proposed biological process was, to our knowledge, per-
formed for the first time by enriched mixed microbial con-
sortia in a trickle bed reactor and sheds light on the effects 
of operational parameters, such as the composition of the 
mineral medium, the liquid recirculation rate, the hydraulic 
retention time (HRT) and the gas retention time.

Introduction

The total population of the world is rising very fast, pro-
jected by the United Nations to surpass 9.5 billion by 2040 
[1]. In the same time frame, the global energy consumption 
is expected to increase by 28% [2], indicating the urgency of 
a shift from the dependency on fossil fuels, which are lim-
ited [3], towards renewable sources of energy. Establishing a 
biobased economy is also essential due to the tangible effects 
of climate change on our planet [4]. First-generation biofuels 
ignited a lot of bickering and controversy targeted over the 
“food versus fuel” deliberation and, therefore, opened the 
path leading to second-generation (2G) biofuels production 
which is more sustainable and attractive to the policymakers 
[5]. A feedstock for 2G biofuels that has recently drawn a lot 
of attention [6–9] is synthesis gas or syngas, a gas mixture 
consisting mainly of CO,  H2 and  CO2.

Syngas is a product of the gasification of biomass [10] 
and a byproduct of many industrial processes such as steel 
milling, petroleum refining and waste incineration [11, 12]. 
Its abundancy and its content in CO and  H2 render it, though, 
an important source of energy to be exploited. Yet, the vast 
storage capacity of the natural gas grid cannot be used for 
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syngas due to its content in CO,  H2 and  CO2 and, as a result, 
it has to be processed either chemically or biologically to 
form storable products. Furthermore, biological syngas con-
version presents many advantages compared to the chemical 
catalysis alternative such as mild temperature and pressure, 
no demand for fixed  H2/CO in syngas, high product speci-
ficity and high tolerance to poisoning from impurities [13, 
14]. However, production of 2G biofuels through syngas 
fermentation has not reached a commercial stage yet, mainly 
because of the low mass transfer rate of CO and  H2 to the 
water-based microbial cultures and the relatively low growth 
rate of the anaerobic microorganisms [15, 16]. Recently, the 
progress of Lanzatech in its efforts for commercial on site 
syngas fermentation of CO rich gases from steel mills to 
ethanol shows that the first fully operational commercial 
scale plant is approaching [12].

The most studied products of syngas bioconversion are 
ethanol and acetic acid with a trend towards the production 
of heterologous products springing up along with innovative 
techniques in metabolic engineering [17]. Apart from liquid 
biofuels and commodity chemicals, biomethane is gathering 
more and more attention over the last few years due to its 
high energy content that allows it to be used as a vehicle fuel 
and its convenience to be introduced in the natural gas grid 
when it covers the specifications [15, 18], thus resulting in 
also exploiting the large storage capacity of the gas grid. In 
addition, syngas biomethanation has the advantage to be able 
to be performed by mixed microbial consortia without the 
need of sterilization expenses. These consortia are broadly 
available in waste and wastewater treatment anaerobic envi-
ronments, hence they come at no cost [19] and they present 
high robustness since they grow under harsh environmental 
conditions [20].

The microbial groups that are principally involved in 
syngas biomethanation are carboxydotrophic hydrogeno-
gens, methanogens and acetogens, hydrogenotrophic meth-
anogens, homoacetogens and acetoclastic methanogens 
[21]. The biological reactions catalyzed by the aforemen-
tioned microbes are presented in Table 1. No matter which 
sequence of these reactions is followed for the production 
of  CH4, the maximum overall stoichiometric molar conver-
sion of  H2 plus CO to  CH4 is 25%, independent of the ratio 
between  H2 and CO and the fraction of  CO2 in syngas.  H2 

is an electron donor and therefore acts as an energy source, 
CO can act both as an energy source and a carbon source 
while  CO2 is a fully oxidized molecule and can only act 
as a carbon source. This allows a diverse consortium of 
microbes to grow syntrophically on this gaseous substrate 
depending on their preferred energy and carbon source and 
the occurring metabolites.

Besides the selection of the type of the biocatalysts, a cru-
cial parameter that should be thoroughly considered in syn-
gas fermentation processes is the bioreactor configuration 
employed since it is associated with the circumvention of 
the poor gas-to-liquid mass transfer [22]. Undoubtedly, the 
most studied and used bioreactor in gas fermentations is the 
stirred-tank due to its simplicity and the limited optimiza-
tion of parameters needed (impeller configuration, agitation 
speed, gas flow rate and gas injection module) [23]. In order 
to increase the mass transfer rate in this type of reactors, the 
goal is to decrease the size and the retention of the gas bub-
bles and, as a result, provide higher gas–liquid interfacial 
area. Compared to stirred tank reactors, trickle bed reactors 
have been reported to provide improved gas-to-liquid mass 
transfer rates [24] due to their high surface per volume ratio 
available from the packing material, where biofilm grows. 
This advantage comes at a lower cost because of the absence 
of mechanical mixing. Another major advantage of trickle 
bed reactors is cell retention because of the inherent ability 
of a big diversity of microbes to form biofilms [25]. Whereas 
in many cases biofilm formation is connected with fouling 
phenomena [26], this is not the case in trickle bed reactors 
for syngas fermentation where the organic loading rate is 
low and does not allow for high microbial growth. The basic 
drawback is channeling [27], that is the flow of the liquid 
through limited paths across the packed bed resulting in a 
non-homogenous biofilm growth in the reactor and lower 
 CH4 productivity rates. The operational parameters that are 
amenable to optimization are the liquid recirculation rate, 
the gas inflow rate and the HRT. In addition to these, prin-
cipal design parameters are the diameter/height ratio of the 
column, the type of the packing material and its geometry, 
the module of the introduction of the liquid and the gas in 
the column as well as the orientation of the flow of the gas 
and the liquid stream (co-current or counter-current) [28].

Table 1  Biological reactions 
corresponding to the different 
microbial groups involved in 
syngas biomethanation. The 
standard change of Gibbs free 
energy was adapted by Grimalt 
et al. [15]

Microbial group Biocatalytic reaction ΔGo (kJ/mol)

Carboxydotrophic hydrogenogens CO + H2O → CO2 + H2 − 20
Carboxydotrophic methanogens 4CO + 2H2O → 3CO2 + CH4 − 210.9
Carboxydotrophic acetogens 4CO + 2H2O  →  CH3COOH + 2CO2 − 165.4
Hydrogenotrophic methanogens CO2 + 4H2 → CH4 + 2H2O − 135.6
Homoacetogens 2CO2 + 4H2 → CH3COOH + 2H2O − 104.6
Acetoclastic methanogens CH3COOH → CH4 + CO2 − 31
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Trickle bed reactors have been studied for syngas fermen-
tation and biogas upgrade due to the demand of a high gas to 
liquid mass transfer for these processes. Kimmel et al. [29] 
and Klasson et al. [30] were the first ones to report the poten-
tial of syngas biomethanation with trickle bed reactors and 
the improved methane productivities achieved compared to 
bubble columns. In their research the biological conversion 
of syngas was performed by a synergistic microbial tricul-
ture of Rhodospirillum rubrum, Methanosarcina barkeri, 
and Methanobacterium formicicum. Rachbauer et al. [31] 
and Burkhardt et al. [32, 33] assessed the use of a mesophilic 
hydrogenotrophic mixed microbial culture in a trickle bed 
reactor for the upgrade of biogas produced from anaerobic 
digestion with the supply of  H2 and showed that the setup 
could produce a  CH4 rich gas following all the prerequi-
sites to be injected in a natural gas grid. Improved methane 
productivity rates were reported by Strübing et al. [34, 35] 
when  H2/CO2 methanation was performed under thermo-
philic conditions with mixed microbial consortia. Alterna-
tive reactor configurations reported in literature for syngas 
biomethanation are reverse membrane bioreactors [36, 37] 
and multi-orifice baffled bioreactors [38].

The purpose of this study was to assess the methano-
genic potential of syngas bioconversion by enriched mixed 
microbial consortia in a trickle bed reactor and designate 
those operational parameters that affect predominantly the 
conversion efficiency of the syngas components to  CH4. Fur-
thermore, we examined how the range of liquid byproducts 
is affected by specific changes in operational parameters. 
To our knowledge this is the first study of syngas biometha-
nation in trickle bed reactors by enriched mixed microbial 
consortia.

Materials and Methods

Inoculum

Anaerobic sludge was collected from the Lundtofte Waste-
water Treatment plant (Lundtofte, Denmark) and from a lab-
scale manure treating anaerobic digester (Chemical and Bio-
chemical Engineering Department, Technical University of 
Denmark). The two anaerobic sludges were mixed in equal 
volumes (50/50 v/v) and then a batch enrichment process, 
which is meticulously described by Grimalt et al. [39], was 
applied. Briefly, the enrichments took place in anaerobic 
serum vials at 37 °C and pH 7 with 1.3 atm, 0.4 atm and 
0.3 atm partial pressure of  H2, CO and  CO2, respectively, 
in the headspace.

The enriched cultures were stored in 15% w/w glycerol 
freeze stock cultures. Before their inoculation to the reactors, 
they were reactivated by incubation at 37 °C with 2 atm of 

synthetic gaseous substrate (45%  H2, 25%  CO2, 20% CO and 
10%  CH4) in the headspace.

Growth Medium Composition

The medium used for the enrichment process and the reacti-
vation of the microbes as well as for the initiation of the bio-
reactor experiments is a modified basic anaerobic medium 
(BA) consisting of a buffering system, salts, vitamins, trace 
elements, a chelating and a reducing agent. The composition 
of the growth media is outlined in Table 2. Solution A is an 
aqueous solution of  NH4Cl (100 g/l), NaCl (10 g/l),  MgCl2 
hexahydrate (10 g/l) and  CaCl2 dihydrate (5 g/l). Solution B 
is an aqueous solution of anhydrous  K2HPO4 (151.53 g/l). 
Solution D is an aqueous trace metals solution containing 
 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 
and chelating agent (NTA 1 g/l). The aqueous Vitamin 
solution contains vitamins B7, B6, B2, B1, B12, folic acid, 
nicotinic acid, P-aminobenzoic acid, lipoic, thiotic acid and 
DL-Pantothenic acid as described by Wolin et al. [40].  Na2S 
was injected in the medium at anaerobic conditions after 
flushing with an inert gas  (N2) and sealing the vial with a 
rubber stopper.

Nevertheless, during the experimental procedures 
required changes to the medium were applied in order to 
face observed disturbances from the desired conditions. 
These changes are described in the “Results and Discus-
sion” section along with their necessity and their effect on 
the experimental results.

Experimental Configuration

The experimental configuration of the trickle bed bioreactor 
is presented in Fig. 1. Artificial syngas with a composition of 
45%  H2, 25%  CO2, 20% CO and 10%  CH4 was supplied from 
a 50 L gas cylinder (1, AGA Industrielle gasser) and was 

Table 2  Volume of the solutions added to 1 l of total medium volume

Solution Volume of solution 
per liter of medium 
(ml)

Solution A 10
Solution B 2
Solution D 1
NaHCO3 (619 mM) 50
Vitamin solution 10
Na2S (100 mM) 10
H2O 917
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flowing through a pressure regulator (2, AGA Industrielle 
gasser) and a mass flow controller (3, Insatech, Denmark) 
into the anaerobically sealed trickle bed column (4), which 
was filled with polypropylene/polyethylene packing mate-
rial (BioFLO 9—Smoky Mountain Biomedia, USA) with 
a surface area of 800 m2/m3 and a density of 1 g/cm3. The 
occurring gas mixture after flowing through the trickle bed 
column was entering the headspace of a liquid reservoir (5) 
also anaerobically sealed and then it was flowing through a 
gas sampling port (8) and a gas flowmeter (9, Ritter) before 
it exited the setup (10). Liquid was continuously recirculated 
with a peristaltic pump (7, Cole Parmer) from the liquid res-
ervoir to the top of the trickle bed column flowing through a 
liquid sampling port (6). Continuous liquid inflow and out-
flow was achieved with an anaerobically sealed bottle con-
taining fresh medium (12) and a collector of the effluent (14) 
along with two peristaltic pumps (11, 13) operated always at 
the same flow rate. The experimental work was split in two 
Phases. During Phase 1, the feeding of fresh liquid medium 
and the removal of equal volume of medium from the liquid 
reservoir was done manually (that is parts 11, 12, 13 and 

14 were not installed). In Phase 1 equipment 1–10 and 15 
was installed. Equipment 11–14 was installed after the end 
of Phase 1 and before the start of Phase 2. In Phase 2 the 
feeding and the liquid outflow was performed continuously 
with a peristaltic pump (Cole Parmer). During Phase 2, parts 
11, 12, 13 and 14 were installed and the recirculation pump 
(7) was replaced with a peristaltic pump (Watson Marlow)
that could achieve higher flow rates. In short, in terms of the
configuration of the reactor the principal distinction between
Phase 1 and Phase 2 was the manner in which fresh medium
was added in the reactor and liquid effluent was removed. In
Phase 1 fresh medium was added manually on a daily basis
while in Phase 2 it was added continuously with a peristaltic
pump.

The trickle bed column and the liquid reservoir vessel 
were made of borosilicate glass and had a double wall which 
allowed temperature regulation via water recirculation from 
a water bath (Julabo).The liquid reservoir was positioned on 
top of a magnetic stirrer (15, IKA) set at 150 rpm so as to 
avoid accumulation of solids (cells or inorganic precipitates) 
in the liquid reservoir. The temperature was controlled at 

Fig. 1  Bioreactor process flow 
diagram. The basic parts of the 
lab scale bioreactor setup are 
1: syngas cylinder, 2: pressure 
regulator, 3: mass flow control-
ler, 4: trickle bed column, 5: 
liquid reservoir, 6: liquid sam-
pling port, 7,11,13: peristaltic 
pumps, 8: gas sampling port, 9: 
gas flowmeter, 10: gas exit, 12: 
fresh medium, 14: liquid efflu-
ent and 15: magnetic stirrer
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37 °C and the pressure was atmospheric. The volume of the 
bed was 180 mL (height to diameter ratio was 4.18) and the 
liquid volume in the reservoir was 180 mL during Phase 1 
and 220 mL during Phase 2. Due to the size of the experi-
mental setup a pH probe could not be fitted and thus the pH 
was not controlled. Two identical setups were used in order 
to check the reproducibility of the process. The reactors were 
covered with black tape so as to ensure that no photosyn-
thetic growth will arise. Finally, in order to verify that the 
conversion of the syngas was taking place only in the col-
umn and not in the reservoir, gas samples were occasionally 
taken with the addition of a gas sampling port between the 
bed and the reservoir. The contribution of the reservoir on 
the conversion of the substrate was negligible.

Ten steady states were obtained during Phase 1 and 14 
steady states were obtained during Phase 2. A steady state 
was considered when in two consecutive days the deviations 
in the conversion efficiencies of the syngas components and 
the methane production rate were < 5%. The obtained 24 
steady states are presented in Tables 3 and 4.

Analytical Methods

Gas samples were analyzed for the determination of 
the molar composition of CO,  H2,  CO2 and  CH4 with an 
SRI 8610C gas chromatograph. The chromatograph was 
equipped with a Molsieve 13 × column and a silica gel col-
umn with the orientation of the flow of the gaseous phase 
towards any of the two columns being regulated by a rotat-
ing valve. 50 µl gas samples (model 1750 gas-tight syringe 
by Hamilton) were injected in the chromatograph and the 
column temperature was held at 65 °C for 3 min. Then a 
temperature ramp of 10 °C/min was initiated until the tem-
perature of 95 °C when the rotating valve was changing the 
direction of the flow towards the silica gel column with a 
24 °C/min ramp. CO,  H2 and  CH4 were separated by the 

Molsieve 13 × column before the rotation of the valve while 
 CO2 was separated by the silica gel column after the rotation 
of the valve. The composition of liquid samples contain-
ing volatile fatty acids (VFAs) (acetic acid, propionic acid, 
butyric acid, iso-butyric acid, valeric acid and caproic acid) 
and alcohols (ethanol and 1-butanol) were determined with 
High Performance Liquid Chromatograph (Shimadzu, USA) 
equipped with a refractive index detector and an Aminex 
HPX-87H column (Bio-Rad). The temperature of the col-
umn was stable at 63 °C and the flow of the eluent (12 mM 
 H2SO4) was constant at 0.6 ml/min. Each sample run lasted 
40 min. A spectrophotometer (DR2800, Hach Lange) was 
used to measure the optical density of liquid samples at 
600 nm  (OD600) in order to indicate changes in the microbial 
cells concentration.

Sampling from the Trickle Bed Reactors

Liquid samples (2 ml) were collected from the liquid sam-
pling ports of the trickle bed reactors on a daily basis and 
this procedure was combined with equivalent addition of 
fresh medium in the reactors. The liquid samples were 
used for the measurement of the OD, the pH and the VFAs 
concentration. The composition of the gas phase was also 
measured on a daily basis offline. A gas-tight syringe was 
used to collect gaseous samples which were injected in the 
gas chromatograph for analysis, immediately after collec-
tion. During Phase 1 there was no continuous liquid effluent 
and influent since fresh medium was introduced manually 
as a pulse. Therefore, the term liquid replacement was used 
instead of the term HRT.

Table 3  Operational conditions at which the different steady states 
were obtained during Phase 1

Steady 
state num-
ber

Days Liquid 
replacement 
(ml/d)

Liquid recircu-
lation (l/lbed/d)

EBRT (h)

1 80–86 10 160 6
2 87–91 10 200 6
3 92–99 10 240 6
4 100–103 10 280 6
5 104–106 10 320 6
6 107–111 10 320 5
7 112–115 10 360 5
8 116–126 10 360 4.3
9 127–134 10 400 4.3
10 135–140 10 400 3.8

Table 4  Operational conditions at which the different steady states 
were obtained during Phase 2

Steady state 
number

Days HRT (d) Liquid recircula-
tion (l/lbed/d)

EBRT (h)

11 166–176 5.5 1600 3.00
12 177–179 5.5 1600 2.73
13 180–181 5.5 1600 2.50
14 182–194 5.5 1600 2.31
15 195–201 5.5 1600 2.14
16 202–206 5.5 1600 2.00
17 207–211 5.5 1600 1.88
18 212–216 5.5 1600 3.25
19 217–225 11 1600 3.25
20 228–249 11 1600 1.83
21 250–270 5.5 1600 1.83
22 271–282 4.4 1600 1.46
23 283–290 3.7 1600 1.46
24 291–297 3.7 2000 1.46
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Optical Assessment of Channeling Phenomena 
in the Bed

After the end of Phase 1, when the positive effect of the 
liquid recirculation rate on the conversion efficiency of the 
substrate was observed, an optical test of the distribution 
of the liquid phase in the column was performed. Fluo-
rescein (Dye content 95% - Sigma Aldrich) was dissolved 
in water at a concentration of 1 g/l and was inserted in a 
trickle bed reactor packed with Bioflo 9 packing material 
identical to the ones in operation. The liquid recirculation 
rate was gradually increased from 160 to 400 l/lbed/d (step 
80 l/lbed/d) with the peristaltic pump (Cole Parmer) used 
in Phase 1 and from 800 to 2000 l/lbed/d (step 80 l/lbed/d) 
with the peristaltic pump (Watson Marlow) used in Phase 
2. The solution of fluorescein was dying with a bright yel-
low color the paths from which it was trickling through 
across the bed. The effect of the liquid recirculation rate 
on the trickle flow regime was optically assessed.

Calculation Formulas

The product yields were calculated as moles of elec-
trons assimilated into product i per moles of  e− released 
from the consumption of the energy carriers of the gase-
ous substrate, CO and  H2. Each mole of  H2 carries two 
moles of  e− (ne−H2

= 2 e−mol) and the same applies for CO 
(ne−CO = 2 e−mol).

For the calculations presented in this work ne−(i) was 
equal to eight for  CH4 and acetic acid, 14 for propionic 
acid and 20 for butyric acid.

For example, assuming that 5 mmol/lbed/h of  CH4 were 
produced while 30 mmol/lbed/h of  H2 and 20 mmol/lbed/h 
of  CO were  conver ted ,  the  y ie ld  would  be 
e−yieldCH4

=
5⋅8

30⋅ 2 +20 ⋅ 2
=

40

100
= 40%.

(1)

e−yieldi = Yi

(

e−molproduct

e−molsubstrate

)

=
n(i) ⋅ ne−(i)

nH2
⋅ ne−H2

+ nCO ⋅ ne−CO

n(i) ∶ amount of product i produced in

[

mmol

lbed ⋅ h

]

nH2
∶ amount of H

2
consumed in

[

mmol

lbed ⋅ h

]

nCO ∶ amount of CO consumed in

[

mmol

lbed ⋅ h

]

ne−(i) ∶ moles of electrons fixed per mol of i released [e−mol]

The conversion efficiency of the gaseous substrates CO 
and  H2 was calculated as follows, similarly to the removal 
efficiency in biotrickling filters:

With c(i) expressed in 
[

mmol

lbed ⋅h

]

.
The composition of syngas used for substrate was rec-

ommended by an external partner as the outflow of a pilot 
scale biomass gasifier.  CO2 is at a high stoichiometric 
excess and, as a result, its conversion efficiency is not pre-
sented in this study.

Since  CH4 was both a product and a neutral gas in the 
inflow the amount of  CH4 flowing in the reactor was sub-
tracted from the total amount of  CH4 flowing out of the 
reactor in order to calculate the net  CH4 production.

Empty bed residence time (EBRT) was defined as the 
amount of time that the gas would stay in the trickle bed 
of the reactor assuming an empty bed and no conversion 
along the bed.

  Vbed: Volume of the empty bed (ml);  ugas: Gas inflow rate 
(ml/h).

Set of Experiments Pefromed in Phase 1 and Phase 2

Steady state data were collected principally during the 
two Phases of operation of the bioreactors. The opera-
tional parameters for each steady state were chosen in a 
methodological way so that important information could 
be extracted regarding their effect on the performance of 
the bioreactors. In Phase 1 ten steady states were achieved 
(Table 3) studying the consequences of the increase of 
the liquid recirculation rate and the decrease of the EBRT 
under a steady liquid replacement of 10 ml/d (HRT = 18 
d).

In contrast to Phase 1, during Phase 2 the liquid recir-
culation rate remained steady (except for steady state 24) 
at 1600 l/lbed/d and the effect of the HRT and the EBRT 
were studied (Table 4). During Phase 2 the concentration 
of the trace metals in the medium was increased 2.5 times 
and continuous inflow and outflow of liquid was initiated.

(2)Ci% =
c(i) inflow − ⋅ c(i)outflow

c(i) inflow
%

(3)EBRT =
Vbed

ugas
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Results and Discussion

Results

Reactors Start‑Up

Before the initiation of the experiments, the two reactors 
were flushed with syngas for 4 h in order to establish an 
anoxic environment. The reactors were then inoculated 
with enriched mixed mesophilic methanogenic anaerobic 
consortia in a total liquid volume of 180 ml (60 ml inocu-
lum and 120 ml medium). The liquid recirculation rate 
was set at 20 ml/min or 160 l/lbed/d and the syngas flow 
rate at 10 ml/min (0.3 h EBRT) in order to maintain a high 
amount of gas supply and, thus, to secure a fast growth of 
microbes and potentially a faster biofilm formation on the 
packing material. When microbial growth was observed 
in the liquid phase a 5 ml/d liquid replacement (manu-
ally drawn and injected) with fresh medium was initiated. 
The pH was not controlled. The results for the 44 days of 

operation after inoculation are presented in Fig. 2. Initially 
a 3 days lag phase was observed which was succeeded by 
a fast rise of the concentration of the cells in the liquid 
phase with a simultaneous production of acetic acid. This 
resulted in a fast drop of the pH below 6 which is unfavora-
ble for methanogenesis. Production of  CH4 could not be 
determined during this startup phase due to the high gas 
inflow rate masking any differences of  CH4 composition 
between influent and effluent gas streams.

On day 15, the liquid broth of the reactor was diluted 
five times with fresh medium, so as to increase the pH 
and a manual 10 ml/d replacement of the liquid with fresh 
medium was continued. The syngas flow was decreased to 
5 ml/min. However,  CH4 production was still undetectable 
due to the high methane inflow rate. It was obvious that 
the increase of the daily liquid replacement volume of the 
medium decreased the rate of pH drop but it was not enough 
to maintain the pH at high enough levels (close to 7) for 
optimal growth of methanogens.

The observed increase of acetic acid indicated that under 
these operating conditions acetogenic bacteria produced it 

Fig. 2  Development of  OD600, 
acetic acid concentration and 
pH for the 44 first days of the 2 
bioreactors’ operation. Upper 
chart a refers to reactor 1 and 
lower chart, b refers to reactor 2
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at higher rates than the methanogens could consume it. The 
formation of biofilm on the packing material was visible 
after 20 days of operation but only on specific positions 
within the bed of the bioreactors where liquid was flowing 
through. This phenomenon is known as channeling and is a 
challenge with this kind of setups where liquid is not flow-
ing uniformly through the packed bed due to the geometry 
of the packing material.

Change of the Buffering Capacity of the Medium

On day 44, the reactors were emptied of the liquid broth and 
they were reinoculated with fresh enriched anaerobic culture 
in a total liquid volume of 180 ml (120 ml medium and 
60 ml inoculum) in order to secure growth of all the micro-
bial groups including those that could have been inhibited 
and washed out during the period the pH was too low. The 
reactors were operated under batch mode in terms of the 
liquid but under continuous gas supply at a flow of 0.5 ml/
min for the next 15 days. On day 60, the reactors’ total VFAs 
concentration was 1.32 g/l for reactor 1 and 1.43 g/l for reac-
tor 2 corresponding to pH values of 6.1 and 6.0 respectively. 
On the same day the low syngas inflow rate allowed us to 
document for the first time  CH4 productivity at 0.15 mmol/
lbed/h and 0.19 mmol/lbed/h respectively.

