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Abstract 

In a circular economy approach, syngas biomethanation is a promising technology for waste to energy 

conversion. However, syngas can contain impurities, notably tar, that can limit the processes upgrading 

syngas downstream gasification. The effect of tar on syngas biomethanation is unknown. Therefore, 

for the first time, common tar components were tested on a consortium adapted for syngas 

biomethanation to assess the resistance of the microorganisms. Four light tar components (benzene, 

toluene, styrene and phenol) commonly found in syngas were selected and tested at different 

concentrations in batch tests. Adding pollutant up to inhibitory concentrations affected both the lag 

phase of microbial growth and the rates of the bioreactions. Hydrogenotrophic methanogens were 

found to be more sensitive than carboxydotrophs. Amongst the four tested pollutants, phenol appears 

to be the most problematic, due not only to its high inhibitory effect but also to its high solubility, 

allowing phenol in the syngas to reach high inhibitory concentrations. This study paves the way for 

further research on the resistance of syngas biomethanation to impurities contained in the syngas.  
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Highlights 

• The inhibitory impact of tar pollutants from syngas on biomethanation was assessed. 

• Hydrogenotrophic methanogens appear to be more sensitive than carboxydotrophs. 

• Adding pollutants both impacted the rate and the lag time of microbial growth. 

• Phenol was the most inhibitory component.  
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1. Introduction 

The increasing energy demand in the world, coupled with future limitation of available fossil fuels [1] 

brings the necessity to find more sustainable modes of energy production. Using renewable feedstocks 

such as biomass residues or waste is a promising approach to develop new energy sources [2]. Indeed, 

using waste to produce energy is an interesting way to reduce their environmental impact and to 

produce cleaner energy. In this regard, gasification is an increasingly studied solution to upgrade waste 

or biomass to energy in the form of syngas, which is a mixture of H2, CO, CO2, N2 and CH4. Gasification 

is a versatile process that allows quick disposal of wastes, can convert a wide variety of inputs and can 

lead to a great diversity of end products in the form of heat, power, H2, and second generation fuels 

[2, 3].  

However, gasification of biomass faces a few issues, one of which being the production of undesirable 

products such as polycyclic aromatic hydrocarbons (PAH), nitrogen compounds (HCN, NH3), sulfur 

compounds (H2S, COS, CS2), halogenated compounds (HCl, HBr, HF, HI, HIO3) and tars. The definition 

of tars varies according to the studies, but a consensus defines them as all hydrocarbon with molecules 

weight superior to benzene [4]. They can be classified in various ways, one of which is according to 

molecular weight with the heavy tars undetectable by GC (class 1), heterocyclic aromatics such as 

phenol, cresol…(class 2), light aromatics such as benzene, toluene…(class 3), light PAH compounds such 

as indene, naphthalene (class 4) and heavy PAH compounds such as fluoranthene, pyrene (class 5) [5]. 

Tar have a negative impact on the gasification process, for instance tar condensation can lead to pipe 

clogging [6] and to process deficiencies. Tar can also limit the technologies downstream of the 

gasification process: gas engines require tar levels not higher than 50 mg/Nm3, gas turbine 5 mg/Nm3, 

and fuel cells 1 mg/Nm3 while tar levels can range from 100 mg/Nm3 to 100 g/Nm3 depending on the 

gasifier technology [5].  

In addition to being converted to heat or power, syngas can be upgraded to biofuels. In this regard, 

syngas fermentation is a well-studied technology at commercial stage [7]. Bioprocess can also be 

impacted by tar, as tar can induce cell dormancy and product redistribution [8]. However, the studies 

assessing the impact of tar on fermentation usually use pure culture to generate ethanol and acetic 

acid [9–11]. It is possible that using adapted mixed cultures would allow for better resistance to tar 

components, since some microorganisms could tolerate or degrade some compounds inhibitory to 

other microbial groups [12, 13].  

Another promising option for syngas upgrading is to convert syngas to methane. The benefits are to 

take advantage of the existing infrastructures for natural gas and to be able to mix the renewable 

methane with natural gas for a progressive energy transition.  
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Syngas conversion to methane can be carried out either via catalytic methanation or biological 

methanation. Even though the former is a better established technology [14], biological methanation 

is a promising technology that displays several advantages, such as milder operating conditions in 

terms of temperature and pressure, conversion of syngas independently of the ratio H2/CO, and a 

potential higher resistance to syngas impurities. Especially, biomethanation is expected to have a high 

resistance to NH3 and H2S compared to catalytic methanation, since these components are known to 

be necessary for methanogenic growth [15].  

In a biomethanation process, the reactions are facilitated by microorganisms that act as catalysts while 

supporting their growth [16]. Usually, biomethanation processes use adapted mixed cultures [17–21]. 