Between day 60 and day 80, it was attempted to estab-
lish a medium with a strong buffering capacity able to with-
hold the pH close to a value of 7 without causing inhibi-
tory effects to the microorganisms. Solution B used for 
the medium preparation was finally modified to  K2HPO4 
and  KH2PO4 concentrations of 87 mM and 13 mM in the 
medium, respectively. The medium with the stronger buff-
ering capacity was applied on day 73. This resulted in a 
steady rise of the pH of the reactors to 6.7–6.8 after 7 days 
of operation.

Operation of the Reactors Under Steady State Conditions—
Phase 1

From day 80 and until day 140 (the end of Phase 1), ten 
different steady states were reached (Table 3) under a con-
stant daily liquid replacement of 10 ml. The two operational 
parameters that were manipulated were the liquid recircula-
tion rate and the EBRT (by changing the gas inflow rate).

Increasing the liquid recirculation rate from steady state 1 
up to steady state 5 resulted in higher  CH4 productivity and 
higher conversion efficiencies of  H2 and CO in both reactors 
(Fig. 3). In reactor 1, when the liquid recirculation rate was 
doubled from 160 l/lbed/d to 320 l/lbed/d, the  CH4 produc-
tivity increased from 0.47 mmol/lbed/h at steady state 1 to 
0.62 mmol/lbed/h at steady state 5, while the conversion effi-
ciencies of  H2 and CO increased from 69% and 63% to 80% 
and 71%, respectively. The same effect was observed when 

the liquid recirculation rate was increased at lower EBRTs 
between steady state 6 and steady state 7 as well as between 
steady state 8 and steady state 9. The increase of the liquid 
recirculation rate decreased the magnitude of the channeling 
phenomena within the bed. Higher liquid recirculation rates 
resulted in a more uniform trickling of the liquid through 
the packed column as well as a more uniform wetting of 
the packing material and as a result the potential spots for 
biofilm formation were increased. Comparing steady state 
5 with 6, 7 with 8, and 9 with 10, it can be seen that an 
increase of the  CH4 productivity was observed when the 
gas inflow rate increased. Nevertheless, this should also be 
seen from a conversion efficiency point of view. The conver-
sion efficiency of  H2 and CO decreased when the gas inflow 
rate increased, which indicated that the biofilm was close to 
its maximum substrate uptake rate, allowing thus a higher 
percentage of the gas influent to pass through the trickle 
bed unconverted. For example, in reactor 2 a decrease of the 
EBRT from 6 h to 5 h between steady state 5 and 6 led to an 
increase of the  CH4 productivity from 0.64 mmol/lbed/h to 
0.72 mmol/lbed/h, while the conversion efficiencies of  H2 and 
CO dropped from 82% and 72% to 75% and 63%, respec-
tively. Therefore, the higher  CH4 productivity rate occurred 
at a cost of a lower content of  CH4 in the outflow gas and a 
concomitant higher percentage of  H2 and CO.

By calculating the moles of  e− released from the conver-
sion of CO and  H2 and how these  e− moles were distributed 
to the products, it may be observed in Fig. 4 that in both 
reactors more than 60% of the released moles of  e− were 
utilized for  CH4 production while 20–25% were used for 
the production of VFAs from acetogenic bacteria in each 
steady state. The maximum  CH4  e−yield was 77% and was 
achieved in reactor 1 at steady state 6. The undefined part of 
the  e− moles fixation can be attributed to microbial growth 
and maintenance as well as other low concentration byprod-
ucts which were not detected.

Operation of the Reactors Under Steady State Conditions—
Phase 2

From Day 140 till Day 168 the reactors were in maintenance 
and important adjustments took place in order to further 
improve the substrate uptake potential of the microbes and 
to establish a continuous mode for the liquid phase. On day 
145 the peristaltic pump used for the recirculation of the 
liquid to the top of the trickle bed column was replaced with 
one that could achieve higher flow rates and the pumping 
speed was at 1600 l/lbed/h so as to further limit the observed 
channeling phenomena. In addition, a pumping system was 
installed for the continuous inflow of fresh medium and 
outflow of liquid broth, as it is pointed out in Fig. 1. (parts 
11–14). Furthermore, it was observed that the concentration 
of the trace metals was a limiting factor for the growth of the 
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microbial communities on the biofilm at higher gas inflow 
rates and, as a result, it was increased 2.5 times to the level 
that it was sufficient without causing any inhibitory effects. 
The tests for the effects of the trace metals’ concentration in 
the medium were performed only in reactor 1 so as to secure 
that the 2nd reactor could still operate in case of process 
failure from trace metal inhibition. The results showed a 
rise a of the conversion efficiency of  H2 and CO from 66% 
and 57% to 91% and 83%, respectively (Fig. 5). This was 
accompanied by a significant increase of the microbial cells 
concentration in the liquid phase from 0.231 to 0.326 g/l 
(indicating increased biofilm growth), an increase of the 
 CH4 productivity from 1.35 to 1.61 mmol/lbed/h and a slight 
increase of the concentration of acids from 1.49 to 1.61 g/l. 

When the positive effect was observed on reactor 1 the same 
medium started being used for reactor 2 which presented the 
same behavior as reactor 1.

The reactors were operated from day 168 till day 297 
(Phase 2) with the applied modifications. During this time 
period 14 steady states were obtained and the values of the 
operational parameters are presented in Table 4.

From steady state 11 till steady state 17 the HRT and the 
liquid recirculation rate remained stable while the gas inflow 
rate was gradually increased so as to examine down to what 
level of EBRT the biofilm could consume the available sub-
strate. From the results presented in Fig. 6 it is deduced that 
down to an EBRT of 2.31 h the conversion efficiency of  H2 
was constantly above 90% while the conversion efficiency 

Fig. 3  Conversion efficiency of  H2 and CO and productivity of  CH4 for the first 10 steady states
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of CO was above 80%. From steady state 15 up to steady 
state 17 the conversion efficiency of the substrate dropped 
with the EBRT due to the fact that the biofilm had reached 
its maximal uptake potential. On steady state 18 the increase 
of the EBRT to 3.33 h led to a conversion efficiency of  H2 
and CO higher than 90% while  CH4 productivity dropped 
due to the low inflow rate of substrate (syngas). In addition, 
the percentage of  CH4 at the exit of reactor 1 increased from 
24% at steady state 17 to 38% and the percentage of  H2 and 
CO dropped below 10% (Table 5).

On steady state 19 the HRT was increased to 11 days and 
although no significant effect was noticed on the conver-
sion efficiency of the substrate, an important decrease on the 
 e− yield to VFAs was observed (Fig. 7) in both reactors while 
the  e− yield to  CH4 remained unaffected. When the HRT 
was increased the rate of the nutrients inflow was decreased 
proportionally and, since the gas inflow rate remained the 
same it is possible that specific nutrients necessary for the 

Fig. 4  Product yields expressed 
in terms of moles of electrons 
incorporated to the products per 
total moles of electrons released 
by the conversion of carbon 
monoxide and hydrogen as 
observed during experimental 
Phase 1

Fig. 5  Effect of trace metals’ concentration on the conversion effi-
ciency of the substrate and the concentration of VSS in the liquid 
reservoir. The experiment was performed at 8 days HRT and 3  h 
EBRT. TM: Concentration of Trace Metals, x1: initial concentration 
as described in Sect. “Growth Medium Composition”
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Fig. 6  Conversion efficiency 
of  H2 and CO and productivity 
of  CH4 for the steady states of 
Phase 2

Table 5  Composition of the 
produced gas at the exit of the 
reactor during Phase 2

Steady 
state 
number

H2 (%) CO (%) CO2 (%) CH4 (%)

Reactor 1 Reactor 2 Reactor 1 Reactor 2 Reactor 1 Reactor 2 Reactor 1 Reactor 2

11 9 13 8 15 50 42 33 30
12 9 12 8 10 51 47 32 31
13 10 11 8 9 52 49 31 32
14 13 11 10 7 49 50 28 33
15 14 13 10 8 48 48 28 31
16 16 15 11 10 47 48 26 28
17 19 20 13 13 44 43 24 24
18 7 10 7 10 48 43 38 37
19 6 8 6 7 50 46 38 39
20 18 20 13 17 45 40 24 23
21 25 24 21 18 34 37 20 21
22 22 21 15 13 41 44 22 22
23 21 24 14 15 43 40 22 21
24 22 21 15 15 41 41 22 23
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acidogenic metabolism in the already existing biofilm were 
depleted. Moreover, the  CH4 content reached its maximum 
value at the exit of the reactor (38% for reactor 1 and 39% for 
reactor 2) while CO and  H2 had their minimum values from 
all the steady states tested. On steady state 20 the gas inflow 
rate was increased to the levels of steady state 17 while the 
HRT remained at 11 days resulting in a slightly lower CO 
conversion efficiency and  CH4 productivity than steady state 
17. However, when on steady state 21 the HRT was drasti-
cally decreased to the level of steady state 17 the  H2 and CO
conversion efficiencies dropped along with the  CH4 produc-
tivity. This is a consequence of the fact that steep changes
in the HRT of the trickle bed reactors cannot be followed by
fast enough changes of the biofilm structure and microbial
composition potentially resulting in the opposite effects than
expected. A simultaneous decrease on the EBRT and the
HRT was applied during steady state 22 and the efficiencies

of the two reactors recovered. However, the reactors behaved 
for the first time differently. While in both reactors the con-
version efficiency of the substrate was in the same levels, 
the distribution of the energy released in the form of elec-
trons differentiated; in reactor 1 20% of the electrons were 
fixed into VFAs while in reactor 2 this was only 10%, thus 
allowing for more energy to be available for methanogen-
esis. On steady state 24 though, when the liquid recirculation 
rate increased to 250 ml/min the two reactors produced the 
same results showing that the deviation between them was 
just transient. Overall, the two reactors run independently 
but under the same operational parameters for almost 300 
days and they presented almost identical behavior, point-
ing out an adequate reproducibility of the process. This is a 
compelling element since use of mixed microbial consortia 
and reproducibility of results has been questioned due to the 
complexity of their diverse nature [41].

Fig. 7  Product yields expressed 
in terms of moles of electrons 
incorporated to the products per 
total moles of electrons released 
by the conversion of carbon 
monoxide and hydrogen during 
Phase 2

70



Waste and Biomass Valorization 

1 3

Discussion

Production of VFAs and Their Effect on Syngas 
Biomethanation

The accumulation of acetic acid during the start-up of the 
reactors indicated that the acetoclastic methanogens could 
not consume it fast enough in order to balance its produc-
tion from the fast growing acetogens. The same observation 
was made by Rachbauer et al. [31] when they initiated their 
experimental trickle bed reactor for biogas upgrade. It is also 
well established that high partial pressures of CO reduces 
the methanogenic activity [42] of mixed microbial consor-
tia and that the CO dehydrogenase of acetogens has higher 
affinity for CO than the one of methanogens [43]. Esquivel 
et al. [44] assessed the impact of CO on methanogenesis 
under batch conditions on anaerobic sludge and at CO partial 
pressures ≥ 0.11 atm they estimated partial inhibition of the 
methanogens with simultaneous accumulation of acetic acid. 
In addition, adverse effects on methanogenesis of  H2/CO2 
have been reported by acetic acid concentrations as low as 
1.2 g/l [45]. Therefore, it is of vital importance to maintain 
the acetic acid concentration at low levels during syngas 
biomethanation.

For the examined process configurations in the present 
study, where no pH control was applied, the accumulation 
of acids resulted in a fast pH drop to inhibitory levels for the 
methanogenic archaea. In addition, it is well documented 
that changes on the pH of the microbial environment cause 
alterations on the intracellular pH and the electrochemi-
cal gradient across the membrane of the microbes, thus, 
influencing their metabolism and their bioenergetics [15]. 
Since the size of the reactors did not allow pH control and 
in order to alleviate the negative effects of acetogenesis, 
it was necessary to increase the buffering capacity in the 
medium. This was achieved by adding a  K2HPO4/KH2PO4 
(87 mM/13 mM) buffer in the medium which resulted in 
maintaining the pH at high enough values for the growth 
of methanogens. Nonetheless, the addition of a high phos-
phate concentration buffer is not recommended for full scale 
plants. An additional measure, applied during Phase 2, was 
the use of low HRTs which was linked to the sufficient provi-
sion of nutrients for microbial growth. The concentrations 
of acetate, propionate and butyrate (which were the only 
VFAs detected at significant concentration) in the reactors 
are presented in Fig. 8 along with the pH values. It is evident 
that the pH was rather stable during the experiments with 
small fluctuations which could not have a serious effect on 
the performance of the methanogens.

VFAs production from mixed microbial consortia per-
forming syngas biomethanation and biogas upgrade has also 
been reported under thermophilic and extreme-thermophilic 
conditions [46, 47]. Strubing et al. [34] performed biological 

methanation of  CO2 in a trickled bed reactor at 55 °C and 
experienced significant reduction of  H2 conversion when 
no pH control was applied due to the activity of homoace-
togenic bacteria. Kougias et al. [48] further investigated the 
causes of the occurred acetate accumulation in thermophilic 
anaerobic bioreactors performing 16S rRNA sequencing 
of the microbiome. They observed a high population of 
homoacetogenic species and hydrogenotrophic methanogens 
but no presence of acetoclastic methanogens.

Effect of the Liquid Recirculation Rate on Biofilm Formation

An important factor affecting significantly the performance 
of the bioreactors during Phase 1 was the liquid recircula-
tion rate. It was visible that when a low liquid recircula-
tion rate was applied, the liquid was trickling down the bed 
through specific narrow paths leaving a part of the bed dry. 
Thus, the available surface area for biofilm formation was 
limited significantly. In order to evaluate the effect of the 
liquid recirculation rate on the conversion efficiency of the 
substrate a progressive increase was applied from steady 
state 1 till steady state 5 (Fig. 3). The results showed a linear 
increase of the substrate uptake and finally at steady state 
10 it could be clearly seen that the biofilm was covering 
the entire length of the bed. Further increasing the liquid 
recirculation rate up to 1600 l/lbed/d on Phase 2 resulted in 
an even bigger expansion of the biofilm, which was visually 
detected, compared to Phase 1. This observation was veri-
fied also from the flow of 1 g/l fluorescein solution across 
the column at step-wise increased liquid recirculation rates 
(Sect. "Optical Assessment of Channeling Phenomena in the 
Bed"). As the flow was increasing from 160 to 1600 l/lbed/d, 
a higher fraction of the bed was dyed. Above 1600 l/lbed/d 
no significant increase of the dyed area in the bed was visu-
ally observed. Kimmel et al. [29] also observed an increase 
in the conversion efficiency of CO when they operated their 
trickle bed reactor at higher liquid recirculation rates. The 
effect of the liquid distribution on the trickle flow regime has 
been addressed by Mederos et al. [49] (in general and not for 
biomethanation of syngas though) and several factors (such 
as the construction of the bed, the size and the geometry of 
the packing material and the manner the liquid and the gas 
are introduced in the reactor) have been demonstrated to 
hinder an ideal plug flow. A major bottleneck of trickle bed 
bioreactors or biotrickling filters is bioclogging, namely the 
accumulation of biomass in the packed bed resulting in an 
undesired rise of the pressure drop across the column [50]. 
This phenomenon was not present in this study since the 
organic loading rate introduced in syngas fermentation is 
not high enough to establish a very thick biofilm while the 
concentration of VSS did not surpass the value of 0.6 g/l.

The minimization of the negative effects of channeling 
phenomena is crucial when scaling up the setup since 1600 l/
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lbed/d is not a feasible flow. A higher diameter, and thus a 
larger bed volume is expected to decrease the wall effect 
since most of the liquid flow would be able to trickle down 
through the bed without coming in contact with the wall of 
the column. In addition, dedicated devices such as nozzles 
would be employed for the introduction of the liquid in the 
top of the column so as to improve the distribution of the 
liquid amongst the packing material.

Effect of the Gas Inflow Rate on Syngas Biomethanation

The gas inflow rate constitutes an indication of the substrate 
uptake potential of the formed biofilm. High gas inflow rates 
usually lead a system to be mass transfer limited since there 
is not enough time for the liquid phase surrounding the bio-
film to get saturated on the gaseous compounds [51]. On 
the other hand low gas inflow rates can designate kinetic 
limitations of the system if any exist [51]. Increasing the 

gas (substrate) inflow rate can indicate the point where the 
system has reached its maximum conversion capacity. That 
is, when the conversion efficiency of the available substrate 
has reached a maximum (for the applied operating condi-
tions). Further increase of the gas inflow rate will result in a 
drop of the conversion efficiency and as a consequence, the 
 CH4 content of the gas exiting the reactor will decrease. This 
is what happened on the transition from steady state 14 to 
steady state 15 and up to steady state 17 (Fig. 6). Dependent 
on the desired outcome regarding the  CH4 content of the 
produced gas, the gas inflow rate can act as an optimization 
objective. Therefore for the case of the present study, if the 
target was set on maximizing the  CH4 content of the effluent 
gas the optimal operational choice would be steady state 14 
or steady state 19. On the other hand, if the target was set on 
maximizing the  CH4 productivity (amount of methane pro-
duced per reactor volume and time) then the optimal choice 
would be steady state 24 for the first reactor and steady state 

Fig. 8  Distribution of VFAs 
concentration and pH in the 
reactors for the second phase of 
the experiments. Upper chart 
a refers to reactor 1 and lower 
chart, b refers to reactor 2
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22 for the second. Compared to biotrickling filters that deal 
with volatile organic compounds under aerobic conditions 
and have EBRTs lower than 2 min [51], reported EBRTs for 
syngas fermentation surpass the 2 h (Table 6) indicating the 
adverse nature of this anaerobic process.

Comparison with Literature

The biomethanation of biomass derived syngas has not been 
in the spotlight yet and, as a result, there are scarce reports 
of continuous bioreactors performing this process [23]. One 
of the first attempts for methane production from a CO rich 
syngas mixture was demonstrated by Klasson et al. [30], 
who in contrast to the current study, used a defined tri-cul-
ture of microbes (the photosynthetic bacterium R. rubrum 
performing the water–gas shift reaction and two hydrogeno-
trophic methanogens, M. formicicum and M. barkeri). The 

researchers compared two setups, a trickle bed bioreactor 
and a packed bubble column bioreactor and the maximum 
methane productivity rates achieved with each of the setups 
was 3.3 mmol/lbed/h and 0.4 mmol/lbed/h, respectively. It was 
reported that a 100% conversion of CO was possible up to 
an EBRT of 2.45 h and the maximum  CH4 content in the 
exit of the trickle bed bioreactor was between 28 and 32%. 
At a similar EBRT of 2.5 h in the present study, 93% of 
the introduced  H2 and 88% of CO was converted resulting 
to a final  CH4 content of 31%. Nevertheless, in the present 
study there was no need for sterilization of the bioreactors 
due to the high diversity of the used enriched microbial 
consortia and no need for a light source to ignite photosyn-
thetic growth. Based on their results, they recognized the 
advantage of the trickle bed reactor over the bubble column 
regarding the mass transfer rate of the sparingly soluble syn-
gas compounds. Later, the same research group compared 

Table 6  Syngas biomethanation technologies reported in literature at their optimal conditions with  CH4 productivity being the main factor for 
the comparison of the presented studies

Reactor type Volume (ml) Tem-
perature 
(oC)

Inoculum Molar syngas com-
position

CH4 produc-
tivity (mmol/
lbed/h)

Gas retention time 
(h)

References

Packed bubble 
column

3260 34 Triculture (R. 
rubrum, M. 
formicicum, M. 
barkeri)

15% Ar, 9.6% CO2, 
55% CO, 20.4% 
 H2

0.4 7.24 [30]

Trickle bed reactor 736 37 Triculture (R. 
rubrum, M. 
formicicum, M. 
barkeri)

14.8% Ar, 9.9% 
 CO2, 55.6% CO, 
20.4%  H2

3.3 2.45 [30]

Trickle bed reactor 26,052 37 Triculture (R. 
rubrum, M. 
formicicum, M. 
barkeri)

14.74% Ar, 9.72% 
 CO2, 54.42% CO, 
21.11%  H2

0.45 8.70 [29]

Trickle bed reactor 1051 37 Triculture (R. 
rubrum, M. 
formicicum, M. 
barkeri)

14.82% Ar, 9.67% 
 CO2, 55.62% CO, 
19.68%  H2

2.8 2.10 [29]

Reverse membrane 
bioreactor

600 55 Anaerobic culture 
from municipal 
solid sludge 
digester

55% CO, 20%  H2, 
10%  CO2

0.35 Not mentioned [37]

Trickle bed reactor 61,000 37 Anaerobic sludge 
from sewage plant

79%  H2, 21%  CO2 2.78 3.2 [32]

Trickle bed reactor 5800 37 Anaerobic culture 
from a digester

80%  H2, 20%  CO2 3.40 2.3 [31]

Trickle bed reactor 180 37 Enriched anaerobic 
consortia

45%  H2, 25%  CO2, 
20% CO, 10%  CH4

2.03 2.31 This study 
(maxi-
mum 
conver-
sion)

Trickle bed reactor 180 37 Enriched anaerobic 
consortia

45%  H2, 25%  CO2, 
20% CO, 10%  CH4

3.34 1.46 This study 
(maxi-
mum 
produc-
tivity)
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the performance of two trickle bed reactors with different 
volumes (1 l and 26 l) embodied with the aforementioned 
triculture and the same syngas mixture as a scale-up sce-
nario [29]. Nonetheless, the high-volume reactor reached 
to a maximum  CH4 productivity rate of 0.45 mmol/lbed/h 
at an EBRT of 8.7 h, which was 6 times lower compared to 
the one reported for the low-volume reactor. The difference 
was attributed to the influence of the channeling phenomena 
since it was observed that the radial liquid distribution was 
more limited in the large reactor due to the selection of pack-
ing material with a two times bigger nominal diameter com-
pared to the small reactor. This phenomenon is not expected 
to occur if a smaller size of packing material is selected, so 
as to form narrower trickle paths in the bed, and if the liquid 
is sprinkled in the bed through a nozzle in order to expand 
its distribution across the top surface of the column.

Westman et al. [37] demonstrated an alternative approach 
in order to overcome the bottlenecks of mass-transfer limita-
tion and low cell retention during syngas fermentation. The 
researchers encased anaerobic mixed microbial consortia from 
sewage sludge in porous hydrophilic polyvinylidene fluoride 
membranes with a shape of sachets and then placed them in a 
reverse flow reactor where syngas with a composition of 55% 
CO, 20%  H2 and 10%  CO2 was introduced from the bottom 
of the vessel. The maximum  CH4 productivity achieved was 
0.35 mmol/lreactor/h with a 95%  H2 and an 88% CO conversion 
efficiency. They also compared their results with an identical 
setup where the cells were not encased in the sachets calculat-
ing the maximum methane productivity at 0.2 mmol/lreactor/h, 
an observation that showed the advantageous performance 
of the biofilm based system that was able to tolerate higher 
syngas inflow rates. Compared to the present study a 10-fold 
lower maximum  CH4 productivity was achieved which can be 
attributed to the high content of CO in the inlet and a potential 
lower mass transfer rate of the selected bioreactor configura-
tion. On a different perspective Guiot et al. [19] assessed the 
potential of a 30 l gas lift reactor inoculated with granular 
sludge to convert a gas stream containing only CO as a carbon 
and energy source in mesophilic conditions. When the gas 
recirculation rate was 29 l/lreactor/d and the CO retention time 
8.6 h, the  CH4 productivity reached its maximum value of 
0.126 mmol/gVSS/h with a 67% CO conversion efficiency and 
a 95% yield to  CH4. The researchers argued that the low mass 
transfer of CO to the media was the reason that higher CO 
conversion efficiencies were not reached. In the present study, 
the conversion efficiency of CO reached a value as high as 93% 
at an EBRT of 3.25 h. On the other hand, Luo et al. [52] com-
bined CO fermentation to  CH4 with anaerobic digestion in a 
hollow fiber membrane bioreactor so as to assess the versatility 
of the formed biofilm to elevated pressures of CO. The results 
showed that the microbial communities were able to tolerate 
the inhibitory effects of CO even at a pressure of 1.58 atm in 

the fibers and fully consumed it when the gas retention time 
was set at 4.8 h.

Besides syngas biomethanation, trickle bed bioreactors 
have been tested for similar biological processes such as  H2/
CO2 methanation and biogas upgrade. Compared to the inlet 
gas composition tested in this study, the biomethanation of 
 H2/CO2 is occurring in a less adverse environment because of 
the absence of CO from the gas phase. Burkhardt et al. [32] 
deployed a 26.8 l counter-current flow trickle bed reactor inoc-
ulated with digested sewage sludge for the conversion of 80% 
 H2 and 20%  CO2. The maximum specific  CH4 productivity at 
batch experiments was found to be 2.18 mmol/lbed/h with a gas 
flow rate of 2.3 l/lbed/d and a liquid recirculation rate of 10.7 l/
lbed/d. Based on these experiments the same research group 
designed a continuous process with a scaled-up version of the 
reactor at 61 l bed volume and the substrate was a gas mixture 
of 79%  H2 and 21%  CO2 [33]. At an EBRT of 3.16 h and a 
liquid recirculation rate of 3.1 l/lbed/d the  CH4 productivity 
was 2.78 mmol/lbed/h and 98%  CH4 concentration in the out-
flow. Finally, with the same bioreactor configuration in a lower 
scale (5.8 l) Rachbauer et al. [31] managed to fully convert 
4:1  H2/CO2 to  CH4 with a productivity of 3.4 mmol/lbed/h at 
an EBRT of 2.3 h and a liquid recirculation rate of 62 l/lbed/d. 
Compared to the present work similar maximum methane 
productivities were achieved in the aforementioned studies. 
The high concentration of  CH4 in the outflow is a result of the 
perfect stoichiometric ratio of  H2/CO2 in the inflow, whereas 
in the present study the composition of syngas in the inflow 
is far from the ideal stoichiometry which would demand an 
additional supply of pure  H2 with an inflow of 1.15 times the 
inflow rate of syngas.

A comparison between the efficiencies achieved during 
the present study with those from similar configurations 
already reported in the literature (Table 6) clearly shows 
that the used setup (reactor and microbial culture) is among 
the most efficient. It is anticipated that further optimiza-
tion (composition of the mineral medium, choice of pack-
ing material and manner of gas and liquid injection in the 
reactor) can result in even higher methane productivities. In 
systems like those studied in this work, the size can play a 
significant role affecting their efficiency (see Sect. “Effect of 
the Liquid Recirculation Rate on Biofilm Formation" about 
wall effect and liquid introduction). Therefore, it is expected 
that scaling up of the setup should be done with cautious-
ness taking into account all the challenges presented so far 
in the literature.

Conclusions

The current study assessed the potential of enriched mixed 
microbial consortia derived from anaerobic digesters to 
form rigid biofilms within two trickle bed bioreactors 
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running in continuous mode for 297 days and efficiently 
convert syngas to  CH4. Moreover, the provided data high-
light the key bottlenecks of the process such as pH drop 
from the accumulation of acids and channeling phenom-
ena in the bed. Maintaining a steady pH (by pH control 
in case of full scale) in the reactors and guaranteeing a 
homogenous biofilm growth across the bed was vital for 
the improvement of the process. The results showed that 
 CH4 productivity rates of 2 mmol/lbed/h can be achieved 
with a 93%  H2 and 90% CO conversion efficiency and an 
 e− yield of 78% at an EBRT of 2.31 h, an HRT of 5.5 days 
and a liquid recirculation rate of 1600 l/lbed/d. Higher  CH4 
productivities were also possible at a cost of the conver-
sion efficiency of the substrate with the maximum value 
being 3.34 mmol/lbed/h on the second reactor. It was also 
demonstrated that, despite the tremendous microbial diver-
sity in these communities and the very long term parallel 
operation under the same operational parameters, the two 
reactors presented great reproducibility deviating rarely 
from one another.

Overall, this work sheds more light on the sparsely 
researched topic of syngas biomethanation and addresses a 
new concept that enables the on-site conversion of biomass 
derived syngas to storable energy in the form of  CH4. The 
acquired data constitute a strong basis for the further optimi-
zation of the process and they could be used as a background 
for the scaling-up of the set-up.
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Abstract 

Syngas, mainly consisting of CO, H2 and CO2, can be generated from the gasification of biomass and organic 

waste and constitutes an important energy and carbon source. However, its biological conversion is still 

challenging due to the low solubility and the toxic nature of its components. In this study, enriched mixed microbial 

consortia were inoculated in trickle bed reactors operated in continuous mode with the supply of artificial syngas 

(45% H2, 25% CO2, 20 % CO and 10% N2) under mesophilic (37 oC) and thermophilic (60 oC) conditions. The 

results revealed a clear superiority of the thermophilic conditions exhibiting higher methane productivities, higher 

conversion efficiencies and lower yields of byproducts at all steady states tested compared to mesophilic 

temperature. The highest methane productivity achieved was 8.49 mmol∙lbed
-1∙h-1. The microbial populations 

related to syngas biomethanation were investigated through metagenomic analysis of samples obtained from the 

inoculum, the liquid phase and the biofilm of the reactors.  The continuous operation altered completely the 

dominant species in mesophilic conditions compared to the inoculum. Accumulation of volatile fatty acids (VFAs) 

under mesophilic conditions was attributed to the high relative abundance of the genus Sporomusa. A large 

quantity of acetogenic cell debris scavengers and potential acetogenic metabolism of the genus Thermincola could 

justify accumulation of VFAs under thermophilic conditions. Absence of aceticlastic methanogens in both reactors 

was also noticeable. The archaeal communities were enhanced in the biofilm compared to the liquid phase 

presenting a 6.2 fold and a 1.8 fold higher relative abundance at 37 oC and 60 oC, respectively. 
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1. Introduction 

CO2 emissions constitute the primary cause of climate change, an issue drawing the attention of international 

stakeholders and politicians [1]. In this direction, 196 state parties of the United Nations Framework Convention 

on Climate change (UNFCCC) adopted the Paris agreement, which aims to limit the global average temperature 

increase below 2 oC within the 21st century [2]. Recycling of all the available carbon, both organic and inorganic, 

is a fundamental demand in order to pursue this long term goal. 

Synthesis gas, or syngas, consists mainly of CO, CO2 and H2, and therefore it is an important source of carbon and 

energy that can be exploited by conversion into valuable products. Syngas can be produced from the gasification 

of feedstocks with high organic carbon content. Moreover, it is a byproduct of several industrial processes, such 

as steel milling and steam reforming [3]. However, syngas cannot be easily stored, and thus further processing 

steps are necessary so as to produce added-value chemicals or energy products. Meanwhile, CH4 has attracted, 

lately, a lot of attention as an energy storage agent since it constitutes the central component of natural gas and, 

consequently, it can be introduced to the natural gas grid [4]. 

Catalytic conversion of syngas to CH4 is conventionally performed through the Sabatier process with the use of 

nickel based catalysts. The main disadvantages of the catalytic methanation process are the price of the catalysts 

and the demand for elevated temperature and pressure [5]. On the contrary, the biological methanation of syngas 

can be performed under milder temperatures and ambient pressure with the use of mixed microbial consortia 

(biocatalysts) derived from low cost anaerobic sludges [6]. Compared to pure culture fermentations, mixed culture 

fermentations are more convenient in industrial scale production of relatively low added value products such as 

CH4 since there is no demand for sterile cultivation or risk of contamination. Moreover, mixed microbial consortia 

(MMC) are more resilient to potential process disturbances, such as fluctuations in the composition of syngas, due 

to their higher diversity [7]. On the other hand, product selectivity can be a challenge for the use of MMC, yet 
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specific enrichment strategies such as successive transfers of growing cultures and selection of appropriate 

operating conditions can be applied for increasing product selectivity [8]. 

A wide range of bacterial and archaeal species cooperate symbiotically to convert syngas into CH4. The principal 

metabolic pathways (Fig. 1) followed vary depending on the operating temperature [9] and the partial pressures of 

the syngas components [10]. At mesophilic conditions CH4 is produced either through direct hydrogenotrophic 

methanogenesis or through carboxydotrophic acetogenesis and homoacetogenesis followed by aceticlastic 

methanogenesis [9,11]. The methanogenic reactions are performed by archaea belonging primarily in the genus of 

Methanobacterium and Methanospirillum [9,12], while the presence of Methanosaeta has also been reported 

[13,14]. Furthermore, the most abundant bacterial phyla present in these conditions are Firmicutes and 

Bacteriodetes [15,16]. Conversely, at thermophilic conditions the dominant metabolic pathways involve 

carboxydotrophic hydrogenogenesis (biological water gas shift reaction) and hydrogenotrophic methanogenesis 

[9]. The archaeal genus Methanothermobacter is reported to be the most resilient and abundant one [9,17–19], 

while bacteria are mostly represented by the genus of Thermincola and Coprothermobacter [9,18,20]. Direct 

carboxydotrophic methanogenesis constitutes a possible metabolic route, however several studies have shown that 

this pathway is not favored during syngas biomethanation by mixed microbial consortia [10,12,21,22]. 
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Figure 1. Microbial metabolic pathways converting syngas to CH4, overall stoichiometric reactions and associated standard free energy 

changes. Red-dotted arrows correspond to methanogenic reactions, blue-small-dashed arrows to acetogenic reactions and orange-big-dashed 

arrows to hydrogenogenic reactions. 

Apart from the succession of the biological reactions (Fig. 1), temperature also affects the kinetics of syngas 

biomethanation [23,24]. Grimalt et al. [9] reported a 3.7 fold increase in maximum specific carboxydotrophic 

activity and a 5.3 fold increase in maximum specific hydrogenotrophic activity when increasing the incubation 

temperature from 37 oC to 60 oC. Furthermore, syngas biomethanation performed at 37 oC and 55 oC in a reverse 

membrane bioreactor with encased anaerobic sludge in PVDF sachets resulted in a 2 fold higher molar quantity of 

CH4 at thermophilic conditions after 9 days of batch operation [25]. Lemmer and Ullrich [26] showed that an 

increase of the temperature from 40 oC to 55 oC, keeping the rest operational parameters constant, increased the 
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CH4 content in the exit of their trickle bed reactor by 6.7%, from 88.3% to 95%. Guiot et al [27] assessed the CO 

bioconversion potential of waste water treating anaerobic granules and observed a 5 fold increase when the 

temperature was risen from 35 oC to 60 oC. This improvement was accompanied by an increase of the specific CH4 

productivity from 1 mmol∙gVSS
-1∙d-1 at mesophilic to 5.6 mmol∙gVSS

-1∙d-1 at thermophilic conditions. In another 

study, the effect of temperature on CO bioconversion by wastewater sludge treating paper mill effluents was 

examined [21]. The temperature was gradually increased from 30 oC to 65 oC and the obtained results suggested a 

maximum CO conversion rate at 55 oC. Hydrogenotrophic methanogens are also enhanced under higher 

temperatures even up to extreme thermophilic conditions of 70 oC [18] at the cost of the duration of the acclimation 

period. Dong et al. reported a 2.8 fold increase of the specific methanogenic activity from 55 oC to 65 oC and 1.4 

fold rise from 65 oC to 70 oC. The aforementioned observations raise scientific interest since higher temperatures 

result in a decrease of the solubility of gases and lower conversion rates would have been expected. However, it 

is possible that, due to the higher maximum specific growth rate of the bacteria and archaea involved in syngas 

biomethanation at higher temperatures, the concentration of H2 and CO in the water based media is low enough to 

create a higher driving force, and thus a higher gas to liquid mass transfer rate compared to lower temperatures. 

Apart from the microbial communities, scientific attention has also focus on the bioreactor configurations that can 

increase the mass transfer rate of the sparingly soluble syngas components [28–30]. Trickle bed and hollow fiber 

membrane reactors are the most attractive options for syngas biomethanation, as they allow for higher mass 

transfer coefficients compared to bubble columns, gas lift reactors and stirred tank reactors [3,31,32]. Recent 

research activity has been focused on dedicated studies of trickle bed reactors for biological hydrogen methanation 

and biogas upgrade by mixed microbial cultures [33,34] due to the fact that hydrogenotrophic communities are 

capable of developing stable biofilms that reinforce the methanogenic activity. Nonetheless, few studies on syngas 

biomethanation in trickle bed reactors have been performed so far, yet there is great potential in this technology 

[35]. 
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The aim of this study was to evaluate and compare the performance of two continuous trickle bed reactors operated 

under mesophilic and thermophilic conditions, respectively. Both reactors were inoculated with mixed microbial 

consortia, which were formerly submitted to a systematic enrichment process. In addition, the impact of continuous 

operation and temperature on the microbial communities was investigated through metagenomic analysis focusing 

on the differences of the populations established in the liquid phase and the biofilm. To the best of our knowledge, 

this is the first study that addresses the effects of temperature on syngas biomethanation in the described framework 

and to that extent. 

2. Materials and Methods 

2.1 Inoculum 

The trickle bed reactors were inoculated with enriched, mesophilic and thermophilic methanogenic mixed 

microbial consortia. The original inoculum was a mixture of two anaerobic sludges in equal volumes in order to 

increase the biodiversity of available microorganisms prior to enrichment. The first sludge was collected from the 

Lundtofte Wastewater Treatment plant (Lundtofte, Denmark) and the second from a lab – scale manure treating 

anaerobic digester (Chemical Engineering Department, Technical University of Denmark). The sludge mixture 

was subjected to a batch enrichment process under mesophilic (37 oC) and thermophilic (60 oC) conditions, as 

described by Grimalt et al. [9]. Briefly, the enrichment technique was based on the successive transfer of actively 

growing cultures from one anaerobically sealed serum vial to another. Each vial contained 85 ml growth medium 

and 15 ml transferred inoculum while the headspace was 1.3 atm H2, 0.4 atm CO and 0.3 atm CO2 at an initial pH 

of 7. The resulting mixed microbial consortium after 5 successive transfers was preserved in 15% w/w glycerol 

freeze stock cultures. 

Before the inoculation of the trickle bed reactors, the mesophilic and thermophilic cultures in the glycerol freeze 

stocks were reactivated by incubation in anaerobically sealed serum vials at 37 oC and 60 oC, respectively, using 
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the original growth medium [9]. The headspace of the vials was filled with the same syngas composition (45% H2, 

25% CO2, 20% CO and 10% N2) that was used as a substrate in the reactors and at a total pressure of 2 atm. The 

syngas composition used in the present study simulated the composition of the produced gas from an allothermal 

pilot scale fluidized bed gasifier fed with wood pellets operated at 900 oC.  

2.2 Growth Medium  

The growth medium used in the present study was a modified basic anaerobic (BA) medium [9] and it was prepared 

from the following stock solutions (chemicals in g∙l-1 solubilized in distilled water): (A) NH4Cl, 100; NaCl, 10; 

MgCl2∙6H2O, 10; CaCl2∙2H2O, 5; (B) KH2PO4, 17.7; (C) K2HPO4, 151.6; (D) NaHCO3, 52; (E) trace metal solution: 

FeCl2∙4H2O, 2; H3BO3, 0.05; ZnCl2, 0.05; CuCl2, 0.03; MnCl2∙4H2O, 0.05; (NH4)6Mo7O24∙5H2O, 0.05; AlCl3, 0.05; 

Na2SeO3∙5H2O, 0.1; Na2WO4∙2H2O, 0.06; (F) NTA, 1; (G) Vitamin solution containing vitamins B7, B6, B2, B1, 

B12, folic acid, nicotinic acid, P-aminobenzoic acid, thiotic acid and DL-pantothenic acid at the concentrations 

reported by Wolin et al. [36] and (H) Na2S, 25. Solution (H) was prepared anaerobically in a serum vial, where 

Na2S was added in distilled H2O previously flushed with N2 to remove solubilized O2.  

Solutions (A), (B), (C), (D), (E), (F) and (G) were added in distilled H2O in the following volumes (in ml∙l-1): 

solution (A), 10; solution (B), 100; solution (C), 100; solution (D), 50; solution (E), 4; solution (F), 15; solution 

(G), 40. The mixture was then flushed with N2 for 20 min and sealed anaerobically with a butyl rubber stopper. 

Finally, solution (H) was added anaerobically with a syringe at a volumetric ratio of 40 ml/l.  
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2.3 Trickle Bed Reactor Configuration 

 

Figure 2. Schematic representation of the trickle bed reactor. The unit had slight modifications compared to the one used in a previous 

study by Asimakopoulos et al.[35]. Red-big-dashed arrows depict flow in the gas phase, light blue-small-dashed arrows depict flow in the 

liquid phase and green-solid arrows depict combined gas and liquid flow. 

The trickle bed reactor configuration used for the mesophilic and thermophilic experiments was based on a 

previous study [35] and it consists of 17 components (Fig. 2). Artificial syngas mixture (45% H2, 25% CO2, 20% 

CO and 10% N2) was supplied from a gas cylinder (AGA) (1) to the trickle bed column (4) flowing through a 

pressure regulator (AGA) (2) and a mass flow controller (Bronkhorst) (3). The mass flow controller was controlled 

through LabVIEW PC software (NATIONAL INSTRUMENTS) and had a flow range between 0 and 10 ml∙min-
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1 with a 0.1 ml∙min-1 increment, calibrated with the syngas composition used in the experiments. The trickle bed 

column was made of borosilicate glass and had a total packed bed volume of 180 ml and a height/diameter ratio 

of 4.18. The packed bed consisted of polypropylene/polyethylene packing material (BioFLO 9 – Smoky Mountain 

Biomedia, USA) with a density of 1 g∙cm-3 and a surface area of 800 m2∙m-3. The gas, after its bioconversion in 

the trickle bed column, was flowing down to the headspace of a liquid reservoir (5) and then through a gas sampling 

port (8), a foam trap (9) and a gas flowmeter (Ritter) (10) ending in a ventilation exhaust (11). Both the liquid 

reservoir and the trickle bed column had a double wall and the temperature was regulated with the use of a water 

bath (Julabo) with internal sensor, which was pumping water via the outer walls. 

The liquid phase was flowing co-currently to the gas phase entering the trickle bed column from the top and exiting 

from the bottom, together with the gas phase. The recirculation of the liquid phase from the reservoir back to the 

top of the column was performed with a peristaltic pump (Watson Marlow) (7) at a constant flow rate of 200 

ml∙min-1. Fresh medium was introduced in the unit with a peristaltic pump (Cole Parmer) (14) from an 

anaerobically sealed with a butyl rubber stopper container (13) at a hydraulic retention time (HRT) of 8 days. The 

container (13) was also connected to a compressible gas bag (12) full with N2 so as to avoid formation of vacuum 

by maintaining atmospheric pressure over the liquid medium as it was pumped out. Liquid effluent was collected 

in another container (16) with the use of a peristaltic pump (Cole Parmer) (15). Liquid samples were collected 

from a liquid sampling port (6) placed between the liquid reservoir and the liquid recirculation peristaltic pump. 

Moreover, the liquid reservoir was placed on a magnetic stirrer (IKA) (17) operated at 200 rpm in order to secure 

homogenous mixing. 

2.4 Analytical Methods  

Liquid samples were analyzed in a high-performance liquid chromatography (HPLC) (Shimadzu, USA) for the 

determination of the concentration of VFAs (acetic acid, propionic acid, isobutyric acid, butyric acid, caproic acid, 

valeric acid and isovaleric acid) and alcohols (ethanol and 1-butanol). The HPLC chromatograph was equipped 
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with a refractive index detector (RID) and an Aminex HPX-87H column (Bio-Rad, USA). H2SO4 (12 mM) was 

used as an eluent at a flow rate of 0.6 ml∙min-1 while the temperature of the column was stable at 63 oC. The 

injection volume was 40 μl and each sample analysis lasted 43 min. A SRI 8610C gas chromatograph with a TCD 

detector was used for the determination of the molar fraction of CH4, CO, H2, CO2 and N2 in gas samples. The 

chromatograph was equipped with two columns: (a) a Molsieve 13 x column separating H2, N2 CO and CH4 and 

(b) a silica gel column separating CO2. A rotating valve was regulating the orientation of the flow of the carrier 

gas/helium (Path 1: silica gel → Molsieve → TCD and Path 2: Molsieve → silica gel → TCD). 100 μl gas samples 

were collected from the gas sampling port of the trickle bed reactor with a gas tight syringe (Hamilton 1750) and 

were directly injected in the gas chromatograph. After the injection the temperature was held at 65 oC for 3 min 

followed by a temperature ramp of 10 oC∙min-1 until the temperature reached 95 oC (Path 1). At that point the 

rotating valve was changing the orientation of the flow from Path 1 to Path 2, followed by a 24 oC∙min-1 temperature 

ramp. The analysis was stopped when the temperature reached 140 oC. Liquid and gas samples were analyzed on 

a daily basis. 

2.5 Computational Methods 

CH4 productivity (𝑄𝐶𝐻4
) was calculated as the mmol of methane 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 gas volumes (liters) to moles was performed with 

the ideal gas law at 1 bar and 298 K. The volume specific molar conversion rates of H2 (𝑄𝐻2
), CO (𝑄𝐶𝑂) and 

CO2 (𝑄𝐶𝑂2
) were also calculated in mmol∙lbed

-1∙h-1 as follows: 𝑄𝑖 = 𝑄𝑖
𝑖𝑛 − 𝑄𝑖

𝑜𝑢𝑡 , where 𝑖 stands for CO, CO2 and 

H2, 𝑄𝑖
𝑖𝑛and 𝑄𝑖

𝑜𝑢𝑡 stand for the inflow and outflow rate of compound 𝑖 in mmol∙lbed
-1∙h-1. 

The conversion efficiency for each compound 𝑖 was calculated as: 𝑅𝑖 =
𝑄𝑖

𝑄𝑖
𝑖𝑛 ∙ 100% 
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The electron recovery or electron yield was also calculated. The electron yield represents the percentage of the 

moles of released electron from the conversion of H2 and CO that were fixed in each produced compound. Let 𝑗 

be the denotation for CH4 or any of the produced VFAs. The electron yield was calculated as: 𝑌𝑗 =

𝑛𝑒−𝑒𝑞,𝑗∙𝑄𝑗

𝑛𝑒−𝑒𝑞,𝐶𝑂∙𝑄𝐶𝑂+𝑛𝑒−𝑒𝑞,𝐻2 ∙𝑄𝐻2

100%, where 𝑛𝑒−𝑒𝑞,𝑗 , 𝑛𝑒−𝑒𝑞,𝐶𝑂 and 𝑛𝑒−𝑒𝑞,𝐻2
 is the electron moles released from the full 

oxidation of 1 mole of 𝑗, CO and H2, respectively. The value of the constants 𝑛 are presented in Table 1, while 

𝑛𝑒−𝑒𝑞,𝐶𝑂 = 𝑛𝑒−𝑒𝑞,𝐻2
= 2 [35]. 

Table 1. Values of 𝒏𝒆−𝒆𝒒,𝒋 used for the calculation of the electron yield 𝒀𝒋. 

𝑗 CH4 
Acetic 

acid 

Propionic 

acid 

Butyric 

acid 

Isobutyric 

acid 

Valeric 

acid 

Isovaleric 

acid 

Caproic 

acid 

𝑛𝑒−𝑒𝑞,𝑗  8 8 14 20 20 26 26 32 

 

The empty bed residence time (EBRT) of syngas in the trickle bed column was defined as the amount of time that 

the gas would stay in the packed bed assuming that the column was not filled with packing material and the gas 

flow was constant throughout the column and equal with gas flow at the entrance of the bed. The formula used 

was: 𝐸𝐵𝑅𝑇 (ℎ) =  
𝑉𝑏𝑒𝑑(𝑚𝑙)

𝑢𝑔𝑎𝑠(
𝑚𝑙

ℎ
)
, where 𝑉𝑏𝑒𝑑 = 180 𝑚𝑙 is the volume of the packed bed and 𝑢𝑔𝑎𝑠 is the flow of syngas 

in the reactor set from the mass flow controller. The HRT was calculated as the total volume of the liquid broth in 

the trickle bed reactor (220 ml) divided by the flowrate of the liquid medium inflow rate (27.5 ml∙d-1).  

The calculations were performed under steady state operation of the reactors. It was considered that a steady state 

was reached when the gas effluent composition did not change more than 1% for every individual gas compound 

for three consecutive days. 
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2.6 Startup of the reactors and operational conditions tested 

The two reactors (mesophilic at 37 oC and thermophilic at 60 oC) were flushed with syngas to establish an anaerobic 

environment and then they were inoculated with active and enriched mixed microbial consortia (see section 2.1) 

at 10% volume inoculum per total liquid volume in the reactor (220 ml). The operational parameters chosen were 

200 ml∙min-1 for the liquid recirculation rate, as optimized in previous work [35], 8 days for the HRT, 1 ml∙min-1 

for the syngas flow (equivalent to 3 hours EBRT) and the pH was buffered at 7. The reactors were kept under these 

operational conditions for 1 month so as to develop a stable biofilm within the trickle bed column. Afterwards, the 

syngas inflow rate was gradually increased in steps of 1 ml∙min-1 up to a maximum of 5 ml∙min-1 and a steady state 

was established in each of the reactors at each individual syngas inflow rate (EBRTs of 3, 1.5, 1, 0.75 and 0.6 h). 

The rest of the operational parameters remained unchanged. This methodology allowed for a direct comparison of 

the performance between the mesophilic and the thermophilic reactor. 

2.7 DNA isolation and amplicon sequencing 

Total genomic DNA was isolated from the biofilm and the liquid phase of the mesophilic and the thermophilic 

trickle bed reactors when the syngas inflow rate was at 3 ml∙min-1. The liquid samples were collected through the 

liquid sampling port; the biofilm samples were collected by removing a small portion of packing material from 

the top of the reactor, while flushing simultaneously with N2 to secure anaerobic conditions at all times. Genomic 

DNA from triplicate samples was isolated using PowerSoil™ DNA Isolation Kit (Qiagen, Denmark) according to 

the instructions of the kit manufacturer. Amplification of the V3 and V4 regions of the 16S rRNA was carried out 

with primers Pro341F (5’-CCTACGGGNBGCASCAG-3’) and Pro805R (5’-GACTACNVGGGTATCTAATCC-

3’) according to [37]; amplification of the V4 and V5 regions was performed with primers 515FB (5’-

GTGYCAGCMGCCGCGGTAA-3’) and 926R (5’-CCGYCAATTYMTTTRAGTTT-3’) according to [38]. The 

preparation and sequencing of the 16S rRNA amplicon library were performed by Macrogen Inc. (Korea), using 

Illumina Miseq instrument (300bp paired-end sequencing), according to 16S Metagenomic Sequencing Library 
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Preparation Protocol (Illumina, Part #15044223, Rev. B). Raw sequences obtained in this study were deposited in 

NCBI SRA database with BioProject ID: PRJNA546493 (BioSample accessions: SAMN11960017- 

SAMN11960028). 