In this case, the conversion of syngas is the result of complex syntrophic or competitive interactions, 

and the main metabolic routes involved are dependent of the temperature [22, 23]. In thermophilic 

conditions, studies have shown that the system can be simplified to two main reactions:  

CO + H2O → H2 + CO2      (1) 

4H2 + CO2 → CH4 + 2H2O     (2) 

With CO being converted by carboxydotrophic microorganisms with H2/CO2 production and concurrent 

hydrogenotrophic methanogenesis [19, 23–26]. To our knowledge, only one study experimented 

biomethanation with a real syngas from a fluidized bed gasifier using steam as gasification agent and 

wood pellet as intrant [27]. Tar was cleaned through tar cracking and carbon filter. No apparent 

inhibition of the biomethanation process was observed, indicating either a good resistance of the 

biological consortium or a good efficiency of the cleaning process. This result is very promising for the 

syngas biomethanation technology. However, the tar content of the syngas was not disclosed. 

Therefore, the potential impact of tar and tar type on a syngas biomethanation consortium is today 

unknown. To our knowledge, there is no inhibition data available for a consortium adapted for syngas 

biomethanation. Thus, there is a need to quantify the impact of syngas impurities on biomethanation 

to dimension adapted cleaning processes. For this study, the attention was focused on tar, particularly 

on lighter tars that are less likely to condense in a cleaning process. 

To select the studied tar, common compositions of tar in syngas were considered. According to Coll et 

al. [28] and Gautam et al. [29], the main tar components are aromatics (37-66%), PAHs (21-27%) and 

phenols (5-7%). Consequently, we researched inhibition data for components from these main groups. 

Inhibition data were scarce for these types of components and were only found for acetoclastic 

methanogens [30–33]. Four components were selected, that are at the same time found in high 

amounts in syngas and have available inhibitory data in the literature: benzene, toluene, styrene and 

phenol. They are commonly found in syngas from biomass gasification [29, 34–37]. The impact of the 
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four selected light tars at different concentrations on a consortium adapted for syngas biomethanation 

were evaluated in batch test and compared to inhibitory concentrations from the literature. 

2. Material and Method 

The tests were performed in 305 mL flasks, with a liquid volume of 85 mL. The temperature was 

adjusted at 55°C with a thermoregulated orbital incubator, that also enable gas-liquid mass transfer 

(agitation at 120 rpm). The flasks were kept in the dark to avoid light exposure of the sensitive 

methanogens [38]. The consortium was collected from a pressurized continuous reactor performing 

synthetic syngas biomethanation [19]. The collected medium was diluted two times to reach a total 

solid concentration of 4.2 g/L in the flasks. The artificial syngas was produced with H2 (>99.9999%) 

being generated using an electrolyser (Claind srl, Italy) and CO (>99%) and CO2 (>99.7%) being supplied 

with gas bottles (Air Liquide, France). No synthetic medium was added to the flasks, as it was 

considered that the reactor consortium was sufficiently concentrated in nutrients. The pollutant was 

then added to the flask, except for the control. 1 mL of Na2S (16.2 g/L) was then added to each flask to 

ensure anaerobic conditions.  

Each flask was flushed for 2 mins with an artificial syngas mixture (40% CO, 40% H2, 20% CO2) to ensure 

anaerobic conditions and saturate the liquid with syngas. As the gas mixture was obtained from three 

mass flow controllers, the initial gas concentrations in the flasks were measured using gas 

chromatography (Fusion GC, Inficon, Switzerland) to lower the uncertainties on this value. Then the 

flasks were closed using a rubber seal and the pressure was increased up to 2 bar55°C by injecting the 

same syngas mixture through a needle perforating the rubber seal.   

Gas sampling was then performed manually, using a syringe connected to a needle, 2 or 3 times per 

day and were not sampled at night. 5 mL of gas at room temperature were sampled each time and 

analysed with gas chromatography. The pressure in the flasks was measured before and after 

sampling.  

As stated earlier, the pollutant tested were benzene (99.5%), toluene (99.8%), styrene (99.9%) and 

phenol (99.5%).The concentrations tested corresponded either to the solubility of the component at 

55°C to expose the microorganisms to the highest concentrations they could experience, or to a 

concentration that could lead to 50% of inhibition (IC50). Due to a lack of quantified inhibitory 

concentrations for carboxydotrophic or hydrogenotrophic methanogens in the literature, the IC50 

concentrations were obtained from the literature data for mesophilic acetoclastic methanogens. They 

are presented in Table 1, as well as the references used to determine the solubilities.  
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Table 1. Solubilities and IC50 found in literature for the four pollutants. 

Pollutant Solubility at 55°C (g/L) Ref IC50 (g/L) Ref 

Benzene 2.02 [39] 1.2 – 1.5  [30, 31, 33] 

Toluene 0.7 [40] 0.58 [30, 31] 

Styrene 0.5 [41] 0.01 – 0.15 [30, 33] 

Phenol 83 g/L (25°C) [42] 2.4 - 2.1 - 1.1 [31–33] 

 

For benzene and toluene, since the IC50 concentrations found in the literature were closed to the 

maximum solubility at 55°C, only the concentration at solubility was tested. For styrene, 

concentrations at solubility and at IC50 were tested. For phenol, since the concentration at solubility 

was much higher than the IC50 concentrations found in the literature, it was hypothesized that it would 

completely inhibit the microorganisms and that it was irrelevant to inject that much pollutant. 

Therefore, three concentrations were tested : the IC50 concentration found in literature (2 g/L), a 

concentration ten time higher and a concentration ten times smaller. The tested concentrations are 

displayed in Table 2. All experiment were performed in duplicate for each concentration. 