2.8 Analysis of 16S rRNA gene amplicons 

In order to compare microbial community profiles between the samples from the reactors and the inoculum, raw 

sequences corresponding to the latter (BioSample accessions SAMN11867044- SAMN11867046) were obtained 

from NCBI SRA database [9] and included in the analysis. DNA isolation, amplification and sequencing 

workflows were identical for both data sets. Identified read-through adapters were clipped using cutadapt [39]. 

Subsequently, paired reads were merged using usearch-fastq_mergepairs, allowing for 80% identity and up to 10 

mismatches in the alignment. Only merged reads containing primer sequences were kept and primer sequences 

were stripped for subsequent analysis. Subsequently, filtering, generation of Operational Taxonomic Units (OTUs) 

and mapping of reads to OTUs was performed using the UPARSE/unoise3 pipeline [40] .  

Taxonomy was assigned to OTUs using SINTAX and SILVA v132 LTP database of 13899 curated 16S sequences 

[41]. To create the OTU table, non-filtered reads were mapped to OTUs using usearch-otutab.  

3. Results and Discussion 

3.1 Performance of the mesophilic and thermophilic trickle bed reactors 

3.1.1 Gas phase 

The mesophilic and thermophilic trickle bed reactors were operated under steady state conditions at five different 

syngas inflow rates with continuous gas and liquid flow. The chosen HRT was 8 d in order to secure an adequate 

provision of minerals to the biofilm (through a sufficient liquid medium inflow), and thus to avoid the possibility 

of lower conversion rates due to depletion of nutrients [35]. It was also necessary to secure a stable biofilm 
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formation was developed in both reactors in order to avoid erroneous conclusions. This was done by letting the 

reactors run at the same operational parameters until no substantial daily change in the concentration of VFAs and 

the fraction of gas compounds in the gas effluent was observed.  

 

Figure 3. Conversion efficiency of the syngas components (a to c) and CH4 productivity (d) in the mesophilic and thermophilic trickle bed 

reactors. The M index refers to the value of the mesophilic reactor and the T index refers to the value of the thermophilic reactor.  

Overall, the obtained results showed a clear superiority of the thermophilic reactor against the mesophilic reactor 

(Fig. 3).  Even at the longest EBRT of 3 h the mesophilic unit was unable to fully convert the H2 and the CO, 

which constitute the only energy source for the microbial cells. The relative difference of the conversion efficiency 

of H2 and CO between the thermophilic and the mesophilic unit was increasing with increased flow of the substrate 

resulting thus in a maximum difference at the lowest EBRT studied. Both reactors achieved their maximum CH4 

productivity (3.57 mmol∙lbed
-1∙h-1 for the mesophilic and 8.49 mmol∙lbed

-1∙h-1 for the thermophilic) at an EBRT of 
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0.6 h. However, the CH4 productivity of the mesophilic reactor had almost reached its maximum value since an 

EBRT of 1 h. On the other hand, the CH4 productivity in the thermophilic reactor increased almost proportionally 

from the maximum to the minimum EBRT tested (maximum syngas inflow rate) at the expense, though, of a 

decreasing conversion efficiency of H2 and CO, which was calculated at 89.3% and 73%, respectively, when the 

EBRT reached 0.6 h. The electrons released from the consumption of CO and H2 were primarily fixed in CH4 at 

electron yields higher than 80% both in mesophilic and thermophilic conditions except for the EBRT of 3 h where 

an electron yield of 72.1% and 78.8% was calculated at the mesophilic and thermophilic reactor, respectively (Fig. 

4). This observation could be explained by the fact that at low syngas inflow rates (i.e. low substrate inflow rates) 

the maintenance energy utilized by the microbial cells becomes a significant proportion of the metabolic energy. 

It could, also, be explained by assimilation of electrons to liquid byproducts when the syngas inflow rate increased, 

yet this did not happen as it is later presented in section 3.1.2.   
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Figure 4. Electron yield to CH4. The M index refers to the value of the mesophilic reactor and the T index refers to the value of the 

thermophilic reactor. 

By gradually decreasing the EBRT, it was possible to test the limits of the mesophilic and the thermophilic biofilm 

with respect to the volume specific molar conversion rates of H2 and CO (Fig. 5). The mesophilic reactor reached 

a maximum H2 conversion rate of 11 mmol∙lbed
-1∙h-1 and a maximum CO conversion rate of 4.6 mmol∙lbed

-1∙h-1 at 

an EBRT of 1 h. Further decrease of the EBRT (or increase of the syngas inflow rate) resulted in an insignificant 

increase of H2 and CO conversion rates accompanied by a considerable lower conversion efficiency of H2 and CO 

(Fig. 2a and 2b). On the contrary, the thermophilic trickle bed reactor did not reach its upper limit for the H2 

conversion rate since the conversion rate proportionally increased with the decreasing EBRT until the minimum 

EBRT tested (Fig. 5). Regarding the conversion rate of CO in the thermophilic reactor, it was observed that from 
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an EBRT of 0.75 h to an EBRT of 0.6 h there was only a slight increase of 0.7 mmol∙lbed
-1∙h-1, thus, leading to the 

conclusion that a further increase of the CO supply would not be converted by the developed biofilm. 

 

Figure 5. Volume specific molar conversion rate of H2 and CO at mesophilic and thermophilic conditions. The M index refers to the value 

of the mesophilic reactor and the T index refers to the value of the thermophilic reactor.  

The aforementioned observations were also reflected by the produced gas composition (Table 2). The percentage 

of CH4 was higher in thermophilic conditions at all tested EBRTs having a maximum value of 31.3% at 3 h. H2 

and CO were almost fully converted at an EBRT of 3 h in thermophilic conditions with only a fraction of 0.9% 

and 0.3%, respectively, measured in the produced gas. At mesophilic conditions, lowering the EBRT from 3 h to 

1.5 h resulted in a rapid increase of the percentages of H2 and CO in the gas product reaching 22.2% and 11.0% 

from 6.3% and 4.2%, respectively.  
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The CO2 contained in the syngas used in this study was in stoichiometric excess compared to the available CO and 

H2 and therefore, its fixation was stoichiometrically limited. Assuming no carbon loss to byproducts and biomass 

along with complete stoichiometric conversion towards CH4, the flow of CO2 in the exit of the reactors should be 

increased by 15% no matter which sequence of the reactions presented in Fig. 1 was followed. Full consumption 

of CO2 for the production of natural gas grade biomethane would be feasible by supplying additional reducing 

power in the reactors. The source of the reducing equivalents could be H2 produced from water electrolysis or 

biochemical electrolysis cells, using in both cases renewable electricity. On another note, as the EBRT decreased, 

the fraction of CO2 in the gas effluent of the reactor remained the same (Table 2) because of the high concentration 

of bicarbonate in the liquid phase and the formation of HCO3
-/CO2 buffer, which prevented major fluctuations in 

the percentage of CO2. 

N2 was an inert gas and did not participate in any metabolic interactions. The increase of N2 content in the gas 

effluent compared to the initial value of 10% was the result of a total gas volume drop as syngas was converted 

down the trickle bed column. As expected, the maximum value of N2 was at the EBRT of 3 h where the highest 

conversion efficiency of H2 and CO was achieved for both the mesophilic and thermophilic conditions. As the 

supply of syngas increased, the observed conversion efficiencies decreased and the percentage of N2 in the gas 

effluent decreased approaching its influent value. 
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Table 2. Gas composition in the exit of the mesophilic and the thermophilic reactor compared to the influent syngas. The M index refers 

to the value of the mesophilic reactor and the T index refers to the value of the thermophilic reactor. 

Gas composition in the influent (%) 

 H2 N2 CH4 CO CO2 

Syngas 

Cylinder 
45% 10% 0% 20% 25% 

Gas composition in the effluent (%) 

EBRT (h) H2-M H2-T N2-M N2-T CH4-M CH4-T CO-M CO-T CO2-M CO2-T 

3.00 6.3% 0.9% 27.1% 24.6% 29.8% 31.3% 4.2% 0.3% 32.5% 43.0% 

1.50 22.2% 2.2% 17.1% 21.0% 17.2% 29.6% 11.0% 1.9% 32.5% 45.5% 

1.00 28.0% 4.2% 14.8% 19.1% 11.5% 27.7% 13.1% 4.4% 32.6% 44.4% 

0.75 33.6% 7.1% 13.2% 17.9% 7.9% 24.5% 15.2% 5.5% 30.1% 43.5% 

0.60 35.1% 9.3% 12.5% 17.8% 6.7% 22.5% 16.5% 9.6% 29.1% 40.7% 

 

In a study performed at 55 oC with syngas containing 20% H2, 55% CO, 10% CO2 and 15% N2 employing four 

different bioreactor configurations and MMC at a gas residence time (GRT) of 1.89 h (Table 3), the maximum 

CH4 productivity achieved was 0.92 mmol∙l-1∙h-1 with a floating membrane bioreactor [42]. The conversion 

efficiency of H2 and CO was 20% and 15%, respectively, indicating poor conversion of the substrate at the chosen 

GRT. The thermophilic reactor in the present study achieved almost full conversion of CO and H2 (98% and 96%) 

at a lower EBRT of 1.5 h with a CH4 productivity of 3.80 mmol∙lbed
-1∙h-1. Two possible reasons for the low CH4 

productivity of the aforementioned research study are the higher percentage of CO which could be inhibitory to 

the microbial populations and a lower mass transfer coefficient of the membrane bioreactor used.  

An alternative approach with the use of a defined co-culture of M. thermoautotrophicus and C. hydrogenoformans 

in a CSTR reactor at 65 oC [43] resulted in a CH4 productivity of 6.82 mmol∙l-1∙h-1 (139% of the maximum 
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theoretical one) at a gas residence time of 2.08 h and an inlet gas composition of 66.6% H2 and 33.3% CO. A CO 

and H2 conversion efficiency of 93% and 97%, respectively, was reported which was slightly lower than the 

respective conversion efficiencies (96% and 98%) reported for a lower EBRT of 1.5 h in the present study. The 

higher CH4 productivity compared to the one reported in the present study at 60 oC and an EBRT of 1.5 h (3.80 

mmol∙lbed
-1∙h-1) can be attributed both to the stoichiometrically better composition of the used inlet gas (the syngas 

composition quality (SCQ) was stoichiometrically 1.54 times better than the one in this study (Table 3) and 

especially to the addition of yeast extract and acetate in the medium that resulted in additional production of CH4. 

Furthermore, a defined triculture (R. rubrum, M. barkeri and M. formicicum) at mesophilic conditions was used in 

a trickle bed reactor and a packed bubble column [44] to compare the two bioreactor configurations using a syngas 

composition of 20% H2, 55% CO, 10% CO2 and 15% Ar. At an EBRT of 3 h a CH4 productivity of 0.4 mmol∙lbed
-

1∙h-1 was reported for the bubble column and a CO conversion efficiency of 18%. A much better performance was 

succeeded with the trickle bed reactor which achieved a CH4 productivity of 3.4 mmol∙lbed
-1∙h-1 at an EBRT of 1 h 

and a CO conversion efficiency of 62%. The same research group made an effort to scale up the TBR to a volume 

of 26 l but the achieved CH4 productivity was just 5% of the maximum theoretical one [45]. The mesophilic reactor 

used in the present study achieved a slightly lower CH4 productivity of 3.13 mmol∙lbed
-1∙h-1 and a lower CO 

conversion efficiency of 55.8% at the same EBRT, while the thermophilic one achieved a much higher CH4 

productivity of 5.85 mmol∙lbed
-1∙h-1 and a higher CO conversion efficiency of 88.4% (Table 3). Overall, compared 

to the defined co-cultures, the MMC used in this study at thermophilic conditions presented excellent conversion 

efficiency of the substrate and CH4 productivity (Table 3). Taking into consideration that the reactors inoculated 

with MMC do not demand sterilization before operation and face no risk of contamination, the achieved values of 

yields, conversion efficiencies and productivities in this study are even more noteworthy. Finally, the present 

results obtained at an EBRT of 1.5 h at mesophilic conditions were similar to a previous work targeting the 

optimization of the trickle bed reactor performance [35] operated at an HRT of 4.4 h and the same EBRT, thus 

showing that the process is highly stable, robust and reproducible.  
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Table 3. Overview of the literature on syngas biomethanation. The Syngas Composition Quality (SCQ) column shows how many times higher (>1) or lower (<1) is the 

stoichiometrically maximum CH4 productivity (QCH4,max) of the cited study compared to the present study at the same Gas Retention Time (GRT) or Empty Bed Residence 

Time (EBRT) and it is a key element for a fair comparison among research studies with different inlet syngas compositions. The difference between the EBRT and the GRT 

is that the first one refers to reactors with packed beds and the second one to the active liquid volume of reactors without packed beds. V: Volume, T: Temperature, RH2: 

Conversion efficiency of H2, RCO: Conversion efficiency of CO, QCH4 Achieved: the reported volume specific CH4 productivity in the cited study, QCH4,max: stoichiometrically 

maximum volume specific CH4 productivity assuming that all the substrate is converted to CH4 without losses to byproducts or synthesis and maintenance of cell biomass, 

QCH4/QCH4,max: CH4 productivity achieved (QCH4) divided by the stoichiometrically maximum possible CH4 productivity (QCH4,max). 

Reactor 

Type 

V 

(l) 

T 

(oC) 
Microbes 

Syngas 

Composition 

 

SCQ 
RH2 

(%) 

RCO 

(%) 

QCH4 

Achieved  

(mmol·l-1·h-1) 

GRT or 

EBRT 

(h) 

QCH4,max 

(mmol/l/h) 

QCH4 / 

QCH4,max 
Ref. 

Packed 

bubble 

column 

2.70 34 

Triculture 

(R. rubrum, 

M. 

formicicum, 

M. barkeri) 

15% Ar, 

9.6% CO2, 

55% CO, 

20.4% H2 

1.16 NM 18 0.40 3.00 2.49 16% [44] 

Trickle bed 

reactor 
1.05 37 

Triculture 

(R. rubrum, 

M. 

formicicum, 

M. barkeri) 

14.8% Ar, 

9.9% CO2, 

55.6% CO, 

19.7% H2 

1.17 NM 62 3.40 1.00 7.47 46% [44] 

Trickle bed 

reactor 
26.1 37 

Triculture 

(R. rubrum, 

M. 

formicicum, 

M. barkeri) 

14.74% Ar, 

9.72% CO2, 

54.42% CO, 

21.11% H2 

1.16 NM 38 0.12 3.00 2.47 5% [45] 

Trickle bed 

reactor 
1.05 37 

Triculture 

(R. rubrum, 

M. 

formicicum, 

M. barkeri) 

14.82% Ar, 

9.67% CO2, 

55.62% CO, 

19.68% H2 

1.16 NM 70 3.00 1.00 7.40 41% [45] 
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Floating 

membrane 

reactor 

1.70 55 

Mixed 

Microbial 

Consortia 

20% H2, 

55% CO, 10% 

CO2, 15% N2 

1.15 20 15 0.92 1.89 3.68 25% [42] 

Floating 

membrane/ 

Free cell 

reactor 

1.70 55 

Mixed 

Microbial 

Consortia 

20% H2, 

55% CO, 10% 

CO2, 15% N2 

1.15 16 13 0.79 1.89 3.68 21% [42] 

Packed bed 

reactor 
1.70 55 

Mixed 

Microbial 

Consortia 

20% H2, 

55% CO, 10% 

CO2, 15% N2 

1.15 13 11 0.71 1.89 3.68 19% [42] 

Free cell 

reactor 
1.70 55 

Mixed 

Microbial 

Consortia 

20% H2, 

55% CO, 10% 

CO2, 15% N2 

1.15 15 12 0.79 1.89 3.68 21% [42] 

Continuous 

stirred tank 

reactor 

0.75 65 

M. 

thermoautotr

ophicus and 

C. 

hydrogenofo

rmans 

66.66% H2, 

33.33% CO 
1.54 97 93 6.82* 2.08 4.91 139% [43] 

Trickle bed 

reactor 
0.18 37 

Mixed 

Microbial 

Consortia 

45% H2, 

20% CO, 25% 

CO2, 10% N2 

1.00 95 92 1.48 3.00 2.22 67% 
This 

Study 

Trickle bed 

reactor 
0.18 37 

Mixed 

Microbial 

Consortia 

45% H2, 

20% CO, 25% 

CO2, 10% N2 

1.00 71 68 2.71 1.50 4.43 61% 
This 

Study 

Trickle bed 

reactor 
0.18 37 

Mixed 

Microbial 

Consortia 

45% H2, 

20% CO, 25% 

CO2, 10% N2 

1.00 58 56 3.13 1.00 6.65 47% 
This 

Study 

Trickle bed 

reactor 
0.18 60 

Mixed 

Microbial 

Consortia 

45% H2, 

20% CO, 25% 

CO2, 10% N2 

1.00 98 96 3.80 1.50 4.43 86% 
This 

Study 

Trickle bed 

reactor 
0.18 60 

Mixed 

Microbial 

Consortia 

45% H2, 

20% CO, 25% 

CO2, 10% N2 

1.00 95 88 5.85 1.00 6.65 88% 
This 

Study 

Trickle bed 

reactor 
0.18 60 

Mixed 
Microbial 
Consortia 

45% H2, 20% 
CO, 25% CO2, 

10% N2 

1.00 89 73 8.49 0.60 11.08 77% 
This 

Study 

*This result is higher than the stoichiometrical maximum (4.91) most probably due to the use of acetate as a buffer
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3.1.2 Liquid phase 

The main byproduct in both mesophilic and thermophilic conditions was acetic acid. It was found in at least 10 

times higher concentration in both reactors compared to longer carbon chain VFAs such as propionic acid, butyric 

acid, isobutyric acid, isovaleric acid, valeric acid and caproic acid. Even though the concentration of longer chain 

VFAs was very low compared to acetic acid, it was clear that carbon chain elongation occurred and constituted a 

metabolic pathway for energy conservation in this kind of environments. It has been reported that aceticlastic 

methanogenesis was partially inhibited at a partial pressure of CO above 0.11 atm and this inhibition triggered the 

accumulation of acetic acid and its further elongation to longer chain fatty acids [46]. With the exception of the 

EBRT of 1.5 h, the concentration of VFAs in both the mesophilic and the thermophilic reactor was comparable 

(Fig. 6a). Taking into account the conversion rate of CO and H2 (Fig. 5) it was observed that the percentage of 

electron equivalents fixed to VFAs was substantially higher in mesophilic compared to thermophilic conditions 

(Fig. 6b).  

Production of acetic acid under mesophilic conditions was also observed during the enrichment process the 

anaerobic sludge went through prior to the inoculation of the trickle bed reactors [9]. In that case, after full 

conversion of CO was reached, acetic acid was converted to CH4 by aceticlastic methanogens. However, this was 

not observed in the mesophilic trickle bed reactor where VFAs were accumulated up to a specific concentration 

instead of getting fully converted to CH4. It has been reported that CO is more inhibitory against aceticlastic 

methanogens compared to other methanogenic species [10] and thus it is possible that continuous CO flow in the 

reactor affected these types of microbes more severely. Another research study regarding CO metabolism by mixed 

microbial consortia at 35 oC reported that accumulation of VFAs in the employed gas lift reactors was observed at 

partial pressures of CO above 0.41 atm [47].  

An unexpected observation made in the present study, was the significant acetogenic activity in the trickle bed 

reactor under thermophilic conditions, whereas during the batch enrichment process no acetic acid or other VFAs 
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were detected [9]. Most likely, carboxydotrophic acetogens or homoacetogens were encapsulated in the biofilm, 

which provided more favorable conditions for their growth. Another possible explanation could be that the 

carboxydotrophic hydrogenogens also performed acetogenic metabolism as it has recently been shown by Diender 

et al. [43]. In their study, they used a co-culture (M. thermoautotrophicus and C. hydrogenoformans) instead of a 

mixed culture, so as to increase the product selectivity at 65 oC. Nevertheless, they resulted in a 4% to 8% product 

yield to acetic acid proving that the carboxydotrophic hydrogenogen C. hydrogenoformans performs both the 

water-gas shift reaction and carboxydotrophic acetogenesis for energy conservation [43]. In the present study, an 

energy loss to VFAs between 2.5% and 5.7% was observed in thermophilic conditions, which is in the proximity 

of the aforementioned values reported with the co-culture. Production of acetic acid during semi-continuous syngas 

biomethanation by MMC at thermophilic conditions has also been reported at 55 oC and 70 oC at concentrations 

varying between 3.3 and 8.3 mM [19]. Aceticlastic activity was, also, not observed in the thermophilic trickle bed 

reactor in the present study, which is in line with the findings from a research group that assessed the aceticlastic 

metabolism of four anaerobic sludges [21]. In that study the four anaerobic sludges from different sources were 

grown in batch mode at 55 oC using as a substrate CO and acetate and no aceticlastic methanogenic activity was 

observed, thus showing the inhibitory effect of CO on aceticlastic metabolism.  
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Figure 6. Total concentration of VFAs (a) and electron yield to VFAs (b) in each of the EBRTs tested. The M index refers to the value of the 

mesophilic reactor and the T index refers to the value of the thermophilic reactor. 

3.2 Analysis of the microbial community 

The use of 16s rRNA gene sequencing has been reported as one of the most reliable methods to identify the profile 

of broad mixed microbial consortia [48]. Furthermore, a common practice in metagenomic analysis is the use of 

the region V4 of the 16s rRNA gene so as to determine the fraction of both archaeal and bacterial populations with 

relatively high precision [15,49]. The assessment of the changes in the microbial communities amongst the 

inoculum (received from the last transfer of the batch enrichment process [9]), the recirculating liquid and the 

biofilm formed on the packing material was performed by using Illumina Miseq 300bp paired-end sequencing. 

Here, microbial composition data as estimated by the analysis of the V3-V4 region of 16S rRNA gene are reported. 

However, to ensure little bias from the applied methodology, for all samples additional analysis using a second 

primer pair targeting V4-V5 region of 16S rRNA gene was performed. Despite small differences, the percentage 

of reads mapping to specific taxonomic lineages was highly consistent for the two primer sets used. 
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The results indicated that 24.2% of the mapped reads in the inoculum of the mesophilic reactor was attributed to 

Euryarchaeota (Table 4), of which 95% were belonging to the genus of Methanospirillum (Fig. 7), and that 31.1% 

was Firmicutes, of which 85% were attributed to the genus of Acetobacterium. Other less abundant phyla involve 

Bacteroidetes (4.5%), Chloroflexi (5.2%), Proteobacteria (12.1%) and Synergistetes (6.3%). The profile of the 

microbial communities underwent an important change after long term exposure to syngas in continuous mode 

within the reactor. The relative abundance of Firmicutes was increased to 74.3% in the recirculating liquid and to 

50.6% in the biofilm (Table 4), yet with the disappearance of the genus Acetobacterium and the high abundance 

of the genus Sporomusa (Fig. 7). Species belonging to the genus Sporomusa have been reported to perform 

carboxydotrophic acetogenesis and homoacetogenesis [50] and to be predominant during syngas biomethanation 

in a multi orifice baffled bioreactor [12]. In addition, 9.8% of the reads obtained from the recirculating liquid 

sample and 20.9% of the reads from the biofilm were mapped to OTUs assigned to the genus Desulfovibrio (Fig. 

7) and more specifically to the species Desulfovibrio oxamicus, a sulfate and nitrate reducing bacterium [51], the 

contribution of which in syngas biomethanation has not yet been elucidated. Regarding the archaeal community, 

its presence in the liquid phase was scarce (2%) while a higher abundance was observed in the biofilm (12.3%) 

(Table 4). The dominant genus of Euryarchaeota changed to Methanobrevibacter (11.5% in the biofilm) instead 

of Methanospirillum (0.61% in the biofilm and 23.4% in the inoculum). It has been reported that species under the 

genus of Methanobrevibacter can perform both hydrogenotrophic and carboxydotrophic methanogenesis [27,52], 

however, to our knowledge there is no other study where this genus was identified in high abundance during syngas 

biomethanation. More specifically, according to the metagenomic analysis the identified archaeal strain was likely 

the hydrogenotrophic and carboxydotrophic methanogen Methanobrevibacter arboriphilus [53].  It is also worth 

mentioning that no aceticlastic methanogen was identified with abundance higher than 0.5% which can justify the 

fact that VFAs were accumulated, let alone with the high abundance of the Sporomusa genus. 
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Table 4. Relative abundances of mapped reads corresponding to bacterial and archaeal phyla in the inoculum of the reactor, the 

recirculating liquid and the biofilm attached on the packing material at mesophilic conditions (37 oC). NA refers to the percentage of reads 

mapped to OTUs with read abundance lower than 0.5% in the sample and Undef refers to the percentage of reads mapped to OTUs with 

bootstrap confidence lower than 80%. 

 Mesophilic Reactor Thermophilic Reactor 

 Inoculum Liquid Biofilm Inoculum Liquid Biofilm 

p:Euryarchaeota 24.2% 2.0% 12.3% 14.9% 16.0% 29.1% 

p:Bacteroidetes 4.5% 8.7% 9.0% NA 0.1% NA 

p:Chloroflexi 5.2% NA NA NA NA NA 

p:Firmicutes 31.1% 74.3% 50.6% 83.0% 79.5% 54.6% 

p:Proteobacteria 12.1% 12.1% 22.9% NA NA NA 

p:Synergistetes 6.3% 1.0% 2.6% NA NA NA 

p:Thermodesulfobacteria NA NA NA 1.0% NA NA 

p:Thermotogae NA NA NA NA 4.3% 15.8% 

NA 0.5% 0.3% 0.5% 0.8% NA 0.4% 

Undef 16.1% 1.6% 2.0% 0.3% 0.1% 0.2% 

 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

107 

 

 

Figure 7. Taxonomic identification of bacterial and archaeal populations at a genus level in the inoculum of the reactor, the recirculating 

liquid and the biofilm attached on the packing material at mesophilic conditions (37 oC). NA refers to the percentage of reads mapped to 

OTUs with read abundance lower than 0.5% in the sample and Undefined refers to the percentage of reads mapped to OTUs with 

bootstrap confidence lower than 80%. 

Contrary to the mesophilic conditions, the archaeal community in the thermophilic trickle bed reactor increased 

from 14.9% in the inoculum to 16% in the recirculating liquid and 29.1% in the biofilm (Table 4). The relatively 

higher abundance of methanogens in the biofilm compared to the liquid phase was observed in both reactors and 

comes in accordance with a study for biogas upgrade with external H2 supply in a trickle bed reactor [54]. 

Furthermore, in another study for biogas upgrade employing a biotrickling filter the reported relative abundance 

of Euryarchaeota in the biofilm was 27% [16], which is close to the one observed in this study. The only archaeal 

genus detected was Methanothermobacter (Fig. 8), which is a hydrogenotrophic methanogen [55] reported to be 

quite abundant in similar environments at temperatures higher than 55 oC [19]. In addition, a strain belonging to 

the genus Methanothermobacter (M. thermoautotrophicusΔH) has been reported to perform carboxydotrophic 

methanogenesis [56]. Dong et al. [18] performed biological hydrogen methanation at 55 oC, 65 oC and 70 oC and 

showed that the percentage of the Methanothermobacter genus within the archaeal communities increased from 
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39% to 82.4% and 92.8%, respectively, revealing the high resiliency and adaptation of this genus in a broad range 

of thermophilic and extreme-thermophilic temperatures. Similarly to the mesophilic unit, no aceticlastic 

methanogens were identified. 

The bacterial species were extremely abundant in the inoculum of the thermophilic unit represented almost 

exclusively by Firmicutes (83% of the mapped reads) of which the most abundant genera were Thermincola 

(50.5%), Coprothermobacter (14.7% of the mapped reads) and Lutispora (10.2% of the mapped reads). The 

identified strain Thermincola carboxydiphila is involved in carboxydotrophic hydrogenogenesis [57] and has been 

reported to thrive in environments with syngas as a substrate [58], while Coprothermobacter species are most 

commonly identified as proteolytic [18], but also as potential syntrophic acetate oxidizers [20]. Lutispora species 

have been reported to degrade amino acids and convert them to VFAs [59]. In the recirculating liquid, similarly to 

the inoculum, reads mapping to Firmicutes OTUs were at a relative abundance level of 79.5% with the additional 

presence Aeribacillus (4.8% of the mapped reads) along with the rest genera that were present in the inoculum. 

Species belonging to the genus of Aeribacillus consume maltose as the preferred carbon source for the production 

of exopolysaccharides [60], yet its activity in syngas biomethanation is unknown and has not been previously 

reported. The phylum of Thermotogae was also identified at 4.3% in the liquid represented just by the genus 

Defluviitoga (Fig. 8), which is commonly identified at thermophilic digesters [61] and is connected with the 

hydrolysis of complex compounds such as cellulose, chitin and xylan [62]. Its presence in syngas biomethanation 

could only be justified as a scavenger of dead cells. The mean relative abundance of reads mapping to OTUs 

assigned to Firmicutes phylum was lower by 25% in the biofilm sample compared to the recirculating liquid (Table 

4), while Thermotogae presented an increase of 11.5%. This can be attributed to the inherent components of 

biofilms – extracellular polymeric substances (EPS) and entrapped cell debris. EPS are mainly composed of 

polysaccharides and proteins and can be biodegraded by anaerobic microbes  [63]. This can potentially explain 

the lower abundance of reads mapping to Thermincola (from 23.7% to 16.5%) along with the higher abundance 

of reads mapping to Coprothermobacter genus (from 14.7% to 21.5%). Due to the fact that there was no 
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identification of a reported carboxydotrophic acetogen or homoacetogen, it can be assumed that the accumulation 

of VFAs was caused by the degradation of dead cell residues. However, it is possible that Thermincola 

carboxydiphila is also capable of carboxydotrophic acetogenic metabolism since other carboxydotrophic 

hydrogenogens such as Carboxydothermus hydrogenoformans present this feature [64]. 

 

Figure 8. Taxonomic identification of bacterial and archaeal populations at a genus level in the inoculum of the reactor, the recirculating 

liquid and the biofilm attached on the packing material at thermophilic conditions (60 oC). NA refers to the percentage of reads mapped 

to OTUs with read abundance lower than 0.5% in the sample and Undefined refers to the percentage of reads mapped to OTUs with 

bootstrap confidence lower than 80%. 

4. Conclusions 

Syngas biomethanation in trickle bed reactors at continuous operation was enhanced under thermophilic conditions. 

The thermophilic trickle bed reactor (60 oC) achieved higher methane productivities and higher conversion 

efficiencies of H2 and CO compared to the mesophilic trickle bed reactor (37 oC) at all steady states reached during 

this study. The highest methane productivity achieved was 8.49 mmol∙lbed
-1∙h-1 at an empty bed residence time of 

0.6 h and a conversion efficiency of H2 and CO equal to 89 and 73%, respectively. Furthermore, an almost 
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complete conversion of the substrate (H2: 98% and CO: 96%) was achieved in thermophilic conditions up to an 

EBRT of 1.5 h. These results were the highest achieved so far with mixed microbial consortia in the international 

literature and comparable to the best ones with defined co-cultures. The main byproduct in both mesophilic and 

thermophilic conditions was acetic acid and its concentration was higher in mesophilic reactor. Moreover, the 

accumulation of acetic acid (with longer chain VFAs at negligible concentrations) can be explained by the high 

relative abundance of the genus Sporomusa in mesophilic conditions and by the high amount of cell debris 

scavengers and a potential acetogenic metabolism by Thermincola carboxydiphila in thermophilic conditions, 

along with the absence of aceticlastic methanogens in both reactors. The relative abundance of archaea was higher 

in the biofilm compared to the recirculating liquid revealing an additional advantage of the use of trickle bed 

reactors for syngas biomethanation compared to configurations with suspended cells. The exclusively dominant 

archaeal genera were attributed to Methanobrevibacter (37 oC) and Methanothermobacter (60 oC), highlighting 

their specialization to the studied fermentation conditions and the fact that the competition in this kind of 

environments lead to prevalence of only one hydrogenotrophic methanogenic species. 
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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 oC and 60 oC. 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 was shown to be feasible at a SQI = 3.98. 

Keywords: Syngas Biomethanation; Trickle Bed Reactor; Mixed Microbial Consortia; Carbon Sequestration; 

Natural Gas; Thermodynamics 

 

 

 

 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

123 

 

Graphical Abstract 

 

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 
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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 oC – 70 oC) 

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 55 

oC and from 15 h to 3 h at 70 oC 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).  
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Table 1. Equations of biological reactions performed by mixed microbial consortia when grown on syngas and their standard Gibbs free 

energy change. 

Metabolism Reaction  ΔG0’ (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-
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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.  

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 oC 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 
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study that addresses the effect of the syngas composition on syngas biomethanation by MMC at two different 

temperatures (37 oC and 60 oC) 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 

batch enrichment process under mesophilic (37 oC) and thermophilic conditions (60 oC), 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, 
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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 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 
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g∙cm-3 and a surface area of 800 m2∙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 
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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 the temperature 

was stable at 65 oC for 3 min followed by a 10 oC∙min-1 temperature ramp until 95 oC. In phase 2 the direction of 

the flow of the mobile phase was reversed and a 24 oC∙min-1 temperature ramp was applied until a final temperature 

of 140 oC 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 oC 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 based on the 

molar fraction of the syngas components entering the reactor as 𝑆𝑄𝐼 =
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
 and is founded 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 in a stoichiometric excess compared 

to 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).     



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

   

132 

 

The volume specific molar 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 298.15 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 compound 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 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 oC) and thermophilic (60 oC) conditions. 
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The full set of experiments performed in this study is presented in Table 2 and contains 15 operating conditions, 

seven of them at 37 oC and eight at 60 oC. 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. 
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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 high purity H2 cylinder. The inlet 

molar gas composition column refers to the final gas composition of the gas entering the reactor. The Syngas Quality Index (SQI) is 

calculated according to eq. 1. 

No. Temperature 

(oC) 

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. 2 and 3, 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 
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value of 1.6 L1/2∙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. 4, and the effect of the pH was taken into account as described in Steinbusch et al.  [35].  

∆𝑓𝐺´𝑖(𝑇) = ∆𝑓𝐺°𝑖(298.15 𝐾) ∙
𝑇

298.15 𝐾
+ ∆𝑓𝐻°𝑖(298.15 𝐾) ∙

298.15 𝐾−𝑇

298.15 𝐾
  (2) 

∆𝑓𝐺°𝑖(𝐼) = ∆𝑓𝐺°𝑖(𝐼 = 0) −
𝑅𝑇𝐴𝑧𝑖

2𝐼1 2⁄

1+𝐵𝐼1 2⁄      (3) 

∆𝑟𝐺´𝑇 = ∆𝑟𝐺°𝑇(𝐼 = 0.25 𝑀) + 𝑅𝑇 ln
[𝐶]𝑐[𝐷]𝑑

[𝐴]𝑎[𝐵]𝑏    (4) 

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. 5 and 6, 

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
) (5) 

∆𝐺𝐶 =  𝑌𝐴𝑇𝑃 ∙ ∆𝐺𝑝 (6) 

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-
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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.  

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 [38] 

Hydrogenotrophic Methanogenesis     

4 H2 + CO2 → CH4 + 2 H2O 22.5 0.5 2 [37] 

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. 
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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 (net gas flow of 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).  

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. 
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An interesting difference between mesophilic and thermophilic conditions was that at SQI = 4.78 partial inhibition 

of the carboxydotrophic activity at 60 oC (Fig. 2c) was observed (RCO = 54.0%), while no apparent inhibition 

occurred at 37 oC (RCO = 90.6%). This observation is discussed and explained in detail in section 3.5. 

 

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 and the blue dots on thermophilic conditions. 

In graph (d) YUnidentified corresponds mainly to cell biomass synthesis and maintenance, and potentially other liquid byproducts not detected 

in the present study. 
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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 mmol∙lbed
-1∙h-1 and 1.92 mmol∙lbed

-1∙h-1 to 2.14 mmol∙lbed
-1∙h-1 and 2.26 mmol∙lbed

-1∙h-1 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 a 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 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.  
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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 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 net 

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).  



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

141 

 

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 oC was 5 times higher than at 35 oC [9], and that a 5.3 fold 

increase of the maximum specific hydrogenotrophic activity was achieved at 60 oC compared to 37 oC 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 maximum 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 co-cultures, 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 

indicating a 7.4 times higher conversion rate of H2 over CO at the tested EBRT. This observation is in accordance 
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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 oC [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 rate of CO by anaerobic granules for the production of CH4 when its partial pressure 

dropped below 0.15 atm (15%).  
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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 net gas inflow rate. In graph (a) 

the brown dots correspond to mesophilic conditions and the blue dots on thermophilic conditions. 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 
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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 oC) 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 stoichiometrically 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 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 
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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 moles 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 net 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 
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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 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. 
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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 

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, 
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other studies including mixed and co-cultures reported a rather high fraction of e-moles 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 effluent partial pressure of CO2 (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.  A decrease of the PCO2 from 0.12 atm to 0.02 atm resulted 

in a 10-fold decrease in the acetate concentration in the reactor. In this case, the lower acetate concentration 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 from our research group it was 

found that the aceticlastic microbial group was probably absent in this enriched microbial consortium (unpublished 

data). Instead, the lower acetate concentration could be explained by the fact that the syntrophic interaction 
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between syntrophic acetate oxidizers (SAO) 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 the partial pressures of H2 and CO2 (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. 
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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. 

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]. 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 [43]. The high sensitivity of the thermodynamic feasibility of 

the carboxydotrophic hydrogenogenesis is shown in Fig. 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 
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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 to 

11.4 mM, 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 (unpublished 

data), as observed in previous work from our research group. 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. 

 

 

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 
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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. 

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 oC, 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, 
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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 stoichiometric 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. 

Acknowledgements 

This work was financially supported by the Technical University of Denmark (DTU) and Innovation Fund 

Denmark in the frame of SYNFERON project. 

References 

[1] H. Li, D. Mehmood, E. Thorin, Z. Yu, Biomethane Production Via Anaerobic Digestion and Biomass 

Gasification, Energy Procedia. 105 (2017) 1172–1177. doi:10.1016/j.egypro.2017.03.490. 

[2] Z. Bagi, N. Ács, T. Böjti, B. Kakuk, G. Rákhely, O. Strang, M. Szuhaj, R. Wirth, K.L. Kovács, Biomethane: 

The energy storage, platform chemical and greenhouse gas mitigation target, Anaerobe. 46 (2017) 13–22. 



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

   

154 

 

doi:10.1016/j.anaerobe.2017.03.001. 

[3] B. Lecker, L. Illi, A. Lemmer, H. Oechsner, Biological hydrogen methanation – A review, Bioresour. 

Technol. 245 (2017) 1220–1228. doi:10.1016/j.biortech.2017.08.176. 

[4] A. Grimalt-Alemany, I. V Skiadas, H.N. Gavala, Syngas biomethanation: state-of-the-art review and 

perspectives, Biofuels, Bioprod. Biorefining. 12 (2018) 139–158. doi:10.1002/bbb.1826. 

[5] E.G. Pereira, J.N. da Silva, J.L. de Oliveira, C.S. Machado, Sustainable energy: A review of gasification 

technologies, Renew. Sustain. Energy Rev. 16 (2012) 4753–4762. 

doi:https://doi.org/10.1016/j.rser.2012.04.023. 

[6] A. Molino, S. Chianese, D. Musmarra, Biomass gasification technology: The state of the art overview, J. 

Energy Chem. 25 (2016) 10–25. doi:10.1016/j.jechem.2015.11.005. 

[7] S. Ghosh, R. Chowdhury, P. Bhattacharya, Mixed consortia in bioprocesses: role of microbial interactions, 

Appl. Microbiol. Biotechnol. 100 (2016) 4283–4295. doi:10.1007/s00253-016-7448-1. 

[8] S.R. Guiot, R. Cimpoia, G.G. Carayon, Potential of wastewater-treating anaerobic granules for 

biomethanation of synthesis gas, Environ. Sci. Technol. 45 (2011) 2006–2012. doi:10.1021/es102728m. 

[9] J. Sipma, P.N.L. Lens, A.J.M. Stams, G. Lettinga, Carbon monoxide conversion by anaerobic bioreactor 

sludges, FEMS Microbiol. Ecol. 44 (2003) 271–277. doi:10.1016/S0168-6496(03)00033-3. 

[10] A. Grimalt-Alemany, M. Łężyk, D.M. Kennes-Veiga, I. V. Skiadas, H.N. Gavala, Enrichment of 

Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic 

and Thermodynamic Competition, Waste and Biomass Valorization. (2019). doi:10.1007/s12649-019-

00595-z. 

[11] S.S. Navarro, R. Cimpoia, G. Bruant, S.R. Guiot, Biomethanation of Syngas Using Anaerobic Sludge: Shift 

in the Catabolic Routes with the CO Partial Pressure Increase, Front. Microbiol. 7 (2016) 1188. 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

155 

 

doi:10.3389/fmicb.2016.01188. 

[12] R.K. Thauer, A. Kaster, H. Seedorf, W. Buckel, Methanogenic archaea: ecologically relevant differences 

in energy conservation, Nat. Rev. Microbiol. 6 (2008) 579–591. doi:10.1038/nrmicro1931. 

[13] F. Bu, N. Dong, S. Kumar Khanal, L. Xie, Q. Zhou, Effects of CO on hydrogenotrophic methanogenesis 

under thermophilic and extreme-thermophilic conditions: Microbial community and biomethanation 

pathways, Bioresour. Technol. 266 (2018) 364–373. doi:10.1016/j.biortech.2018.03.092. 

[14] R.M. Slivka, M.S. Chinn, A.M. Grunden, Gasification and synthesis gas fermentation: an alternative route 

to biofuel production, Biofuels. 2 (2011) 405–419. doi:10.4155/bfs.11.108. 

[15] A.S. Mednikov, A Review of Technologies for Multistage Wood Biomass Gasification, Therm. Eng. 

(2018). doi:10.1134/s0040601518080037. 

[16] Y. Wang, C. Yin, Y. Liu, M. Tan, K. Shimizu, Z. Lei, Z. Zhang, I. Sumi, Y. Yao, Y. Mogi, Biomethanation 

of blast furnace gas using anaerobic granular sludge via addition of hydrogen, RSC Adv. 8 (2018) 26399–

26406. doi:10.1039/C8RA04853C. 

[17] L. Rachbauer, G. Voitl, G. Bochmann, W. Fuchs, Biological biogas upgrading capacity of a 

hydrogenotrophic community in a trickle-bed reactor, Appl. Energy. 180 (2016) 483–490. 

doi:10.1016/j.apenergy.2016.07.109. 

[18] M. Thema, T. Weidlich, M. Hörl, A. Bellack, F. Mörs, F. Hackl, M. Kohlmayer, J. Gleich, C. Stabenau, T. 

Trabold, M. Neubert, F. Ortloff, R. Brotsack, D. Schmack, H. Huber, D. Hafenbradl, J. Karl, M. Sterner, 

Biological CO2-Methanation: An Approach to Standardization, Energies. 12 (2019) 1670. 

doi:10.3390/en12091670. 

[19] M. Thema, F. Bauer, M. Sterner, Power-to-Gas: Electrolysis and methanation status review, Renew. 

Sustain. Energy Rev. 112 (2019) 775–787. doi:10.1016/j.rser.2019.06.030. 



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

   

156 

 

[20] M. Yasin, N. Jang, M. Lee, H. Kang, M. Aslam, A.A. Bazmi, I.S. Chang, Bioreactors, gas delivery systems 

and supporting technologies for microbial synthesis gas conversion process, Bioresour. Technol. Reports. 

7 (2019) 100207. doi:10.1016/j.biteb.2019.100207. 

[21] M. Burkhardt, T. Koschack, G. Busch, Biocatalytic methanation of hydrogen and carbon dioxide in an 

anaerobic three-phase system, Bioresour. Technol. 178 (2015) 330–333. 

doi:10.1016/j.biortech.2014.08.023. 

[22] D. Strübing, B. Huber, M. Lebuhn, J.E. Drewes, K. Koch, High performance biological methanation in a 

thermophilic anaerobic trickle bed reactor, Bioresour. Technol. 245 (2017) 1176–1183. 

doi:10.1016/j.biortech.2017.08.088. 

[23] H. Porté, P.G. Kougias, N. Alfaro, L. Treu, S. Campanaro, I. Angelidaki, Process performance and 

microbial community structure in thermophilic trickling biofilter reactors for biogas upgrading, Sci. Total 

Environ. 655 (2019) 529–538. doi:10.1016/j.scitotenv.2018.11.289. 

[24] F.S. Mederos, J. Ancheyta, J. Chen, Review on criteria to ensure ideal behaviors in trickle-bed reactors, 

Appl. Catal. A Gen. (2009). doi:10.1016/j.apcata.2008.11.018. 

[25] M. Edel, H. Horn, J. Gescher, Biofilm systems as tools in biotechnological production, Appl. Microbiol. 

Biotechnol. 103 (2019) 5095–5103. doi:10.1007/s00253-019-09869-x. 

[26] K. Asimakopoulos, H.N. Gavala, I. V. Skiadas, Reactor systems for syngas fermentation processes: A 

review, Chem. Eng. J. 348 (2018) 732–744. doi:10.1016/j.cej.2018.05.003. 

[27] D. Strübing, A.B. Moeller, B. Mößnang, M. Lebuhn, J.E. Drewes, K. Koch, Anaerobic thermophilic trickle 

bed reactor as a promising technology for flexible and demand-oriented H2/CO2 biomethanation, Appl. 

Energy. 232 (2018) 543–554. doi:10.1016/j.apenergy.2018.09.225. 

[28] I. Angelidaki, L. Treu, P. Tsapekos, G. Luo, S. Campanaro, H. Wenzel, P.G. Kougias, Biogas upgrading 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

157 

 

and utilization: Current status and perspectives, Biotechnol. Adv. 36 (2018) 452–466. 

doi:10.1016/j.biotechadv.2018.01.011. 

[29] K. Asimakopoulos, H.N. Gavala, I. V Skiadas, Biomethanation of Syngas by Enriched Mixed Anaerobic 

Consortia in Trickle Bed Reactors, Waste and Biomass Valorization. (2019). doi:10.1007/s12649-019-

00649-2. 

[30] S. Schwede, F. Bruchmann, E. Thorin, M. Gerber, Biological Syngas Methanation via Immobilized 

Methanogenic Archaea on Biochar, Energy Procedia. 105 (2017) 823–829. 

doi:10.1016/j.egypro.2017.03.396. 

[31] K. Chandolias, E. Pekgenc, M. Taherzadeh, Floating Membrane Bioreactors with High Gas Hold-Up for 

Syngas-to-Biomethane Conversion, Energies. 12 (2019) 1046. doi:10.3390/en12061046. 

[32] F. Lü, K. Guo, H. Duan, L. Shao, P. He, Exploit Carbon Materials to Accelerate Initiation and Enhance 

Process Stability of CO Anaerobic Open-Culture Fermentation, ACS Sustain. Chem. Eng. 6 (2018) 2787–

2796. doi:10.1021/acssuschemeng.7b04589. 

[33] S. Westman, K. Chandolias, M. Taherzadeh, Syngas Biomethanation in a Semi-Continuous Reverse 

Membrane Bioreactor (RMBR), Fermentation. 2 (2016) 8. doi:10.3390/fermentation2020008. 

[34] R.A. Alberty, Thermodynamics of Biochemical Reactions at Specified pH, in: Thermodyn. Biochem. 

React., John Wiley & Sons, Inc., Hoboken, NJ, USA, 2005: pp. 57–88. doi:10.1002/0471332607.ch4. 

[35] K.J.J. Steinbusch, H.V.M. Hamelers, C.J.N. Buisman, Alcohol production through volatile fatty acids 

reduction with hydrogen as electron donor by mixed cultures, Water Res. 42 (2008) 4059–4066. 

doi:10.1016/j.watres.2008.05.032. 

[36] Q. Jin, C.M. Bethke, The thermodynamics and kinetics of microbial metabolism, Am. J. Sci. 307 (2007) 

643–77. doi:10.2475/04.2007.01. 



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

   

158 

 

[37] A. Kaster, J. Moll, K. Parey, R.K. Thauer, Coupling of ferredoxin and heterodisul fi de reduction via 

electron bifurcation in hydrogenotrophic methanogenic archaea, 108 (2011) 2981–2986. 

doi:10.1073/pnas.1016761108. 

[38] B.E. Jackson, M.J. McInerney, Anaerobic microbial metabolism can proceed close to thermodynamic 

limits, Nature. 415 (2002) 454–456. doi:10.1038/415454a. 

[39] Y. Jing, S. Campanaro, P. Kougias, L. Treu, I. Angelidaki, S. Zhang, G. Luo, Anaerobic granular sludge 

for simultaneous biomethanation of synthetic wastewater and CO with focus on the identification of CO-

converting microorganisms, Water Res. 126 (2017) 19–28. doi:10.1016/j.watres.2017.09.018. 

[40] M. Diender, P.S. Uhl, J.H. Bitter, A.J.M. Stams, D.Z. Sousa, High Rate Biomethanation of Carbon 

Monoxide-Rich Gases via a Thermophilic Synthetic Coculture, ACS Sustain. Chem. Eng. 6 (2018) 2169–

2176. doi:10.1021/acssuschemeng.7b03601. 

[41] L. Rachbauer, R. Beyer, G. Bochmann, W. Fuchs, Characteristics of adapted hydrogenotrophic community 

during biomethanation, Sci. Total Environ. 595 (2017) 912–919. doi:10.1016/j.scitotenv.2017.03.074. 

[42] A.L. Arantes, J.I. Alves, A.J.M. Stams, M.M. Alves, D.Z. Sousa, Enrichment of syngas-converting 

communities from a multi-orifice baffled bioreactor, Microb. Biotechnol. 11 (2018) 639–646. 

doi:10.1111/1751-7915.12864. 

[43] A.M. Henstra, A.J.M. Stams, Deep Conversion of Carbon Monoxide to Hydrogen and Formation of 

Acetate by the Anaerobic Thermophile Carboxydothermus hydrogenoformans, Int. J. Microbiol. 2011 

(2011) 1–4. doi:10.1155/2011/641582. 