Table 2. Tested concentrations in the inhibition tests. All concentrations were tested in duplicate. 

Pollutant Concentrations tested (g/L) 

Benzene 2.0 

Toluene 0.7 

Styrene 0.01 

0.5 

Phenol 20 

2 

0.2 

 

Gas-liquid mass transfer coefficient (kLa) was characterized for oxygen using an a EasySense O2 21 

probe (Mettler Toledo, Switzerland) to measure dissolved oxygen concentration. The reoxygenation 

method in clean water was used according to He et al. [43]. The kLa for O2 was found to be 13 h-1 at 1 

atm. It must be noted that the introduction of the oxygen probe in the system created flow 

perturbations that could increase the mass transfer coefficient .   

In a biological process, the rate of substrate uptake can be estimated from the Monod equation:  

𝑟 =
𝑑𝑆

𝑑𝑡
= −

𝜇𝑚𝑎𝑥𝑋

𝑌
×

𝑆

𝐾𝑆+𝑆
    (3) 
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With 𝜇𝑚𝑎𝑥 the maximum specific growth rate (1/time) for the culture, 𝑆 the substrate concentration 

(mass/volume), 𝐾𝑆 the half-saturation constant (mass/volume), X the biomass concentration and Y the 

growth yield (mass/mass).  

The system is considered to be mass transfer limited. Indeed, the flasks had both lower pressure (2 bar 

initially) and lesser kLa (13 h-1 for O2) than the continuous gas fed reactor (4 bar – 28 h-1), which is 

considered transfer limited [19]. Therefore, mass transfer limitation implies that the substrate 

concentration S is low and S << Ks . In this case, according to Eq. 3, the reaction can be considered to 

be first order with regards to substrate concentration [44]. Therefore, the apparent rate constants ki 

(h-1) for the substrate uptake and methane production were computed by fitting a first order model 

on the curve of the evolution of the molar composition of the substrate (CO or H2) in the gas phase. 

For some experiments, CO conversion started before H2 conversion, leading to H2 accumulation in the 

gas phase according to Eq. 1. In this case, the apparent rate constant kH2 was calculated by fitting a first 

order model after the start of H2 conversion. All experimental results, fittings as well as the quality of 

the fitting (R²) are available in Supplementary Material.  

It should be noted that in a transfer limited system, the apparent rate constant corresponds to the rate 

at which the substrate is transferred to the liquid phase. The inhibition factor was then calculated in 

comparison with the substrate rate uptake of the control and the one of the flask with pollutant: 

 𝐼𝐶 =  
𝑘𝑖,𝑐𝑜𝑛𝑡𝑟𝑜𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅−𝑘𝑖,𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑘𝑖,𝑐𝑜𝑛𝑡𝑟𝑜𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  [%]    (4) 

An inhibition factor of 0 means no inhibition by the pollutant, whereas an inhibition factor of 100 

corresponds to full inhibition. It was calculated that the purges made for gas sampling had a low impact 

(<5%) on the substrate uptake rate calculations and on the evolution of moles of gaseous components 

in the headspace; they were therefore neglected. The measured pressures were however corrected 

for the water content. All experiments were performed in duplicate, and the apparent rate constants 

were calculated by fitting the model for each replicate. Then, they were used to calculate the mean 𝑘�̅� 

and standard deviations, which were used to calculate the inhibition factors and their uncertainties.  

3. Results  

1.1 First order model fitting: benefits and limitations 

To be able to calculate the apparent kinetic constant k, a first order model was considered as 

mentioned in Material and Methods. For many experiments, this model seemed appropriate. For 

instance, regarding CO conversion, the model was able to accurately predict the evolution of CO 

amount in the absence of pollutant (Fig. 1-a and Fig. 1-b) with R² of 1.0. 
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In the presence of 0.5 g/L of styrene (Fig. 1-c and Fig. 1-d), an apparent inhibition of 76 ± 9% was 

observed compared to the control. In the presence of an inhibition, the reaction rate is lowered and 

could become inferior to the mass transfer rate, leading to CO accumulation in the liquid. In this case, 

the hypothesis made above that concentration S is low and S << Ks, leading to consider a first order 

model, could become inaccurate. However, even in the presence of a strong inhibition at 0.5 g/L of 

styrene, the first order model was still able to correctly predict the evolution of CO uptake, with R² of 

0.94 and 0.97 for the first and second replicate respectively.  

The calculated kCO were similar between the two replicates for the control, with relative uncertainty 

of 9% (Table 3). The uncertainty was higher with 0.5 g/L of styrene (26%). This could be due to the 

lesser quality of the fitting.  

  

  

Fig. 1 Evolution of the amount of CO (mmoles) in the absence of pollutant, first replicate (A) and second replicate (B), and in 
the presence of 0.5 g/L of styrene, first replicate (C) and second replicate (D). Apparent kinetic constants kCO were calculated 
for each replicate by fitting the model. The mean apparent kinetic constants were then calculated: (6.9 ± 0.6).10-2 h-1  for the 
control, (1.7± 0.4).10-2 h-1 with 0.5 g/L of styrene) 

A main limitation of this fitting was the discrepancy between two replicates regarding the start of the 

reactions for some experiments. For instance, in the experiment with 0.2 g/L of phenol (Fig. 2), there 

was a difference in the lag phase: H2 conversion started after 48 hours in the first replicate, whereas 

it started after 22 hours in the second replicate. As mentioned in the Material and Methods section, 
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the first-order model was fitted after the start of H2 uptake. The fitting was considered satisfactory, 

with R² values above 0.97 in both cases. Moreover, the calculated kH2 values were similar, resulting in 

a mean value of 0.1 h-1 with a relative uncertainty of only 9%. It remains unclear why an identical 

concentration of phenol would have a different impact on the lag phase of the reaction but not on 

the apparent rate constant. Another limitation of the fitting was the low number of experimental 

points. Due to the delay before the start of methanogenesis, for some experiments the model was 

only fitted to three points (Supplementary Material), which is an issue regarding the relevance of the 

calculated apparent conversion rate. Still, the use of the first order model was considered 

satisfactory as it allowed to compare the apparent conversion rates between various experiments. It 

would be interesting to model the behaviour of the system using more complex biochemical models 

as proposed by Grimalt-Alemany et al. [45], by extending the model with inhibitory effects [46].  

  

Fig. 2 Evolution of the amount of H2 (mmoles) in the presence of 0.2 g/L of phenol, for the first (A) and second replicate (B).  

1.2 Inhibition: impact on the rate constants and on the lag time microbial growth  

The evolution of the amount of each gas for one experiment are displayed in Fig. 3 for the control, for 

toluene and styrene at their maximal solubility and for phenol at 20 g/L. The same general trends were 

observed for the other pollutants and concentrations (Supplementary Material). The impact of the 

pollutants has been studied on the apparent kinetic constant k of CO and H2 conversion, as well as CH4 

production. 

It can be seen in Fig. 3-a that CO conversion was impacted by the pollutant addition, at different extent 

depending on the pollutant. We can see by the shape of the curves that considering a first order 

reaction in regard to substrate is a good estimate of the system behaviour. We observed that adding 

these pollutants at theses concentrations had an impact on the reaction rates, for example, the 

apparent rate constant relative to CO uptake (Fig. 3-a). The control had an apparent rate constant of 

(6.9 ± 0.6).10-2 h-1, whereas with the presence of pollutants, the apparent rate constants were smaller 
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: (5.2 ± 0.5).10-2 h-1 for toluene (0.7 g/L), (1.7 ± 0.4).10-3 h-1 for styrene (0.5 g/L) and (4.8 ± 0.7). 10-3 h-1 

for phenol (20 g/L). The presence of pollutant also impacts the H2 uptake rate (as can be seen by the 

shape of the curves in Fig. 3-b, as well as by the calculated values in Table 3), that had for example an 

apparent rate constant of (1.0 ± 0.2).10-1 h-1 for the control and of (9.5 ± 1.6).10-2 h-1 with toluene. 

Methane production (Fig. 3-c) was also slowed down with apparent rate constants (8.4 ± 0.3).10-2 h-1 

for the control and  (3.6 ± 1.6).10-2 h-1 for the flask with toluene. The data are summarized in Table 3. 

Table 3. Apparent rate constants and inhibition factors for one experiment testing high concentrations of toluene, styrene 
and phenol. The apparent rate constants for a given concentration presented are mean values of rate constants obtained 
from two replicates.  

 Control 
Toluene  
(0.7 g/L) 

Styrene  
(0.5 g/L) 

Phenol  
(20 g/L) 

𝒌𝑪𝑶
̅̅ ̅̅ ̅ (h-1 ) (6.9 ± 0.6).10-2 (5.2 ± 0.5).10-2 (1.7 ± 0.4).10-3 (4.8 ± 0.7). 10-3 

𝒌𝑯𝟐
̅̅ ̅̅ ̅  (h-1 ) (1.0 ± 0.2).10-1 (9.5 ± 1.6).10-2 (8 ± 0).10-3 (4.8 ± 0.1). 10-3 

𝒌𝑪𝑯𝟒
̅̅ ̅̅ ̅̅ ̅  (h-1 ) (8.4 ± 0.3).10-2 (3.6 ± 1.6).10-2 (5 ± 5).10-5 0 ± 0 

ICCO (%)  
24 ± 14 % 76 ± 9 % 93 ± 2 % 

ICH2 (%)  

9 ± 34 % 

 

93 ± 2 % 

 

95 ± 1 % 

 

ICCH4 (%)  
58 ± 21 % 100 ± 0 % 100 ± 0 % 

 

Moreover, regarding H2 conversion and CH4 production, a higher lag time before the start of the 

conversion was also observed. H2 conversion began only at day 24 (Fig. 3-b) for the flask containing 

toluene, whereas it had already started at day 4 for the control. The same trend can be observed in 

Fig. 3-c, with methane production starting after day 20 for the flask containing toluene whereas there 

was no lag time for the control. It is likely that H2 conversion began also at day 20 with methane 

production, but at a much smaller rate than H2 production from CO, leading to H2 accumulation in the 

headspace until day 24. Therefore, we can conclude that the pollutants had two possible impacts on 

the biological reactions: it could increase the delay at which the microbial growth would start, and it 

could slow down the reaction rates. 