 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

159 

 

Chapter 6 

Scale Up Study of a Thermophilic Trickle Bed 

Reactor Performing Syngas Biomethanation 
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Abstract 

Biomethane constitutes an important biofuel for the transition towards a biobased circular economy. An 

environmental friendly pathway for its production is through the gasification of 2nd generation biomass that 

generates syngas (H2, CO, and CO2), followed by syngas biomethanation. In this study, a thermophilic pilot scale 

trickle bed reactor (PSTBR) was operated in continuous mode performing biomethanation of an artificial syngas 

mixture (45% H2, 20% CO, 25% CO2 and 10% N2). Its effectiveness was compared to a lab scale trickle bed 

reactor (LSTBR) with a 28 times lower bed volume under identical operating conditions. At an empty bed 

residence time (EBRT) of 36 min, the PSTBR converted 100% of the H2 and 98% of the CO in the inlet and 

produced CH4 at a rate of 10.6 mmol·lbed
-1·h-1, whereas the LSTBR converted only 89% and 73% of H2 and CO, 

respectively, and achieved a CH4 productivity of 8.5 mmol·lbed
-1·h-1. Therefore, the results revealed a successful 

scale-up of the process. The maximum achieved CH4 productivity from the PSTBR was 17.8 mmol·lbed
-1·h-1 at an 

EBRT of 20 min with a 99% product selectivity. Moreover, reduction of the liquid recirculation rate from 432 to 

144 l·lbed
-1·d-1 resulted in 14.6 times less pumping power demand. Furthermore, the PSTBR was connected in 

series with a fluidized bed gasifier fed with wood pellets to assess the biomethanation potential of the PSTBR 

when supplied with real syngas. The obtained results showed no inhibition of the PSTBR, which accomplished 

100% H2 conversion efficiency and 92% CO conversion efficiency at an EBRT of 36 min. 
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1. Introduction 

Conversion of 2nd generation biomass to biofuels constitutes one of the most important paths towards a biobased 

circular economy. The two major pretreatment routes of lignocellulosic materials are the hydrolytic, the target of 

which is the production of soluble carbohydrates, and the thermochemical that generates a gas mixture consisting 

of H2, CO and CO2, known as syngas [1]. The major advantage of the thermochemical pathway is that the entire 

carbonaceous feedstock can be converted to syngas, while in the hydrolytic pathway the lignin fraction remains 

unexploited since it cannot yield fermentable sugars [2]. 

Syngas can be subsequently used as a substrate for the biological production of a wide range of products [3]; of 

which biomethane has recently, received scientific attention due to its inherent attributes that allow it to replace 

fossil-fuel derived natural gas in the globally expanding natural gas grid and to be used as a vehicle fuel in the 

transportation sector [4]. The microbial conversion of syngas to CH4 is performed at atmospheric pressure and 

mild temperature, whereas the catalytic alternative known as Sabatier process demands high temperature and 

pressure, increasing thus the operational expenditures. In addition, another important drawback is the high cost 

and the limited life of the chemical catalysts that unavoidably degrade after long-term use [5]. On the contrary, 

mixed microbial consortia (MMC) used for syngas biomethanation can be obtained for almost zero price since 

they are widely available in anaerobic environments such as wastewater treatment plants and biogas plants. 

Two parameters that should be taken into consideration for the design of syngas biomethanation processes are the 

pH and the temperature due to their influence on the microbial metabolism [6]. The most favorable pH for syngas 

biomethanation varies between 7.0 and 7.6, while acidic pH triggers the production of liquid byproducts and more 

specifically acetic acid, the accumulation of which exerts inhibitory effects on methanogenesis [7]. Temperature 

levels have been reported to determine the metabolic pathways through which CO gets converted to CH4 [8]. 

Mesophilic conditions (30 – 37 oC) foster the growth of carboxydotrophic acetogens [9,10], while thermophilic 

conditions (55 – 70 oC) favor carboxydotrophic hydrogenogenesis (Table 1), also known as the biological water-
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gas shift reaction [11]. H2 with CO2 are converted directly to CH4 through hydrogenotrophic methanogenesis 

independent of the temperature. Direct conversion of CO to CH4 (carboxydotrophic methanogenesis) is possible 

[12], however several studies conclude that this metabolic pathway is not preferred during syngas biomethanation 

[13,14]. 

Table 1. Dominant microbial groups growing in mesophilic and thermophilic conditions and their metabolic reactions. ΔGo’ stands for the 

Gibbs free energy change at standard conditions 

Growth 

temperature  
Biological Reactions 

 ΔGo’ 

(kJ∙mol-1) 
Microbial Groups 

Mesophilic  

4 CO + 2 H2O → CH3COOH + 2 CO2 -176 
Carboxydotrophic 

acetogens 

CH3COOH → CH4 + CO2 -31 
Aceticlastic 

methanogens 

CO2 + 4 H2 → CH4 + 2 H2O -131 
Hydrogenotrophic 

methanogens 

Thermophilic  

CO + H2O → CO2 + H2 -20 
Carboxydotrophic 

hydrogenogens 

CO2 + 4 H2 → CH4 + 2 H2O -131 
Hydrogenotrophic 

methanogens 

 

Within a scale-up scenario, the temperature choice should be based on the kinetics of the performed biological 

reactions. A plethora of research activities underpin that higher temperatures enhance the uptake rate of the 

electron donors (H2 and CO) [8,11,15–17]. A dedicated study focused on the temperature effects on syngas 

biomethanation performed in lab-scale trickle bed reactors by MMC reported a significant superiority of the 

thermophilic conditions (60 oC) achieving 2.4 times higher maximum CH4 productivity compared to the 

mesophilic ones (37 oC) [15]. As a result, a temperature of 60 oC was selected for the operation of syngas 

biomethanation in the present study. 

Furthermore, the effort to use syngas as a raw material for the production of biofuels has given rise to  specialized 

studies on bioreactor configurations with an aim to increase the mass transfer of the sparingly soluble syngas 

components to the water-based media [18]. A systematic review of bioreactor configurations dedicated on the 
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biological conversion of syngas has revealed that biofilm reactors such as trickle bed reactors (TBRs) and hollow 

fiber membrane reactors provide higher mass transfer coefficients compared to stirred tank reactors and bubble 

columns [19]. Although there are very few studies on syngas biomethanation in TBRs [20–22], of which only one 

is recent, the use of TBRs for biogas upgrade has gained high popularity [17,23–27]. 

The aim of this study was to assess the performance of a pilot scale trickle bed reactor (PSTBR) executing syngas 

biomethanation in thermophilic conditions and to compare its effectiveness with a lab scale trickle bed reactor 

(LSTBR) under the same operating conditions. Furthermore, the PSTBR was connected in series with a fluidized 

bed gasifier in order to examine its efficiency to convert syngas produced from wood pellets to biomethane. To 

our knowledge, this is the first study that addresses the scale-up potential of a bioreactor performing syngas 

biomethanation with mixed microbial consortia and the first study to investigate the biomethanation of real syngas.  

 

2. Materials and Methods 

2.1 Inoculum 

The employed inoculum for the PSTBR was an active thermophilic anaerobic mixed microbial consortium 

deriving from a LSTBR which had been operated in continuous mode and performed syngas biomethanation at 60 

oC [15] for a period of six months. The syngas composition supplied in the LSTBR (45% H2, 25% CO2, 20% CO 

and 10% N2) was identical to the one used in the present study, and thus the inoculum was already adapted to the 

applied environmental conditions in the PSTBR ensuring a minimum lag phase during starting-up. 

2.2 Growth Medium 

Basic anaerobic medium containing the necessary nutrients for microbial growth was supplied in the PSTBR at a 

hydraulic retention time (HRT) of 8 d. Its preparation and its constituents are thoroughly described in a previous 
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study from the same research group [15] performing syngas biomethanation in a lab scale thermophilic TBR. 

There was, however, one modification regarding the buffer of the medium. The final concentrations of K2HPO4 

and KH2PO4 in the basic anaerobic medium were reduced from 87 mM and 13 mM [15] to 8.7 mM and 1.3 mM 

respectively because, in contrast to the LSTBR study, an automatic pH control was applied to regulate the pH at a 

value of 7 in the PSTBR and, as a consequence, strong buffering capacity was not required. 

2.3 Trickle Bed Reactor Configuration 

2.3.1 Reactor Operation  

A detailed description of the configuration of the TBR used for the conversion of syngas to CH4 is presented on 

Fig. 1. It is important to note that the setup presented in Fig. 1 was placed inside a ventilated cupboard for safety 

reasons. Syngas (45% H2, 25% CO2, 20% CO and 10% N2) was supplied from a gas cylinder (Air Liquide) and 

flowed through a mounted pressure regulator (check V1, V2, PI1 and PI2 in Fig. 1) (AGA), a solenoid valve and a 

mass flow controller (Bronkhorst) into the trickle bed column. The solenoid valve was used as a safety measure in 

order to cut the syngas flow in case of an electrical power cutoff and the mass flow controller was used to regulate 

the flow of syngas entering the reactor. The mass flow controller had a flow range of 0 – 500 ml·min-1 and was 

operated through LabVIEW PC software (NATIONAL INSTRUMENTS). In case of a ventilation cutoff, a pressure 

switch (not shown in Fig. 1)(Solar) would cut the electricity to the mass flow controller so as to secure that syngas 

would not leak out of the ventilated cupboard. 

The liquid phase was continuously recirculated with a magnetic gear pump (Micropump) mount to an induction 

AC motor (VEM Group) from a liquid reservoir to the top of the trickle bed column flowing through a level switch 

(Rosemount) and a rotameter (inFLUX). The liquid was sprayed on the top of the trickle bed column with a nozzle 

(EUSPRAY/ orifice diameter = 1.6 mm). After the gear pump, a pressure gauge (PI4 in Fig. 1) measured the 

pressure of the recirculating liquid heading to the nozzle so as to have an indication of a potential clogging of the 
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nozzle. However, an additional safety measure was taken to prevent pressures over 5 bar in the recirculating liquid 

line by placing a safety valve (Safety Valve 2 in Fig. 1) which would detour the liquid straight to the bottom of 

the trickle bed column. The level switch was used to prevent the liquid recirculation pump from running dry in 

case the level of the liquid broth in the reservoir was below the inlet of the suction pipe. 

The trickling liquid along with the converted syngas flowed from the bottom of the trickle bed column to the liquid 

reservoir. The gas flow was continuous and pushed liquid out of the liquid reservoir through a condenser and a 

gas-liquid separator with a water lock, and then the liquid was collected in an effluent container. After enough 

liquid was pushed out of the liquid reservoir, the inlet of the pipe leading to the condenser was just above the level 

of the liquid in the reservoir allowing, thus, the gas to flow through it. The gas outflow rate was measured with a 

gas flowmeter (bioprocess) before the gas exited the reactor unit to the local exhaust ventilation. Due to the 

aforementioned design, the maximum pressure that could develop in the reactor was 0.5 mH2O (or 0.05 bar) which 

was the height difference between the liquid surface in the reservoir and the exit of the condenser. The working 

pressure of the TBR was measured with a pressure indicator (PI3) and in case it was exceeding 0.8 bar over 

atmospheric, a safety valve (safety valve 1 in Fig. 1) would open leading the gas to the local exhaust ventilation. 

Furthermore, a centrifugal pump (mixing pump in Fig. 1) (GRUNDFOS) was installed in order to perform 

homogenous mixing of the liquid inside the reservoir.  

Fresh growth medium was pumped in the reactor from an anaerobically sealed container with a peristaltic pump 

(medium inflow pump in Fig. 1) (Watson Marlow). The container of the growth medium was connected with a 

compressible gasbag filled with N2 to secure that no O2 will enter the medium and to avoid formation of vacuum 

in the container as the medium was pumped out. Liquid and gas sampling was performed with needle valves V3 

and V4, respectively.  

pH control was performed with the use of HNO3 (acid container) and NaOH (base container), a pH probe (pHI/TI 

probe in Fig. 1) (METTLER TOLEDO) and two peristaltic pumps (Acid Inflow Pump and Base Inflow Pump in 

Fig. 1) (Watson Marlow). When the pH deviated to values above 7.02, the acid inflow pump was activated and 
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when the pH dropped below 6.98, the base inflow pump was activated. The temperature in the reactor was 

regulated with a temperature control unit (not shown in Fig. 1) (Wittmann) which recirculated water through the 

jackets around the liquid reservoir and the trickle bed column. A temperature sensor placed in the liquid reservoir 

(not shown in Fig. 1) was connected with the temperature control unit and it was used to satisfy the setpoint of 60 

oC. The temperature was also measured at the top of the trickle bed column (TI1), at the bottom of the trickle bed 

column (TI2) and inside the liquid reservoir (pHI/TI probe). 

The establishment of the required communication among different equipment for the performance of the 

aforementioned control (pH control, temperature control), safety (level switch, pressure switch) and operation 

(gear pump, mixing pump) was done with a programmable logic controller box connected to a computer terminal 

where LabVIEW PC software was installed. 

2.3.2 Reactor Characteristics and Dimensioning 

Both the trickle bed column and the liquid reservoir were made of stainless steel and had an external jacket 

allowing for temperature control. The trickle bed column had an inner diameter of 8 cm and a total height of 150 

cm, which means that the total column volume was 7.5 l. However, in the present study a packed volume or 

working volume of 5 l was used. The packing material (BioFLO 9-Smoky Mountain Bio Media, USA) were plastic 

made of polypropylene/polyethylene and had a density of 1 g∙cm-3 and a surface area of 800 m2∙m-3. The nozzle 

used was 1/8 F BB7 narrow full cone spray with an angle of 25o - 30o dependent on the pressure before it. To 

ensure that the sprayed liquid would not hit the inner walls of the trickle bed column, the nozzle was placed at a 

distance of 6.9 cm from the top of the packed bed. The liquid reservoir had a total volume of 5.4 l. However, the 

total liquid volume in the reactor was determined by the depth of the pipe (heading to the condenser) in the 

reservoir. The total liquid volume was kept constant throughout the study at 4 l. 
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Figure 1. Process and Instrumentation diagram of the pilot scale trickle bed reactor 
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2.4 Analytical Methods 

High Performance Liquid Chromatography (HPLC) (Shimadzu) was used for the determination of the 

concentration of volatile fatty acids (VFAs), namely acetic acid, propionic acid, isobutyric acid, butyric acid, 

isovaleric acid and valeric acid. Ethanol, 1-propanol, 1-butanol and 1-hexanol could also be analyzed, yet they 

were never detected throughout the performed experiments. The chromatograph was equipped with a refractive 

index detector (RID) and an Aminex HPX-87H column (Bio-Rad). The HPLC vials were loaded on a tray and an 

autosampler injected 40 μl from each vial for a total run of 43 min each. The eluent (H2SO4 12 mM) flowed at a 

constant rate of 0.6 ml·min-1 and the temperature of the column was at 63 oC. The molar fraction of each gas 

compound (H2, N2, CH4, CO and CO2) in gas samples removed from the headspace of the liquid reservoir was 

analyzed by a gas chromatograph (SRI 8610C) with a TCD detector. The chromatograph was equipped with a 

Molsieve 12 x column and a silica gel column and the carrier gas was helium. The sample volume injected for 

each run was 100 μl and after the injection, the temperature was held at 65 oC for 3 min followed by a ramp of 10 

oC∙min-1 until the temperature reached 95 oC. Then a temperature ramp of 24 oC∙min-1 was initiated up to a final 

temperature of 140 oC. 

2.5 Calculations 

The HRT was 8 d throughout the present study and it was calculated as the total liquid volume in the reactor [4 l] 

divided by the supply of fresh growth medium in the reactor [0.5 l∙d-1]. The purpose for the selection of this specific 

HRT was to allow direct comparison with a LSTBR study performed at the same HRT [15]. Furthermore, the 

empty bed residence time (EBRT) [h] was calculated as the packed bed volume [5 l] of the trickle bed column 

divided by the syngas inflow rate [l∙h-1] and it was one of the examined operational parameters. 

CH4 productivity was measured in mmol of CH4 produced per liter of the packed bed per unit of time (mmol∙lbed
-

1∙h-1) and it was calculated by multiplying the concentration of CH4 (mmol∙ml-1) determined from gas 

chromatography with the volume specific volumetric total gas outflow rate (ml∙lbed
-1∙h-1). Volumetric gas flow rates 
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were converted to molar gas flow rates with the ideal gas law at 298.15 K and 1 bar. The conversion rate or uptake 

rate [ml∙min-1] of H2, CO and CO2 was calculated by subtracting the volumetric outflow rate from the volumetric 

inflow rate of each compound. The conversion efficiency of H2, CO and CO2 was calculated by dividing the 

conversion rate by the volumetric inflow rate for each compound. Finally, the calculation of the electron recovery 

(or electron yield) to each product (CH4 and the detected VFAs) from the conversion of H2 and CO, which are the 

only electron donors supplied in the reactor, is thoroughly explained in a previous study from the same research 

group [15]. 

2.6 Startup of the reactor 

The steps taken before inoculation involved: a) flushing of the reactor with N2 for 4 hours to push out any O2 

molecules and create an anoxic environment, b) the introduction of 3.6 l of basic anaerobic growth medium in the 

liquid reservoir, c) the start of the mixing pump at a constant flow rate of 0.4 m3·h-1, where it remained during the 

entire study, d) the start of the recirculation pump at a constant flow rate of 1500 ml·min-1, e) the supply of syngas 

for 1 hour to replace N2 in the reactor, and finally f) the rise of the temperature at 60 oC, where it was held 

throughout the study. At this point 0.4 l of active thermophilic inoculum were injected in the reactor and the syngas 

inflow rate was set at 14 ml·min-1 (EBRT = 5.95 h). Within 12 hours from inoculation more than 90% of both H2 

and CO were converted, and thus the medium inflow pump was initiated at a flow rate of 500 ml·d-1 securing an 

HRT of 8 d during all the experiments performed in this study. 

2.7 Experimental Procedures 

2.7.1 Performance of the Pilot Scale TBR with respect to the EBRT 

The performance of the TBR in terms of the uptake rate and the conversion efficiency of the substrate, the 

productivity of CH4 and the losses to byproducts and cell growth was examined by gradually increasing the syngas 

inflow rate (or decreasing the EBRT) at a constant liquid recirculation rate of 1.5 l·min-1 and a constant HRT of 8 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

171 

 

d. The increase of the syngas inflow rate was stopped at 250 ml·min-1 (Table 2) due to the fact that at this point 

both H2 and CO were not fully converted anymore and as a result the microbes could not keep up with the increase 

of the substrate supply. The reason behind the emphasis on the conversion efficiency of H2 and CO and not in CO2 

is that CO2 was in a high stoichiometric excess and full stoichiometric conversion of the electron-moles to CH4 

would result in net production of CO2 instead of consumption. The subject of the stoichiometric surplus of CO2 in 

syngas produced from biomass gasification has been thoroughly addressed in a previous study from the same 

research group [28].  

Table 2. Operational conditions tested for the assessment of the performance of the PSTBR with respect to the EBRT 

Syngas Inflow Rate 

(ml·min-1) 

Liquid Recirculation 

Rate (l·min-1) 
HRT (d) EBRT (h) 

14 1.5 8 5.95 

56 1.5 8 1.49 

83 1.5 8 1.00 

97 1.5 8 0.86 

110 1.5 8 0.76 

140 1.5 8 0.60 

165 1.5 8 0.51 

200 1.5 8 0.42 

250 1.5 8 0.33 

 

The results obtained from the nine operating conditions described in Table 2 were 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. 

2.7.2 Comparison of the pilot scale TBR with a lab scale TBR 

The performance of the PSTBR used in the present study was compared with the performance of a LSTBR 

converting the same syngas composition (45% H2, 25% CO2, 20% CO and 10% N2) to CH4. The packed bed of 

both reactors contained the same packing material and the inoculum of the PSTBR derived from the LSTBR. The 

specifications of the two TBRs are presented in Table 3 and the differences can be spotted at the liquid introduction 
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module, the liquid recirculation rate, the height/diameter (H/D) ratio, the construction material of the reactors and 

the application of pH control. Five EBRTs were selected for the comparison between the PSTBR and the LSTBR. 

The reason why there was an EBRT difference of 0.01 h at two operation conditions was the allowed incremental 

increase of the flow with the mass flow controllers. This difference was considered negligible and was not taken 

into account. 

Table 3. Specifications of the Pilot Scale and the Lab Scale TBR (above gray row) and operational conditions tested for the comparison 

of their performance (below gray row). H/D: height/diameter ratio, T: temperature and P: pressure 

 

Packed 

Bed 

Volume 

(ml) 

Construction 

Material 

pH 

control 
H/D 

HRT 

(d) 

Liquid 

Recirculation 

Rate  

(ml·lbed
-1·min-

1) 

Liquid 

introduction 

module 

T 

(oC) 

P 

(atm) 

Pilot 

Scale 

TBR 

5000 Stainless steel Yes 12.5 8 0.3 
nozzle 

spraying 
60 1 

Lab 

Scale 

TBR 

180 Borosilicate Glass No 4.2 8 1.1 glass tube 60 1 

 

Tested Operational Conditions 

Pilot Scale TBR Lab Scale TBR 

Syngas Inflow Rate 

(ml·min-1) 
EBRT (h) 

Syngas Inflow Rate 

(ml·min-1) 
EBRT (h) 

56 1.49 2 1.50 

83 1.00 3 1.00 

97 0.86 3.5 0.86 

110 0.76 4 0.75 

140 0.60 5 0.60 

 

2.7.3 Operation of the Pilot Scale TBR connected in series with a Fluidized Bed Gasifier 

The PSTBR was connected in series with a gasifier to examine the potential of the developed biofilm to convert 

“real” syngas (non-artificial) to CH4. The used fluidized bed gasifier was constructed by Highterm Research 

GMBH and it was operated at the Danish Gas Technology Centre (DGC). The inert material of the bed was 800 g 
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olivine particles with a diameter of 2 mm, and the fluidization and gasification agent was steam. The furnace was 

heat up at 900 oC with electrical heating through the furnace wall. The feedstock used for the production of syngas 

was 6 mm wood pellets with 92% dry content, density of 600 kg·m-3 and energy content of 4.85 kWh·kg-1. CO2 

was also added in the furnace in order to prevent backflow from the furnace to the wood pellet tank. After the 

gasification process, the produced syngas was flowing through a tar cracker and an active carbon filter (Fig. 2). 

The specifications of the tar cracking catalytic module are proprietary and cannot be disclosed.    

 

Figure 2. Flow diagram of the employed processes before the TBR. 

Three EBRTs (1.5 h, 1.0 h and 0.6 h) were tested for the conversion of wood pellet syngas to CH4. The PSTBR 

was active for two months before the transfer to the DGC, and thus biofilm had already been developed in the 

trickle bed column and the microbes were already acclimated to the operating conditions. During the transfer, the 

PSTBR was anaerobically sealed to prevent O2 from entering the reactor, and the syngas inflow and fresh growth 

medium inflow was stopped. After the four-hours transfer, the PSTBR was connected with a syngas cylinder 

containing the same syngas composition as the one used previously until it fully recovered from the disturbance. 

After 24 h, the productivity of CH4 and the conversion efficiency of the substrate reverted to the prior-transfer 

state. The composition of syngas entering the PSTBR was not the same at the three tested EBRTs due to an 

unfortunate degradation of one of the metal catalysts in the tar cracking module (Table 4).  
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Table 4. Molar composition of the wood pellet syngas entering the pilot scale TBR at the three tested EBRTs 

EBRT (h) H2 CO CO2 CH4 

1.49 38.7% 16.5% 38.4% 6.5% 

1.00 45.0% 27.3% 26.1% 1.5% 

0.60 34.6% 10.7% 44.4% 10.3% 

 

2.7.4 Performance of the Pilot Scale TBR with respect to the Liquid Recirculation Rate 

Three operating conditions were examined in order to test the effects of the liquid recirculation rate on the 

biomethanation process (Table 5). Apart from the performance of the reactor in terms of the conversion efficiency 

of the substrate and the CH4 productivity, the demanded power to lift the liquid from the liquid reservoir to the top 

of the trickle bed column was also calculated. The calculation of the shaft power was performed according to the 

principles of fluid mechanics and it is presented analytically in Additional File 1. 

Table 5. Operating conditions at which the effects of the liquid recirculation rate on syngas biomethanation was checked 

EBRT (h) HRT (d) 
Liquid Recirculation 

Rate (ml·min-1) 

Liquid Recirculation 

Rate (l·lbed
-1·d-1) 

0.33 8 1500 432 

0.33 8 1000 288 

0.33 8 500 144 

 

3. Results and Discussion 

3.1 Performance of the Pilot Scale TBR  

The limits of complete CO and H2 conversion in the PSTBR were examined through a gradual increase of the 

syngas inflow rate. This strategy should be followed when the target is to operate the reactor at the minimum 

EBRT, at which full conversion of the limiting substrate occurs. According to the results presented in Fig. 3, this 

point was at an EBRT of 0.75 h since at the next tested operating condition (EBRT = 0.6 h) the conversion 
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efficiency of CO was 98%, and thus unconverted CO could be detected at the exit of the trickle bed column. At an 

EBRT = 0.51 h, the first traces of unconverted H2 were also detected and further decrease of the EBRT at 0.33 h 

dropped even more the conversion efficiency of both H2 and CO to 97% and 76%, respectively. In another study 

with a trickle bed reactor employing a packed bed volume of 1052 ml, a syngas composition of 19.7% H2, 55.6% 

CO, 9.9% CO2 and 14.8% Ar and a defined thermophilic triculture of R. rubrum, M. formicicum and M. barkeri, 

full conversion of CO was possible up to an EBRT of 4.2 h, which is 5.6 times less than the one achieved in the 

present study (0.75 h). These results show the high versatility of the chemolithoautotrophic MMC to such a harsh 

environment, a process well-articulated as survival at the thermodynamic limit of life [29].   

The negative conversion efficiency of CO2 in Fig. 3 means that overall CO2 was produced instead of consumed. 