1.3 Highlighting of the metabolic routes 

The metabolic routes are highlighted by these experiments. Indeed, two steps can be distinguished. 

First, CO conversion with H2 accumulations (day 1-4 for the control and day 1-24 in the presence of 

toluene), then H2 conversion with methane production (Fig. 3). This is coherent with the already 



10 
 

observed metabolic routes in thermophilic conditions, where CO is preferentially converted to H2/CO2 

and H2/CO2 to methane by hydrogenotrophic methanogens [19, 23–26].  

In the control, there is a difference of four days between the start of CO conversion (Fig. 3-a) and the 

start of H2 conversion (Fig. 3-b). This is likely due to the higher sensitivity of methanogens to oxygen 

[47] or light [38], that they have been exposed to during the preparation of the flasks. It is unlikely that 

it is due to an inhibition lift on methanogens due to lower CO exposure as CO is converted. Indeed, the 

consortium has been exposed in the pressurized continuous reactor to CO partial pressure up to 1.6 

bar without apparent CO inhibition [19], and the initial CO partial pressure in the batch flasks is two 

times smaller (0.8 bar). Even though CO conversion to H2/CO2 is an intermediate of methanogenesis, 

in continuous experiment no lag phase were observed between CO and H2 conversion [19]. 

It appears that adding pollutant impacts differently the two main conversion routes. Regarding toluene 

(at 0.7 g/L), CO conversion was affected by the pollutant (24 ± 14% of inhibition according to Eq. 4) as 

well as H2 conversion (9 ± 34 % of inhibition, the high uncertainty could be due to the quality of the 

fitting and the low number of experimental points as mentioned above. Fitting displayed in 

Supplementary Material. ). However, inhibition of hydrogenotrophic methanogenesis was also 

expressed by a higher delay before the start of the conversion compared to the control. Regarding 

styrene (0.5 g/L), CO conversion was able to occur even though with a visible inhibition (Fig. 3-a), but 

H2 conversion to methane did not occur after 50 days (Fig. 3-b and C). For phenol (20 g/L), since the 

decrease in CO moles is very small, it is not possible to determine if it is due to a slight carboxydotrophic 

activity or to gas leaks or uncertainty of measure.  
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Fig. 3 Evolution of the amount of CO (mmoles) (A), H2 (B) and CH4 (C)  in the headspace of the reactor. Purges made for gas 
sampling were neglected. 
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1.4 Carboxydotrophs are more resistant than hydrogenotrophic methanogens 

Fig. 4 shows the inhibition factor calculated according to Eq. 4, for the different pollutants and 

concentrations tested.  

 

Fig. 4 Inhibition results for the tested pollutants and concentrations. IC were computed according to Eq. 4 

Carboxydotrophic microorganisms were more resistant to inhibition and were the first to be activated 

when the concentration of the pollutant decreased. For example, almost all microbial activity was 

inhibited for a phenol concentration of 20 g/L (95 ± 1 %, 100 ± 0 % and 93 ± 2 % of inhibition for H2 

conversion, CH4 production and CO conversion, respectively). Lowering the concentration to 2 g/L, H2 

conversion and CH4 production were still strongly inhibited (100 ± 0 % for both), but CO conversion 

inhibition was lowered to 66 ± 9 %. Decreasing the concentration to 0.2 g/L once again reduced all 

inhibition to a negligible level. The same phenomenon was observed for styrene at 0.5 g/L, where CO 

uptake inhibition (76 ± 9%) was less significant compared to H2 conversion inhibition (93 ± 2%) and CH4 

production (100 ± 0%). When the styrene concentration was further decreased to 0.01 g/L, CO 

inhibition was lower (12 ± 41%), indicating a significant trend despite the strong uncertainties, but a 

remaining inhibition of around 20% was still observed for hydrogenotrophic methanogens. This trend, 

where the two main metabolic routes are affected differently by the pollutant, was consistent across 

all experiments. Therefore, we can conclude that the hydrogenotrophic methanogens are more 

sensitive to the pollutants tested than the carboxydotrophic microorganisms. 
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As can be observed in Fig. 4, the pollutants impacted differently H2 conversion and CH4 production. For 

example, for toluene, H2 conversion was inhibited by 9 ± 34 %, whereas CH4 production was inhibited 

by 58 ± 21 %. As mentioned earlier, H2 conversion to CH4 is assumed to be the main metabolic route. 

The gap between the inhibition values for H2 conversion and CH4 production can be explained by the 

uncertainties. Moreover, other minor metabolic routes for H2 conversion and CH4 production could be 

involved, mainly with acetate production or consumption [16], which could explained the gap between 

the values.  