According to the used syngas composition and the stoichiometry of the reactions leading to the production of CH4 

(Table 1), the outflow rate of CO2 should be 15% higher than the inflow rate of CO2 (Fig. 4). With the exception 

of EBRT = 5.95 h, the outflow rate of CO2 was around 8% to 10% higher than its inflow rate at full conversion of 

the limiting substrate. At the lowest EBRT when the conversion efficiency of CO was 76%, a 2.5% consumption 

of CO2 was observed (Fig. 3). This can be explained from the fact that less CO2 was produced from the biological 

water-gas shift reaction (carboxydotrophic hydrogenogenesis), while the drop of the conversion efficiency of H2 

was comparatively very low.  
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Figure 3. Conversion Efficiency of H2, CO and CO2 in the pilot scale TBR at the nine tested EBRTs  

The stoichiometry also suggests net production of H2O (Fig. 4). Based on the examined syngas inflow rates, the 

volumetric productivity of liquid H2O at full stoichiometric conversion of the substrate to CH4 should vary from 

1.83 ml·d-1 at EBRT of 5.95 h to 32.68 ml·d-1 at EBRT of 0.33 h. Considering that the liquid volume in the reactor 

was 4000 ml and the daily supply of growth medium 500 ml·d-1, the dilution from the produced H2O was 

considered negligible and was not taken into account for the calculations in the liquid phase. In order to verify the 

production of H2O in the PSTBR, the weight of the liquid entering the reactor and the weight of the liquid exiting 

the reactor were measured at a syngas inflow rate of 97 ml·min-1. Assuming an inlet and outlet liquid density of 1 

kg·l-1, an approximately 16 ml·d-1 higher liquid outflow rate compared to the inflow rate was measured. Assuming 

room temperature (25 oC) in the gas-liquid separator (corresponds to a density of saturated H2O vapor of 0.023 g·l-



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

177 

 

1), an extra 1.8 ml·d-1 of H2O flows out of the setup as vapor.  The sum is 17.8 ml·d-1 which is very close to the 

stoichiometrically calculated H2O production (12.7 ml·d-1) at a syngas inflow rate of 97 ml·min-1. 

 

 

Figure 4. Calculation of the theoretical production of CO2 according to the composition of the syngas used in this study and 

stoichiometry of the reactions. The units of the values in the figure are moles. The assumed metabolic pathways were carboxydotrophic 

hydrogenogenesis and hydrogenotrophic methanogenesis but any other succession of metabolic reactions would not affect the presented 

results. Under H2O, “a” stands for abundant. 

The theoretical gas effluent composition at complete stoichiometric conversion of the used syngas towards CH4 is 

52.3% CO2, 29.5% CH4 and 18.2% N2 (can be calculated from Fig. 4 by assuming ideal gas law and taking into 

account the 10% N2 content in the syngas cylinder. For example %𝐶𝐻4𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡
=

0.1625

0.2875+0.1625+0.1
100% =

29.5%). The measured gas composition at the headspace of the liquid reservoir was in a close proximity with the 

theoretical one at the EBRTs in which CO and H2 was fully converted (Fig. 5). The exception of EBRT = 5.95 h, 

at which N2 content was slightly higher (19.8%) and CO2 slightly less (50.0%) compared to EBRTs equal to 1.5 
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h, 1 h, 0.86 h and 0.75 h, occurred due to a higher electron yield to biomass (experimental results presented further 

down in this section) . This also explains the lower production of CO2 at EBRT = 5.95 h (Fig. 3) compared to the 

rest EBRTs where complete conversion of CO and H2 occurs (1.5 h, 1 h, 0.86 h and 0.75 h). The first EBRT at 

which CO content in the gas effluent exceeded 2% was 0.51 h, while for H2 it was 0.33 h. In a syngas 

biomethanation study with a defined co-culture converting 66.6% H2 and 33.3% CO to CH4, unconverted H2 and 

CO could be detected at an EBRT of 2.08 h [30]. Furthermore, the unconverted electron donors resulted in a 

decrease of the CH4 content from 29.8% at EBRT = 0.75 h to 26.4% at EBRT = 0.33 h (Fig. 5). 

 

Figure 5. Composition of the produced gas from the PSTBR 

The aforementioned observations were also reflected in the conversion rate of H2 and CO along with the CH4 

productivity (Fig. 6). A linear correlation of H2 conversion rate and syngas inflow rate was observed due to the 
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almost complete conversion of H2 (97% conversion at the lowest EBRT of 0.33 h) at the examined operational 

conditions. On the contrary, the conversion rate of CO presented a linear behavior up to an EBRT of 0.6 h (98% 

conversion) and then started deviating from linearity and approaching a plateau. According to the trend of the 

graph in Fig. 6a, further decrease of the EBRT below 0.33 h would cause a very small or no increase of the CO 

conversion rate since the developed biofilm would have almost reached its maximum capacity. It is also 

noteworthy to notice that while CO conversion rate almost reached its limit of 18.5 mmol·lbed·h
-1 at an EBRT of 

0.33 h (syngas inflow rate of 250 ml·min-1), the conversion rate of H2 was 2.9 times higher (52.7 mmol·lbed·h
-1 at 

the same EBRT and was far from reaching its maximum capacity (Fig. 6a). Since the two compounds have a 

similar solubility, it is clear that the carboxydotrophic metabolism was kinetically limited and not mass-transfer 

limited and that the specific growth rate of hydrogenotrophic methanogens was significantly higher than the 

specific growth rate of carboxydotrophic hydrogenogens. This statement is in line with a recent kinetic study of 

syngas biomethanation from MMC at 60 oC, in which the maximum specific activity of hydrogenotrophic 

methanogens was reported to be 4.7 times higher than the maximum specific activity of carboxydotrophic 

hydrogenogens [8]. 

Regarding the productivity of CH4, a linear correlation with the syngas inflow rate was observed up to 0.51 h 

where 95% of the CO was converted (Fig. 6b). From an EBRT of 0.42 h and above, CH4 productivity started 

curving due to the steep decrease of the conversion efficiency of CO. Nonetheless, for the determination of the 

maximum CH4 productivity of the reactor further increase of the syngas inflow should be applied since at 250 

ml·min-1 it was still far from reaching a plateau. Considering that in a bigger scale the aim is to operate the reactor 

at the maximum syngas inflow rate where the electron donors are fully converted in order to minimize downstream 

processing costs, the CH4 productivity achieved in the present study at an EBRT of 0.75 h (110 ml∙min-1) was 8.43 

mmol·lbed
-1·h-1. However, without a thorough economic assessment it is hard to predetermine that an EBRT of 0.75 

h is the optimum choice (from an economical point of view), especially when at an EBRT of 0.33 h, the 

productivity of CH4 was doubled up to 17.63 mmol·lbed
-1·h-1 (Fig. 6b). The CH4 productivity values achieved in 
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the present study are the highest compared to other continuous syngas biomethanation studies recently reviewed 

[6,19] with the next higher being down to 6.82 mmol·lbed
-1·h-1 [30].  

 

Figure 6. (a) Volume specific molar conversion rate of CO and H2. (b) Volume specific molar productivity of CH4 

The distribution of electron-moles revealed a very high process selectivity towards CH4 (Fig. 7). The losses 

towards VFAs did not exceed 0.69% in any of the examined operating conditions. This is a noteworthy observation 

since in previous continuous syngas biomethanation studies it has been reported that more than 10% of the e-moles 

were diverted towards the production of liquid byproducts [22,30,31]. It is also essential to highlight the 

importance of the low electron yield to VFAs since it has been reported that acetate concentrations as low as 27 

mM partially inhibit syngas biomethanation, reinforcing thus acetogenesis and carbon chain elongation [32]. 

Additionally, the maximum losses to cell growth and maintenance (marked as unidentified in Fig. 7) were 6% at 
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the highest EBRT and less than 3% at the rest EBRTs. Such low electron yields could be caused due to fast carbon 

recycling in the biofilm from scavengers of dead cells, the high abundance of which has been previously reported 

[15] in the LSTBR. Full conversion of the carbon to CH4 without losses to biomass has been observed during 

biomethanation of H2/CO2 with the researchers reporting that the nutrients, such as trace metals and vitamins, were 

constantly recycled within the reactor and no addition of fresh medium was necessary [33]. 

 

Figure 7. Electron yield to CH4, VFAs and unidentified sinks such ass cell growth and maintenance or other byproducts  

Although the electron yield to VFAs was less than 0.7% at all EBRTs tested, the concentration profile of the VFAs 

revealed unexpected results. The main liquid byproduct was propionic acid (Fig. 8) with a relatively high 

concentration of 10.4 mM at an EBRT of 0.33 h, while the concentration of acetic acid, isobutyric acid, butyric 

acid and isovaleric acid was approximately 1 mM at the same EBRT and valeric acid was much lower at 0.05 mM. 

These results were not in line with lab scale experiments at a thermophilic trickle bed reactor [15] where acetic 
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acid was at least 7 times more abundant than the rest VFAs (see section 3.2). In another study performing syngas 

(66.6% H2 and 33.3% CO) biomethanation at thermophilic conditions in a stirred tank reactor with a defined co-

culture (Carboxydothermus hydrogenoformans and Methanothermobacter thermoautotrophicus) acetic acid was 

also the main byproduct constituting 4% - 8% of the total product spectrum in terms of electron moles fixation. 

To our knowledge, this is the first syngas biomethanation study, where propionic acid is the most abundant VFA 

produced. However, biomethanation of H2/CO2 at thermophilic conditions from mixed microbial consortia has 

been reported to produce 2 times higher concentrations of propionic acid compared to acetic acid [34,35].  

 

Figure 8. Concentration profile of VFAs at the nine tested operational conditions 
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3.2 Evaluation of TBR scale-up  

Scaling up the TBR 27.8 times from a lab scale trickle bed column of 180 ml to a pilot scale of 5000 ml resulted 

in an improved performance in terms of the conversion efficiency of the limiting substrate (H2 and CO) and the 

CH4 productivity (Fig. 9). At an EBRT of 0.6 h, the LSTBR converted 89.3% of H2 and 73% of CO while at the 

same operating conditions the PSTBR converted 99.6% of H2 and 97.9% of CO. The difference is quite significant 

and it is reflected on the CH4 productivity, which (at the lowest EBRT tested) was 8.5 mmol·lbed
-1·h-1 and 10.6 

mmol·lbed
-1·h-1 for the LSTBR and the PSTBR, respectively. The success of the upscaling can be attributed in two 

factors. The first factor is the improved gas-to-liquid mass transfer of the sparingly soluble syngas constituents (H2 

and CO) due to the use of a spraying nozzle instead of a glass tube for the introduction of the liquid in the top of 

the trickle bed column and because of the much higher H/D of the PSTBR (12.5 vs 4.2) which makes the bed 

narrower, thus enhancing the wetted fraction of the bed and as a result the available surface area where biofilm 

can grow. The second factor is the applied pH control combined with the 10 times lower concentration of 

phosphate buffer in the medium of the PSTBR, which most probably induced the low concentrations of VFAs in 

the reactor (Fig. 10). The concentration of acetic acid at an EBRT of 1.5 h was 15 times higher in the LSTBR 

compared to the PSTBR and got up to 95 times higher at the lowest EBRT tested. As it has already been 

demonstrated, acetic acid is inhibitory to methanogenesis [36] and therefore it could have contributed to the 

decreased hydrogenotrophic activity in the LSTBR. 
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Figure 9. Comparison of the conversion efficiency (left y-axis – bar graphs) and the CH4 productivity (right y-axis, line graphs) between 

the PSTBR and the LSTBR 
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Figure 10. Comparison of the concentration profile of VFAs between the PSTBR and the LSTBR at the five tested EBRTs 

To our knowledge, this is the second attempt to scale up a TBR performing syngas biomethanation. Kimmel et al. 

[20] scaled up the volume of the packed bed column of the TBR 26 times from 1 l to 26 l, i.e. a scale-up ratio 

similar to the one in the present study (27.8 times). In contrast to the present study, their LSTBR had a higher H/D 

ratio compared to their PSTBR (10 vs 7.4). In addition, the PSTBR contained packing material (Intalox saddles) 

with a 2 times higher nominal diameter compared to the LSTBR. Also, Kimmel et al. used a defined thermophilic 
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triculture (R. rubrum, M. formicicum and M. barkeri) for the conversion of syngas to CH4. Their scaling-up was 

unsuccessful since their PSTBR achieved 10 times lower maximum conversion rate of CO and 7.5 times lower 

maximum CH4 productivity (0.4 mmol·lbed
-1·h-1 vs 3 mmol·lbed

-1·h-1) compared to their LSTBR. The authors 

speculated that the reason why the operational performance of the PSTBR was comparatively poor was because 

the radial distribution of the liquid was worse, thus resulting in lower gas-to-liquid mass transfer. This can be 

explained from the fact that their PSTBR had a packed bed with lower H/D ratio and a lower surface to volume 

ratio due to the bigger packing material they used compared to their LSTBR. It has been reported that these two 

factors have a strong impact on the mass transfer coefficient of trickle bed reactors [37]. 

3.3 Operation of the pilot scale TBR in line with a gasifier 

The PSTBR was connected in line with a fluidized bed gasifier in order to examine the effects of real syngas on 

the biomethanation process. Complete conversion of the electron donors (H2 and CO) was observed at an EBRT 

of 1.49 h and 1.00 h (Fig. 11a), exactly as in the experiments with artificial syngas provided from a cylinder. At 

an EBRT of 0.60 h, 1.2% of CO was detected in the produced gas (Fig. 6b), which is slightly higher than the 0.8% 

that was detected with artificial syngas. Therefore, it can be concluded that the use of syngas produced from the 

gasification of wood pellets did not have any significant effect on the bioreactor performance and followed exactly 

the same trend with the use of artificial syngas. 

The big difference in the conversion efficiency of CO2 was caused from the different syngas composition generated 

from the gasifier at the three EBRTs tested (Table 3). The theoretical values for the conversion efficiency of CO2 

were -7.0%, -35.2% and +2.8% at EBRTs of 1.49 h, 1.00 h and 0.60 h, respectively, and the respective ones 

measured in this study were  -7.0%, -32.9% and +3.1% (Fig. 6a). It is evident that the measured values are in a 

very close proximity with the theoretical ones, indicating, thus, that the stoichiometry was strictly followed with 

minor losses of carbon and electron moles to byproducts. This was also reflected on the electron yield to CH4 (Fig. 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

187 

 

6c), which was higher than 98% at the three experimental conditions. High selectivity towards CH4 was also 

observed at the experiments with artificial syngas (Fig. 7). 

The CH4 productivity achieved was 5.30 mmol·lbed·h
-1, 7.81 mmol·lbed·h

-1 and 14.37 mmol·lbed·h
-1 at EBRTs of 

1.49 h, 1.00, and 0.60h, respectively, which were quite higher compared to the respective values achieved with the 

artificial syngas (4.25 mmol·lbed·h
-1, 6.40 mmol·lbed·h

-1 and 10.58 mmol·lbed·h
-1).  This occurred due to the better 

syngas composition of the wood pellet syngas compared to the artificial syngas. The maximum theoretical CH4 

productivity of the experiments with wood pellet syngas was 1.25 times higher at 1.49 h, 1.21 times higher at 1.00 

h and 1.33 times higher at 0.60 h compared to the experiments with artificial syngas.  

Overall, the PSTBR consumed the supplied syngas from the gasification of wood pellets without any inhibitory 

effects that would deteriorate the conversion efficiency and the productivity of CH4. To our knowledge, this is the 

first study attempting the in-series connection of a bioreactor with a gasification unit for the performance of syngas 

biomethanation in continuous mode.  
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Figure 11. Results from the conversion of wood pellet syngas produced from the gasification of wood pellets to CH4. (a) Conversion 

efficiency of H2, CO and CO2, (b) Gas composition of the produced gas after biomethanation, (c) distribution of electron moles to 

products, (d) productivity of CH4 

3.4 Impacts of the Liquid Recirculation Rate on the PSTBR 

With a vision towards commercial scale applications of the designed process, it was considered important to assess 

the effects of the liquid recirculation rate on syngas biomethanation. That is because it is expected that the main 

operational cost of this process derives from the pumping of the liquid from the liquid reservoir to the top of the 

trickle bed column. The experiments involved three liquid recirculation rates (1500 ml·min-1, 1000 ml·min-1, 500 

ml·min-1) at an EBRT of 0.33 h and an HRT of 8 d.  
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The obtained results did not present any significant effect on the process performance (Fig. 12).The conversion 

efficiency of H2 dropped from 96.7% to 96.0% from 1500 ml·min-1 to 1000 ml·min-1 liquid recirculation rate and 

then increased to 99.3% at 500 ml·min-1, whereas the conversion efficiency of CO dropped from 76.3% to 71.7% 

and then increased to 73.2% at the respective liquid recirculation rates (Fig. 12a). It is unclear what could have 

caused these slight variations in the conversion efficiency of the electron donors. However, an important 

observation was that no foam was detected in the foam trap at a liquid recirculation rate of 500 ml·min-1, whereas 

substantial amount of foam was visible at 1500 ml·min-1. 

The maximum CH4 content and CH4 productivity were achieved at the minimum liquid recirculation tested (Fig 

12b and d). However, the differences among the three operational conditions are insignificant to support an 

argument of better reactor performance as the liquid recirculation rate was reduced. The electron yield to CH4 was 

also unaffected (Fig. 12c) presenting values similar to the ones obtained in the previous experiments in this work 

(Fig. 3 and Fig. 11). These results indicated that no channeling phenomena occurred in the bed within the range 

of 144 – 432 l·lbed
-1·d-1. In a previous study with lab scale TBRs performing syngas biomethanation in mesophilic 

conditions [22], a positive linear correlation was observed between the CH4 productivity and the liquid 

recirculation rate within the region of 160 – 320 l·lbed
-1·d-1 due to channeling and wall effects that reduced the 

wetted surface area in the bed. In order to overcome these negative effects a liquid recirculation rate of 1600 l·lbed
-

1·d-1 had to be applied, which is expected to be economically infeasible for large-scale operation. The PSTBR 

could operate efficiently at a 10 times lower volume specific liquid recirculation rate (144 l·lbed
-1·d-1 vs 1600 l·lbed

-

1·d-1) compared to the LSTBR, most probably because the liquid was sprayed on the bed in the form of micro-

bubbles with a nozzle. 
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Figure 12. Obtained results when running the reactor at three different liquid recirculation rates at an EBRT of 0.33 h and an HRT of 8 d. 

(a) Conversion efficiency of H2, CO and CO2, (b) Gas composition of the produced gas after biomethanation, (c) distribution of electron 

moles to products, (d) productivity of CH4 

The aforementioned results (Fig. 12) are very crucial from an economic viability perspective. The main operational 

cost of the TBR is expected to be the pump lifting the liquid from the liquid reservoir to the top of the trickle bed 

column. To address this issue, the shaft power demand at the three tested liquid recirculation rates was calculated 

(see Additional File 1). By reducing the liquid recirculation rate from 1500 ml·min-1 to 500 ml·min-1, the demanded 

power to lift the liquid decreased from 11.7 W to 0.8 W (Table 6). Practically, combining the results from Fig. 12 

and Fig. 13, the outcome was that the operational cost of the recirculation pump was reduced 14.6 times without 

any negative effects on the reactor operation.  
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Table 6. Shaft power demand to lift the liquid from the liquid reservoir to the top of the trickle bed column. Shaft power is defined as the 

demanded power supply from the induction motor to the magnetic drive gear pump, taking into account the efficiency of the motor. 

Liquid Recirculation 

Rate (ml·min-1) 
Shaft Power (W) 

1500 11.7 

1000 3.8 

500 0.8 

 

Apart from the even higher decrease of the liquid recirculation rate, another cost-reducing strategy could be the 

periodic application of liquid recirculation. This methodology has been applied for H2/CO2 biomethanation studies 

in trickle bed reactors. For instance, Porté et al. [24] and Burkhardt et al. [25] applied liquid recirculation for 30 

sec per 30 min and 60 sec per 30 min, respectively. Another study on H2/CO2 biomethanation showed that as the 

pause intervals of liquid recirculation increased from 2 min to 1 day, the CH4 content in the product gas increased 

from 88.61% to 97.19%, with a respective increase of the CH4 productivity from 9.97 mmol·lbed·h
-1 to 10.45 

mmol·lbed·h
-1 at an EBRT of 0.85 h [38]. The same observation was made by Dupnock and Deshusses [39], who 

reported an increase of the methane productivity by 20% for a time duration of 1 h after stopping the recirculation 

pump. The explanation provided by the scientists was that by pausing the trickling of the liquid in the bed, the 

liquid film separating the gas phase from the biofilm becomes significantly thinner and allows for more efficient 

gas-biofilm mass transfer.  

4. Conclusions 

The scale-up of a trickle bed reactor from 180 ml to 5000 ml was successful and the pilot scale reactor (PSTBR) 

outperformed significantly the lab scale (LSTBR) one in terms of the conversion efficiency of H2 and CO and the 

productivity of CH4. This is mainly attributed to a more efficient gas-to-liquid mass transfer of H2 and CO by 

increasing the height per diameter ratio of the PSTBR 3 times compared to the LSTBR and by using a spraying 

nozzle for the introduction of the liquid in the form of micro-droplets on the bed compared to using a glass tube 

that just dropped the liquid on the top of the bed in lab scale. In addition, the application of pH control reduced the 
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concentration of acetic acid in the PSTBR up to 200 times compared to the LSTBR, minimizing thus inhibitory 

effects on hydrogenotrophic methanogenesis. Furthermore, the PSTBR was operated at a significantly low empty 

bed residence time (EBRT) of 0.33 h (= 20 min) converting 99% of the H2 and 73% of the CO and producing CH4 

at a rate 17.8 mmol∙lbed
-1∙h-1. To our knowledge, this is the highest CH4 productivity reported in the literature from 

syngas biomethanation and it is very encouraging for testing the process at even higher scales. Complete 

conversion of H2 and CO was achieved up to an EBRT of 0.75 h (= 45 min), the lowest reported so far in the 

literature. Moreover, by decreasing the liquid recirculation rate from 432 to 144 l∙lbed
-1∙d-1, the energy demand of 

the pump was estimated to be 14.6 times lower without any negative impacts on the CH4 productivity. Finally, the 

PSTBR was connected in series with a fluidized bed gasifier and efficiently converted syngas produced from the 

gasification of wood pellets, without any indication of inhibitory effects on the mixed microbial consortia. Overall, 

the results obtained in the present study shed more light on the scarcely studied process of syngas biomethanation 

and constitute an incentive for further research in this field focusing also on the economic viability and 

commercialization. 
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Scale Up Study of a Thermophilic Trickle Bed Reactor Performing 

Syngas Biomethanation – Additional File 1 

Abbreviations 

Non-calculated values (measured or found in literature) independent of the liquid 

recirculation rate 

Symbol Value Unit Meaning Reference 

𝐷ø 1.6 mm Nozzle Orifice diameter Supplier 

𝐷𝑖  4.22 mm Inner diameter of the pipe Supplier 

𝑒 0.046 mm Roughness of stainless steel [1] at page 198 

𝑔 9.807 m·s-2 Gravitational acceleration - 

𝐾𝑚,ø 0.02 - 
Friction coefficient of the 

orifice 
[1] at page 244 

𝐾𝑚,90𝑜  0.75 - 
Friction coefficient of the 90o 

bend 
[1] at page 247 

𝑙 3.88 m Total pipe length Measured 

�̇� 1500/1000/500* ml·min-1 Liquid recirculation rate Regulated 

𝑧2 − 𝑧1 2.07 m 
The height at which the pump 

should lift the liquid 
Measured 

𝜂𝐵  70.8 % Motor efficiency at 75% load Supplier 

𝜈60 4.74·10-7 m2·s-1 
Kinematic viscosity of water 

at 60 oC 
[1] at page 587 

𝜌60 983.2 kg·m-3 Water Density at 60 oC [1] at page 587 

*The liquid recirculation rate of the liquid was the examined value. It was regulated by the operator through a 

frequency converter determining the rotational speed of the induction motor. Three values were applied (1500 

ml·min-1, 1000 ml·min-1 and 500 ml·min-1). 
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Non-calculated values (measured or found in literature) dependent on the applied liquid 

recirculation rate 

Symbol 

Liquid 

Recirculation 

Rate (ml·min-1) 

Value Unit Meaning 

𝑃2 − 𝑃1 

1500 1.60 

bar 

Pressure difference 

between the surface of 

the liquid in the liquid 

reservoir and the pressure 

at the nozzle 

1000 0.75 

500 0.30 

ℎ𝑟𝑜𝑡 

1500 0.08 

m (meters of 

liquid column) 

Head of energy losses 

caused from friction in 

the rotameter. Provided 

by the supplier 

1000 0.07 

500 0.05 

 

Calculated values  

Symbol Unit Meaning 

𝐴ø  m2 Surface area of the cross-section of 

the orifice 

𝐴𝑝𝑖𝑝𝑒 m2 
Surface area of the cross-section of 

the pipe  
𝑒

𝐷𝑖
⁄  - Specific roughness of stainless steel 

𝑓 - Friction coefficient for the pipe 

ℎ𝑙 m (meters of liquid column) Head of the total energy losses 

ℎ𝑚 m (meters of liquid column) 

Head of the secondary energy losses 

(friction at the 90o bends, the nozzle 

and the rotameter) 

ℎ𝑝 m (meters of liquid column) Total pump head 

ℎ𝑡 m (meters of liquid column) 
Head of the energy losses from the 

friction of the pipe 

𝑃𝑠 Watt 
Demanded motor shaft power to lift 

the liquid from 𝑧1to 𝑧2 

𝑃𝑤 Watt 
Demanded hydraulic power to lift the 

liquid from 𝑧1to 𝑧2 

𝑅𝑒 - Reynolds number 

𝑢ø m·s-1 Velocity at the orifice of the nozzle 

𝑢𝑝𝑖𝑝𝑒 m·s-1 Velocity of the liquid in the pipe 

𝛾 N·m-3 Specific weight of water at 60 oC 
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Equations 

Total Pump Head 

The total head of the pumping system (ℎ𝑝) is equal to the sum of the height at which the liquid should be lifted 

(𝑧2 − 𝑧1) plus the head of the pressure difference between the surface of the liquid in the liquid reservoir and the 

pressure in the nozzle ( 
𝑃2−𝑃1

𝛾
 ) plus the head of the velocity difference between the surface of the liquid in the 

reservoir (Note: due to the recirculation effect the level of the liquid in the reservoir is constant and therefore the 

velocity is zero) and the nozzle (
𝑢ø

2

2𝑔
) plus the head of total energy losses due to friction in the pipe and other 

compartments (ℎ𝑙) ([1] at page 313).  