1.5 Comparison with the literature data  

The results were compared to the literature data presented in Table 1. For benzene and toluene, the 

concentration tested were higher than the reported IC50 and corresponded to the maximum solubility 

at 55°C of the components (Fig. 4). The observed inhibition was much lower than 50% for benzene (3 

± 8 % of inhibition). For toluene, the observed inhibition of methane production was 58 ± 21 %, 

however at a concentration (0.7 g/L) higher than the reported IC50 (0.58 g/L). Considering the high 

uncertainty of the results, it is hard to conclude when comparing to the literature data. For styrene, 

methane production was only inhibited by 26 ± 11 % at the IC50 concentration reported for 

acetoclastic methanogens. Therefore, it appears that for benzene and styrene, thermophilic 

hydrogenotrophic methanogens adapted for syngas biomethanation are more resistant than 

mesophilic acetoclastic methanogens. However, for phenol, the concentration corresponding to an 

IC50 for acetoclastic methanogens (2 g/L) strongly inhibited methanogenesis (100 ± 0 %), indicating a 

higher sensitivity. 

These results confirm that using inhibition data for acetoclastic methanogenesis is not accurate enough 

to predict the behaviour of a thermophilic consortium adapted for syngas biomethanation. This 

reinforces the necessity to develop specific quantification methods to investigate the inhibition of tar 

components on biomethanation consortia.   

Moreover, the data should be compared at equivalent biomass concentrations, as there are some 

indications that higher biomass concentration could reduce the impact of an inhibitory concentration 

[48, 49]. The microorganisms can be partially inhibited but still perform bioreactions at a lower rate. 

In this case, increasing the biomass concentration can compensate for the inhibition and lead to higher 

reaction rates. For instance, Araya et al. [36] found an IC50 for styrene of 0.15 g/L for a volatile 

suspended solid concentration (VSS) of 65.4 g/L, whereas Sierra-Alvarez and Lettinga [38] found an 

IC50 of 0.01 g/L at 1 gVSS/L. The difficulty in a mixed consortium adapted for syngas biomethanation is 

to know the biomass concentration for a specific group, as VSS concentration does not give the 

concentration of biomass related to methanogens or carboxydotrophs. Moreover, the structure of the 
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biomass (suspended, granular…) also impact the resistance of the microbial population to the 

pollutants [50]. Therefore, comparing inhibitory concentration on syngas biomethanation consortium 

should be done taking this into consideration.  

Furthermore, the results presented in this study must be interpreted considering gas-liquid mass 

transfer limitations. Indeed, as explained in the Material and Method, the system is considered transfer 

limited. Therefore, the inhibition results presented represent the impact of inhibition on rates that are 

already transfer limited. In other words, the absence of observed inhibition does not mean that there 

is no inhibition, as long as the biological substrate uptake rates remain over the mass transfer rate. 

Indeed, high biological uptake rates have been observed. For instance, in a former study that examined 

the intensification of syngas biomethanation, a CO specific activity of 2.5 LSTP/gbiomass/d was calculated 

[49]. With a biomass concentration of 4.2 g/L in the flasks, this would result in a CO biological 

conversion rate of 10.5 LSTP/L/d in the batch tests of this study. However, considering a kLa of 13 h-1  as 

mentioned in the Materials and Methods section, the maximum mass transfer rate at the beginning of 

the experiment, with a CO partial pressure of 0.8 bar, can be estimated to be 0.01 LSTP/L/d. This value 

is significantly lower than the estimated biological uptake rate. Therefore, when comparing inhibition 

data from the literature, it is important to keep in mind that a low inhibitory concentration measured 

with a system with poor mass transfer could have a much more significant inhibitory effect in a system 

with better mass transfer performance. 

In addition, the results are only to consider on a non-acclimated sludge. Indeed, some anaerobic 

microorganisms are able to degrade pollutants such as benzene [51], toluene [52], phenol [53] and 

styrene [54]. It can be hypothesised that a consortium adapted for syngas-biomethanation could be 

adapted to degrade some of the tar components present in syngas. Such a consortium would be even 

more tolerant to syngas impurities, as it would be enriched in microorganisms degrading the pollutants 

and protecting the more sensitive methanogens and carboxydotrophs.  

All these parameters (biomass concentration, mass transfer limitations, adaptation of the consortium 

to the pollutant) are to consider when designing syngas cleaning process. More tests need to be done 

in systems not limited by transfer, for instance by lowering the biomass concentration to allow for the 

biological rates to be inferior to the mass transfer rates. In such system, for fixed biomass 

concentration, IC50 concentrations should be defined for tar components present in syngas. We 

recommend this methodology to ensure the comparison of literature data. This would allow the 

establishment of a database of inhibitory concentrations on syngas biomethanation consortia, which 

would help in designing an adapted syngas cleaning process. 



15 
 

1.6 Comparison with syngas compositions 

The range of concentrations tested in this study is wide. The worst case was considered (maximum 

solubility of the considered components) and as well as a reference inhibitory concentration from the 

literature. As an example, the tested concentrations were compared to the syngas composition from 

Gautam et al. [29], who characterized tar formation during the gasification of wood pellet, using a 

stratified downdraft gasifier.  

Using Henry’s law, we calculated the concentrations in pollutant that their syngas would induce in a 

biomethanation reactor operated at 55°C and 4 bar. Henry’s coefficients were corrected for 

temperature according to Sander [53]. The results are presented in Table 4. For instance, injecting in a 

biomethanation reactor a syngas with a composition similar to that of Gautam et al. [29] of 2.4 mg/Nm3 

of benzene would provoke a dissolved concentration of benzene in the liquid of 1.1 x 10-5 g/L. In this 

study, a concentration of 2 g/L of benzene was tested on a non-acclimated sludge and only 20% of 

inhibition was observed on carboxydotrophic and hydrogenotrophic activity. Therefore, the benzene 

composition of a syngas with composition similar to that of Gautam et al. [29] should not induce 

inhibition on syngas biomethanation.  

Table 4. Dissolved concentrations in pollutant that syngas from Gautam et al.[29] would induce in a biomethanation reactor 
operated at 55°C and 4 bar. 

 Syngas concentration Concentration in the biomethanation reactor 

Component 

Minimum 

concentration 

(mg/Nm3) 

Maximum 

concentration 

(mg/Nm3) 

Minimum dissolved 

concentration (g/L) 

Maximum dissolved 

concentration (g/L) 

Benzene 1.4 2.4 6.6 x 10-06 1.1 x 10-05 

Toluene 76.8 198.3 2.8 x 10-04 7.1 x 10-04 

Styrene 21 65.1 1.3 x 10-04 3.9 x 10-04 

Phenol 6.9 67.2 7.6 x 10-01 7.4 

 

The same can be said for toluene and styrene, the tested concentrations that induced mild inhibition 

(around 20%) are 104 times higher than what a syngas with a composition similar to that of Gautam et 

al. [29] would induce in a biomethanation reactor, therefore these components would likely not induce 

inhibition in these concentrations.  

However, in the case of phenol, a syngas with a composition similar to that of Gautam et al. [29] would 

induce a dissolved phenol concentration of 7.4 g/L in a biomethanation reactor. Yet, phenol 

composition of 2 g/L induced full inhibition of hydrogenotrophic activity and methanogenesis, and 66 

± 9 % inhibition of carboxydotrophic activity. Therefore, we can consider that 7.4 g/L of phenol would 
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have a high inhibitory impact on non-adapted microorganisms. An adapted syngas cleaning technology 

in order to remove phenol from syngas should be considered when working with syngas with a 

composition similar to that of Gautam et al. [29].  

In addition, when working in continuous mode, the accumulation of the contaminants in the 

biomethanation reactor must be considered. In the end, the concentration of pollutant experienced 

by the microorganisms will be an equilibrium between the injected quantities in the syngas, the part 

consumed by acclimated microorganisms and the liquid purge.  

Conclusion 

For the first time, the impact of four common light tar components of syngas on a syngas-

biomethanation consortium were investigated. The highest concentration (solubility at 55°C) as well 

as IC50 values from the anaerobic digestion literature were tested. Adding pollutant both impacted 

the rate and the lag time of microbial growth. Methanogens were more impacted by the pollutant than 

carboxydotrophic microorganisms. Due to its high solubility and inhibitory effect, phenol was identified 

as a key component to clean from the syngas. The need for a specific database regarding inhibition of 

syngas biomethanation consortia was highlighted and a methodology was proposed to allow 

consistency between different studies. 

  



17 
 

References 

1.  Höök, M., Tang, X.: Depletion of fossil fuels and anthropogenic climate change—A review. 
Energy Policy. 52, 797–809 (2013). https://doi.org/10.1016/j.enpol.2012.10.046 

2.  Ghosh, S.K.: Energy Recovery Processes from Wastes. Springer, Singapore (2020) 
3.  Molino, A., Chianese, S., Musmarra, D.: Biomass gasification technology: The state of the art 

overview. Journal of Energy Chemistry. 25, 10–25 (2016). 
https://doi.org/10.1016/j.jechem.2015.11.005 

4.  Valderrama Rios, M.L., González, A.M., Lora, E.E.S., Almazán del Olmo, O.A.: Reduction of tar 
generated during biomass gasification: A review. Biomass and Bioenergy. 108, 345–370 (2018). 
https://doi.org/10.1016/j.biombioe.2017.12.002 

5.  Rueda, Y.G., Helsen, L.: The role of plasma in syngas tar cracking. Biomass Conv. Bioref. 10, 
857–871 (2020). https://doi.org/10.1007/s13399-019-00461-x 

6.  Liu, Z.: Gasification of municipal solid wastes: a review on the tar yields. Energy Sources, Part A: 
Recovery, Utilization, and Environmental Effects. 41, 1296–1304 (2019). 
https://doi.org/10.1080/15567036.2018.1548508 

7.  Daniell, J., Köpke, M., Simpson, S.: Commercial Biomass Syngas Fermentation. Energies. 5, 
5372–5417 (2012). https://doi.org/10.3390/en5125372 

8.  Xu, D., Tree, D.R., Lewis, R.S.: The effects of syngas impurities on syngas fermentation to liquid 
fuels. Biomass and Bioenergy. 35, 2690–2696 (2011). 
https://doi.org/10.1016/j.biombioe.2011.03.005 

9.  Ahmed, A., Cateni, B.G., Huhnke, R.L., Lewis, R.S.: Effects of biomass-generated producer gas 
constituents on cell growth, product distribution and hydrogenase activity of Clostridium 
carboxidivorans P7T. Biomass and Bioenergy. 30, 665–672 (2006) 