 

 

Specific Weight 

The specific weight is the product of the gravitational acceleration and the density. It was assumed that the liquid 

broth in the reactor had the same density as water. 

 

Velocity at the Exit of the Nozzle (Orifice) 

The velocity at the orifice of the nozzle was calculated as the liquid recirculation rate of the liquid broth divided 

by the cross-sectional area of the orifice of the nozzle. 

 

 

ℎ𝑝 = 𝑧2 − 𝑧1 +
𝑃2−𝑃1

𝛾
+

𝑢ø
 2

2𝑔
+ ℎ𝑙   (Eq-1) 

𝛾 = 𝜌60 · 𝑔   (Eq-2) 

𝑢ø =
�̇�

𝐴ø
=

4�̇�

𝜋𝐷ø
2    (Eq-3) 
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Head of the Total Energy Losses 

The head of the total energy losses (ℎ𝑙) is a sum of the losses from the friction in the total pipe length (ℎ𝑡) plus 

the friction in the pipe 90o bends, the nozzle, and the rotameter (secondary energy losses: (ℎ𝑚)).  

 

The head of the energy losses from friction in the total pipe length was calculated according to the Darcy – 

Weisbach equation ([1] at page 220): 

  

Where 𝑓 is the friction coefficient of the pipe, 𝑙 is the total pipe length, 𝐷𝑖 is the diameter of the pipe, 𝑢𝑝𝑖𝑝𝑒 is the 

velocity of the liquid in the pipe and 𝑔 is the gravitational acceleration. 

The velocity in the pipe was calculated as the liquid recirculation rate of the liquid broth divided by the cross-

sectional area of the pipe. 

 

The friction coefficient was calculated with the Colebrook equation through trial and error. Colebrook equation is 

valid for Reynolds numbers higher than 4000 ([1] at page 225). 

 

 

Reynolds number was calculated as the product of the velocity of the liquid in the pipe and the diameter of the 

pipe divided by the kinematic viscosity of water at 60 oC ([1] at page 320).  

 

ℎ𝑙 =  ℎ𝑡 + ℎ𝑚   (Eq-4) 

 ℎ𝑡 = 𝑓
𝑙

𝐷𝑖

𝑢𝑝𝑖𝑝𝑒
 2

2𝑔
    (Eq-5) 

𝑢𝑝𝑖𝑝𝑒 =
�̇�

𝐴𝑝𝑖𝑝𝑒
=

4�̇�

𝜋𝐷𝑖
2    (Eq-6) 

1

√𝑓
= −2log10 (

𝑒
𝐷𝑖

⁄

3,7
+

2.51

𝑅𝑒√𝑓
)    (Eq-7) 

 𝑅𝑒 =
𝑢𝑝𝑖𝑝𝑒𝐷𝑖

𝜈
  (Eq-8) 
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The secondary energy losses occurred due to friction in the rotameter, the nine 90o bends, and the nozzle. They 

were calculated as: 

 

Where ℎ𝑟𝑜𝑡  is the head of the energy losses from the rotameter, 𝐾𝑚,90𝑜  is the friction coefficient of the 90o bends 

and 𝐾𝑚,ø is the friction coefficient of the nozzle. 

Power  

The needed hydraulic power (𝑃𝑤) in order to lift the liquid from the liquid reservoir to the top of the trickle bed 

column was calculated as ([1] at page 317): 

 

However, the induction motor (VEM MOTOR/ Model: IE1-K21R 71 K2) has according to the supplier an efficiency 

(𝜂𝐵) of 70.8% [2]. As a result, the demanded shaft power to achieve the needed lift of the liquid was calculated as: 

 

 

Example at a liquid recirculation rate of 1500 ml·min-1 

Velocity in the orifice 

𝑢ø =
�̇�

𝐴ø
=

4�̇�

𝜋𝐷ø
2 =

4𝑥1500 
𝑚𝑙

𝑚𝑖𝑛
3.14𝑥1.62 𝑚𝑚2

𝑚𝑖𝑛

60 𝑠

𝑚3

106𝑚𝑙

106𝑚𝑚2

𝑚2
= 12.4 

𝑚

𝑠
 

ℎ𝑚 =  ℎ𝑟𝑜𝑡 + 9𝐾𝑚,90𝑜
𝑢𝑝𝑖𝑝𝑒

 2

2𝑔
+ 𝐾𝑚,ø

𝑢ø
 2

2𝑔
  (Eq-9) 

 𝑃𝑤 = 𝛾V̇ℎ𝑝 (Eq-10) 

 𝑃𝑠 =
𝑃𝑤

𝜂𝐵
   (Eq-11) 
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Velocity in the pipe 

𝑢𝑝𝑖𝑝𝑒 =
�̇�

𝐴𝑝𝑖𝑝𝑒
=

4�̇�

𝜋𝐷𝑖
2 =

4𝑥1500 
𝑚𝑙

𝑚𝑖𝑛
3.14𝑥4.222 𝑚𝑚2

𝑚𝑖𝑛

60 𝑠

𝑚3

106𝑚𝑙

106𝑚𝑚2

𝑚2
= 1.8 

𝑚

𝑠
 

 

Specific Weight 

𝛾 = 𝜌60 · 𝑔 = 983.2
𝑘𝑔

𝑚3
𝑥 9.807

𝑚

𝑠2
= 9642

𝑁

𝑚3
 

Reynolds Number 

𝑅𝑒 =
𝑢𝑝𝑖𝑝𝑒𝐷𝑖

𝜈
=

1.8
𝑚
𝑠

 𝑥 4.22 𝑚𝑚

4.74𝑥10−7 𝑚2

𝑠

𝑚

1000 𝑚𝑚
= 16025 

Colebrook Equation 

1

√𝑓
= −2log10 (

𝑒
𝐷𝑖

⁄

3,7
+

2.51

𝑅𝑒√𝑓
) =  −2log10 (

0.046
4.22⁄

3,7
+

2.51

16025√𝑓
) 

 Solving with trial and error we get 𝑓 = 0.0423 

Head of the secondary energy losses 

ℎ𝑚 =  ℎ𝑟𝑜𝑡 + 9𝐾𝑚,90𝑜

𝑢𝑝𝑖𝑝𝑒
 2

2𝑔
+ 𝐾𝑚,ø

𝑢ø
 2

2𝑔
= 0.08 + 9𝑥0.75

1.82

2𝑥9.807
+ 0.02

12.42

2𝑥9.807
= 1.35 𝑚 
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Head of the energy losses in the pipe 

 ℎ𝑡 = 𝑓
𝑙

𝐷𝑖

𝑢𝑝𝑖𝑝𝑒
 2

2𝑔
= 0.0423

3.88

0.00422

1.82

2𝑥9.807
= 6.42 

 

Head of the total energy losses  

ℎ𝑙 =  ℎ𝑡 + ℎ𝑚 = 6.42 + 1.35 = 7.77 𝑚 

 

Total Pump Head 

ℎ𝑝 = 𝑧2 − 𝑧1 +
𝑃2−𝑃1

𝛾
+

𝑢ø
 2

2𝑔
+ ℎ𝑙 = 2.07 𝑚 +

1.60 𝑏𝑎𝑟

9642
𝑁

𝑚3

105 𝑁

𝑚2

𝑏𝑎𝑟
+

12.42𝑚2

𝑠2

2𝑥9.807
𝑚

𝑠2

+ 7.77 𝑚 = 34.27 𝑚   

Hydraulic Power 

𝑃𝑤 = 𝛾V̇ℎ𝑝 = 9642
𝑁

𝑚3
𝑥1500 

𝑚𝑙

𝑚𝑖𝑛
𝑥34.3 𝑚 𝑥

𝑚3

106𝑚𝑙
𝑥

𝑚𝑖𝑛

60 𝑠
= 8.26 𝑊𝑎𝑡𝑡  

 

Shaft Power 

 

𝑃𝑠 =
𝑃𝑤

𝜂Β
=

8.26 

70.8%
= 11.7 𝑊𝑎𝑡𝑡 

 

 

 



Biomethanation of synthesis gas in trickle bed reactors 

 _________________________________________________________________________________________ 

   

 

205 

 

References 

[1] A. Papaioannou, Flow in pipes (translated from greek: Ροή σε αγωγούς), in: Fluid Mechanics Vol. 2 

(Translated from Greek Μηχανική Των Ρευστών Τόμος 2), 2nd ed., KORALI PUBLISHING GROUP 

(translated from greek: ΕΚΔΟΣΕΙΣ ΚΟΡΑΛΙ), Athens, 2002: pp. 187–390. ISBN: 978-960-8028-13-2. 

[2] VEM MOTOR, Standard Motors, page 26. https://www.vem-

group.com/fileadmin/content/pdf/Download/Kataloge/Kataloge/Hauptkatalog_2017_KAP2_en.pdf 

(accessed August 11, 2019). 

 

 

 

 

 

 

 

 

 

 

 



      Konstantinos Asimakopoulos 

 _________________________________________________________________________________________ 

   

206 

 

Chapter 7 

Conclusions and Outlook 
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Conclusions 

This work was conducted under the principles of a research and development project methodology (Fig. 1). A new 

technology was introduced with an ultimate goal to contribute to the fight for renewable energy, net zero CO2 

emissions and carbon recycling. The SYNFERON project, part of which is this thesis, started from the detection 

of the opportunity to produce green fuels from second generation biomasses, such as residues from the agricultural 

and the forestry sector, through the thermochemical-biological pathway.  

 

Figure 1. Overview of the PhD study. 
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Chapter 1 was a collection of the theoretical knowledge surrounding syngas biomethanation with a focus on the 

different bioreactor configurations used in continuous mode for the biological conversion of syngas to 

biomolecules. The outcome of the chapter was that biofilm reactors are favorable for syngas fermentation 

applications because they increase the cell retention time of the microbes in the reactors and, when properly 

designed, they enhance the mass transfer of the sparingly soluble syngas components (CO and H2) to the water-

based media. A reactor following these principles was then designed and developed in lab-scale.  

The selected bioreactor configuration was a trickle bed reactor containing a packed bed of 180 ml. Liquid and gas 

were flowing co-currently from top to bottom, while liquid was continuously recirculating so as to keep the bed 

wet and provide the microbes with the necessary nutrients for their growth. The challenges of a trickle bed reactor 

under mesophilic conditions were addressed in Chapter 3. The major bottlenecks of the operation of the lab-scale 

trickle bed reactor were the pH drop to unfavorable values for methanogenesis due to the accumulation of volatile 

fatty acids, and the channeling phenomena in the bed that were correlated with the liquid recirculation rate. Since 

automatic pH control was not possible in lab-scale, the second best choice was to establish a medium with a strong 

buffering capacity that could retain the pH at values close to 7. Channeling phenomena were tackled by increasing 

the liquid recirculation rate at 1600 l·lbed
-1·d-1. This rate was very high for a scale-up scenario, yet it was selected 

in order to operate the reactor and assess its performance at the best possible operational parameters. The maximum 

CH4 productivity achieved was 3.34 mmol·lbed
-1·h-1, which at that time was among the best reported in the literature. 

It should be noted that the last study of syngas biomethanation in trickle bed reactors before the execution of this 

work was performed in 1991 and, instead of mixed microbial consortia, the researchers had used a defined 

triculture. Another outcome from the experimental work of Chapter 3 was the high reproducibility of the mixed 

microbial consortia since two identical lab-scale trickle bed reactors were run in parallel for 296 days deviating 

rarely from one another. 

The next step was to investigate the effects of the temperature on syngas biomethanation. This work was presented 

in Chapter 4. To test that, two lab-scale trickle bed reactors were run under the same operating conditions at 37 oC 
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and 60 oC. The major outcome was that thermophilic conditions were substantially better for the conversion of 

syngas to CH4. The reactors were operated down to an empty bed residence time of 36 min producing CH4 at a 

rate of 8.49 mmol·lbed
-1·h-1 and 3.57 mmol·lbed

-1·h-1 at thermophilic and mesophilic conditions, respectively. This 

productivity of CH4 was a new record for syngas biomethanation since, to our knowledge, higher values had not 

been reported in the literature. It was also an indication that mixed microbial consortia were not inferior to defined 

co-cultures for the performance of syngas biomethanation. This was an important observation since from an 

industrial perspective, avoiding the need for sterile operation to eliminate the risk of contamination is a huge 

advantage. Microbial population sequencing and metagenomic analysis of samples deriving from the inoculum, 

the liquid phase and the biofilm shed more light on the differences between thermophilic and mesophilic conditions. 

Higher yields to volatile fatty acids in mesophilic conditions were attributed to the high abundance of the 

acetogenic genus Sporomusa, while no aceticlastic archaea were detected in both temperatures. A remarkable 

discovery was the high abundance of cell debris scavengers, such as Lutispora, Coprothermobacter and 

Defluviitoga in thermophilic conditions, indicating that the microbes had established a carbon recycling 

community. Furthermore, the presence of Thermincola carboxydiphila at 60 oC revealed that CO was converted 

indirectly to methane through carboxydotrophic hydrogenogenesis (biological water-gas shift reaction) followed 

by hydrogenotrophic methanogenesis. The metagenomic analysis also demonstrated that the competition for the 

substrate (CO and H2) resulted in the prevalence of only one hydrogenotrophic methanogen in the reactor 

independent of the temperature, and that both reactors exhibited higher archaeal abundance in the biofilm 

compared to the liquid phase. 

The next challenge that attracted our interest was the high stoichiometric carbon-moles excess of syngas generated 

from the gasification of biomass, resulting in a mixture of CO2 and CH4 at the gas-outlet of the biomethanation 

unit. From an industrial perspective, this would require downstream processing equipment to upgrade the gas 

mixture to biomethane compatible with the natural gas grid of Denmark. In Chapter 5, we introduced the concept 

of in-situ exogenous H2 supply to the trickle bed reactor in order to convert syngas to natural gas grade biomethane. 
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A new index, based on the stoichiometry of the bioreactions leading to the production of CH4 from CO, CO2 and 

H2, was introduced for the classification of syngas. The syngas quality index was calculated as 𝑆𝑄𝐼 =
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
. 

The stoichiometrically ideal value was 4 and it was named SQIId. Values below 4 corresponded to a stoichiometric 

excess of carbon-moles, while values above 4 corresponded to stoichiometric excess of electron-moles. At 

thermophilic conditions the increase of the SQI of the inlet gas from 1.44 to 3.67 resulted in an increase of the CH4 

content at the exit of the reactor from 30% to 72%. The maximum CH4 content at a SQI = 3.67 was 75% due to 

the 10% N2 content of the artificial syngas used to perform this study. Therefore, the achieved CH4 content was 

96% of the maximum theoretical. Surpassing the ideal SQI to a value equal to 4.78 caused a big drop of the CH4 

content due to the high amount of unconverted H2 at the gas-outlet and the thermodynamic limitation of 

carboxydotrophic hydrogenogenesis that has a ΔGo΄ =-20 kJ·mol-1 and is, thus, very sensitive to changes in the gas 

composition. Finally, at a SQI = 3.98, it was portrayed that production of natural gas grade biomethane complying 

with the criteria for injection in the natural gas grid was feasible. 

The final stage of the PhD study (Chapter 6) involved the design, construction and operation of a pilot-scale trickle 

bed reactor with a bed volume 28 times higher than the lab-scale one. Firstly, the performance of the pilot-scale 

reactor was compared with the performance of the thermophilic lab-scale reactor at the same operational 

parameters. The obtained results showed an exceptional performance of the pilot-scale reactor, which was 

significantly better than the one of the lab-scale. More specifically, at an empty bed residence time of 0.6 h, the 

lab-scale reactor converted 89.3% and 73.0% of the H2 and CO in the inlet, respectively, while the pilot-scale 

reactor converted 99.6% and 97.9%. Two factors were suspected to be the reason for these results. First, the 

increase of the mass transfer rate due to a 3 times higher height per diameter ratio and due to the installation of the 

nozzle that was injecting the liquid on the top of the bed in the form of micro-droplets increasing, thus, the available 

contact-surface-area between the gas and the liquid phase. Second, the application of pH control that resulted in 

an up to 200 times lower concentration of acetic acid in the pilot scale reactor. The highest CH4 productivity 

achieved was 17.6 mmol·lbed
-1·h-1 at an empty bed residence time of 20 min (0.33 h). To our knowledge, this was 
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the first time that syngas biomethanation was performed down to such a low residence time, and the exhibited CH4 

productivity was by far the highest reported in literature. Furthermore, in an effort to reduce the operational cost 

of the pilot-scale reactor, the liquid recirculation rate was decreased from 432 to 144 l∙lbed
-1∙d-1. The results revealed 

no negative impacts on the performance of the reactor and reduced the operational cost of the pump by 14.6 times. 

At this point the pilot-scale trickle bed reactor was connected in line with a fluidized bed gasifier generating syngas 

from the gasification of wood pellets. The experiments were performed in the facilities of the Danish Gas 

Technology Centre in Hørsholm. Three empty bed residence times were tested and no inhibition was observed 

during the continuous operation of the reactor for a period of 1 month. The highly resilient and versatile mixed 

microbial consortia in the reactor could convert artificial and wood pellets syngas with the same efficiency. This 

was a vital component to our proof of concept and a beautiful ending of this PhD project. 

Future Perspectives 

Research on syngas biomethanation in trickle bed bioreactors is still at its infancy. The only published studies 

before the ones presented in this dissertation were back in 1990 and 1991 from a research group in University of 

Arkansas [1,2]. The researchers, though, did not use mixed microbial consortia. Instead, they selected a defined 

tri-culture consisting of a photosynthetic carboxydotrophic hydrogenogenic bacterium performing the water-gas 

shift reaction under illumination and two hydrogenotrophic methanogens. Consequently, this PhD introduced a 

biomethanation platform in continuous mode that had never been examined before. Although the progress 

achieved during the last 3½ years is noteworthy, we believe that there is still big potential to further investigate 

and improve the developed technology. 

Table 1 contains all the published studies (to our knowledge) from 1990 until today on continuous biological 

conversion of syngas or part of its constituents to CH4, H2 and ethanol in trickle bed reactors. Out of the 16 cited 

studies, two are on syngas biomethanation, one on carboxydotrophic hydrogenogenesis through the biological 

water gas shift reaction, one on syngas fermentation to ethanol and twelve on H2/CO2 biomethanation (BHM). On 
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a first note, trickle bed bioreactors for methanogenesis came on the front line on 2013, while eight studies have 

been published within the last two years. This indicates that even for BHM this is a fresh research field. 

With respect to the bioreactor configuration, a parameter about which there is no research study is the H/D (height 

per diameter ratio). The range of H/D used in literature is between 1.2 and 33.3 with most setups having values 

between 5 and 10. It is possible that this parameter affects the wetting fraction of the bed and thus the mass transfer 

coefficient and the cell concentration. In addition, dependent on the porosity of the used packing material the 

impacts from different H/D may differ. Experiments with varying H/D columns could be a potential future work. 

The flow orientation is another interesting parameter. A study of its effect on BHM was just released in 2019 and 

showed negligible impacts on the productivity of CH4 and the conversion efficiency of H2 (no. 10). In this PhD 

work, co-current flow was selected due to literature statements that co-current mode presents fewer problems with 

cell clogging, liquid flooding, foaming and channeling [1,3], and the pressure drop is smaller than in counter-

current mode [2]. More research is needed to shed light on the effects of flow direction on syngas biomethanation. 

The type of the packing material (plastic, metal, glass) and its geometry (surface area, porosity) can also affect the 

performance of a trickle bed reactor. The majority of the studies in Table 1 employed plastic packing material 

made of polypropylene or polyethylene including the designed reactors in this work. However, direct comparison 

based on the material has not been performed. A research study (no. 4) on carboxydotrophic hydrogenogenesis 

compared two different sizes of soda lime glass beads (3 mm and 6 mm) as packing material and reported a 

decrease of the conversion efficiency of CO from 60% to 39% when the bigger beads were used. This proves the 

rational hypothesis that a smaller packing material size increases the available surface area for biofilm growth. 

Nevertheless, this is also an open field for future research activities. 

The kind of mineral medium for the supply of the necessary nutrients for microbial growth is definitely a subject 

that demands optimization in order to reduce the operational cost of the trickle bed reactor. Synthetic media are 
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expensive and therefore alternatives should be examined. Some studies in Table 1 used digested sludge from 

biogas plants as a cheap source. Other possibilities could include corn steep liquor or cotton seed extract [4]. 

The advantages of mixed microbial consortia over defined pure culture and co-cultures have been described in 

Chapter 1. However, there is no study in Table 1 running the same reactor at identical conditions with mixed 

cultures and defined cultures, which opens a window for future research activities. A recent research study (no. 

16) published in 2019 used a pure hydrogenotrophic methanogen for BHM but sequencing of the liquid broth after 

the end of the experiments showed contamination highlighting, thus, the cautiousness that someone should show 

when working with pure cultures even when inorganic substrates are used as carbon and electron donors. 

Mesophilic and thermophilic conditions were tested in Chapter 4 revealing a significant improvement of the 

bioreactor performance at the higher temperature. Hyperthermophilic conditions (70 – 80 oC) could also be a future 

research activity to examine if the microbial kinetics can be further improved in higher temperatures. Higher 

pressure in the reactors is also a parameter that could be tested since pressure is positively correlated with the 

solubility of gases. On the other hand, the increase of the pressure on syngas biomethanation results in a higher 

partial pressure of the inhibitory CO compound, and thus there is no guarantee that the performance of the reactor 

will improve. 

The most important parameter regarding the operational cost of the trickle bed reactor is the liquid recirculation 

rate. In Chapter 6, it was demonstrated that a rate of 144 l·lbed
-1·h-1 was sufficient for the operation of the pilot-

scale reactor. However, in Table 1 we can see that for BHM even lower rates have been applied, especially at 

reactor volumes above 20 l. An alternative is flow modulation, which means that the liquid recirculation rate is 

applied only few minutes per day just to wet the bed enough in order to withstand the pause intervals without 

decrease in the conversion efficiency of the substrate. It has recently been reported (no. 14 and 16) that by stopping 

the liquid recirculation rate, the thick liquid film separating the gas bubbles from the biofilm gets thinner and 

allows for more efficient mass transfer between the gas and the solid phase, increasing thus the overall mass 
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transfer of the reactor and the productivity of CH4. Since such studies have not been performed for syngas 

biomethanation, it would be a very attractive future experimental activity. 

From a microbiological perspective, it would be interesting to see how the microbes are organized in different 

parts of the trickle bed column. To achieve this, packing material with developed biofilm can be removed from 

several heights of the column and applying fluorescence in situ hybridization (FISH) it is possible to see the 

structures of the biofilm with fluorescence microscopy. Another interesting research study could involve stable 

isotope labeling of CO or CO2 entering the reactor (13C) to identify by which microbial groups they are utilized 

and shed light on the metabolic pathways involved and the recycling of dead cells. Considering that a recent 

research study proved that a BHM reactor can survive for 6 months without medium addition by recycling the 

nutrients from dead cells [5] it is important to put more effort into understanding how these cellolytic syntrophic 

bacteria reproduce the necessary elements for microbial growth. 

A thorough economic assessment of the proposed gasification-biomethanation process would assist in determining 

the main operational and design parameters that affect its economic viability. Furthermore, the environmental 

impact of the process could be assessed with a life cycle assessment (LCA) study and it could be compared with 

alternative green technologies for 2nd generation biomass treatment. 

Finally, other products apart from CH4 can be targeted with syngas bioconversion in trickle bed reactors. Within 

the list of Table 1 only two studies (no. 4 and 9) have been performed with other products at continuous mode. 

Apart from H2 and ethanol, other alternatives are acetic acid and longer chain VFAs or longer chain alcohols. The 

test of genetically modified acetogens with a broader product portfolio would also be interesting.
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Table 1. Collection of studies employing trickle bed reactors for the biological conversion of syngas components to biofuels in continuous mode (Part 1/2). T: temperature, 

Vbed: empty bed volume, H/D: height per diameter ratio, Ach/Theor: Achieved Productivity divided by theoretical (stoichiometrically maximum) productivity, Con. Eff.: 

Conversion Efficiency, EBRT: empty bed residence time, LRR: liquid recirculation rate, NM: not mentioned, PP: polypropylene, PE, polyethylene, HDPE: high-density 

polyethylene. References (1:[1], 2: [2], 3:[6], 4:[7], 5:[8], 6:[9], 7:[10], 8:[11], 9: [12], 10: [13]) 
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Table 1. Collection of studies employing trickle bed reactors for the biological conversion of syngas components to biofuels in continuous mode (Part 2/2). References 

(11:[14], 12:[15], 13:[16], 14:[17], 15:[18], 16:[19]) 
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Appendix A 

Lab-Scale Trickle Bed Reactor 

 

Thermophilic Trickle Bed Reactor 
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Mesophilic Trickle Bed Reactors 
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Appendix B 

Pilot-Scale Trickle Bed Reactor 

 

Pilot Scale Trickle Bed Reactor 
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Appendix C 

Analytical Instruments 

 

Gas Chromatograph 

 

 

High Performance Liquid Chromatograph 
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