10.  Datar, R.P., Shenkman, R.M., Cateni, B.G., Huhnke, R.L., Lewis, R.S.: Fermentation of biomass-
generated producer gas to ethanol. Biotechnol. Bioeng. 86, 587–594 (2004). 
https://doi.org/10.1002/bit.20071 

11.  Ramachandriya, K.D., Kundiyana, D.K., Sharma, A.M., Kumar, A., Atiyeh, H.K., Huhnke, R.L., 
Wilkins, M.R.: Critical factors affecting the integration of biomass gasification and syngas 
fermentation technology. Aims Bioeng. 3, 188–210 (2016) 

12.  Grunwald, P. ed: Mixed Microbial Cultures for Industrial Biotechnology: Success, Chance, and 
Challenges. In: Industrial Biocatalysis. pp. 241–274. Jenny Stanford Publishing (2014) 

13.  Wainaina, S., Horváth, I.S., Taherzadeh, M.J.: Biochemicals from food waste and recalcitrant 
biomass via syngas fermentation: A review. Bioresource Technology. 248, 113–121 (2018). 
https://doi.org/10.1016/j.biortech.2017.06.075 

14.  Ren, J., Liu, Y.-L., Zhao, X.-Y., Cao, J.-P.: Methanation of syngas from biomass gasification: An 
overview. International Journal of Hydrogen Energy. 45, 4223–4243 (2020). 
https://doi.org/10.1016/j.ijhydene.2019.12.023 

15.  Bryant, M.P., Tzeng, S.F., Robinson, I.M., Joyner, A.E.: Nutrient Requirements of Methanogenic 
Bacteria. In: Pohland, F.G. (ed.) Anaerobic Biological Treatment Processes. pp. 23–40. 
AMERICAN CHEMICAL SOCIETY, WASHINGTON, D. C. (1971) 

16.  Grimalt-Alemany, A., Skiadas, I.V., Gavala, H.N.: Syngas biomethanation: state-of-the-art review 
and perspectives. Biofuels, Bioproducts and Biorefining. 12, 139–158 (2018) 

17.  Aryal, N., Odde, M., Bøgeholdt Petersen, C., Ditlev Mørck Ottosen, L., Vedel Wegener Kofoed, 
M.: Methane production from syngas using a trickle-bed reactor setup. Bioresource 
Technology. 333, 125183 (2021). https://doi.org/10.1016/j.biortech.2021.125183 

18.  Asimakopoulos, K.: Biomethanation of synthesis gas in trickle bed reactors, (2019) 
19.  Figueras, J., Benbelkacem, H., Dumas, C., Buffiere, P.: Biomethanation of syngas by enriched 

mixed anaerobic consortium in pressurized agitated column. Bioresource Technology. 338, 
125548 (2021). https://doi.org/10.1016/j.biortech.2021.125548 



18 
 

20.  Li, Y., Liu, Y., Wang, X., Luo, S., Su, D., Jiang, H., Zhou, H., Pan, J., Feng, L.: Biomethanation of 
syngas at high CO concentration in a continuous mode. Bioresource Technology. 346, 126407 
(2022). https://doi.org/10.1016/j.biortech.2021.126407 

21.  Westman, S., Chandolias, K., Taherzadeh, M.: Syngas Biomethanation in a Semi-Continuous 
Reverse Membrane Bioreactor (RMBR). Fermentation. 2, 8 (2016). 
https://doi.org/10.3390/fermentation2020008 

22.  Asimakopoulos, K., Łężyk, M., Grimalt-Alemany, A., Melas, A., Wen, Z., Gavala, H.N., Skiadas, 
I.V.: Temperature effects on syngas biomethanation performed in a trickle bed reactor. 
Chemical Engineering Journal. 393, 124739 (2020). https://doi.org/10.1016/j.cej.2020.124739 

23.  Grimalt-Alemany, A., Łężyk, M., Kennes-Veiga, D.M., Skiadas, I.V., Gavala, H.N.: Enrichment of 
Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role 
of Kinetic and Thermodynamic Competition. Waste Biomass Valor. (2019). 
https://doi.org/10.1007/s12649-019-00595-z 

24.  Guiot, S.R., Cimpoia, R., Carayon, G.: Potential of Wastewater-Treating Anaerobic Granules for 
Biomethanation of Synthesis Gas. Environmental Science & Technology. 45, 2006–2012 (2011). 
https://doi.org/10.1021/es102728m 

25.  Luo, G., Wang, W., Angelidaki, I.: Anaerobic Digestion for Simultaneous Sewage Sludge 
Treatment and CO Biomethanation: Process Performance and Microbial Ecology. Environ. Sci. 
Technol. 130904143045005 (2013). https://doi.org/10.1021/es401018d 

26.  Sipma, J., Lens, P.N.L., Stams, A.J.M., Lettinga, G.: Carbon monoxide conversion by anaerobic 
bioreactor sludges. FEMS Microbiology Ecology. 44, 271–277 (2003). 
https://doi.org/10.1016/S0168-6496(03)00033-3 

27.  Asimakopoulos, K., Kaufmann-Elfang, M., Lundholm-Høffner, C., Rasmussen, N.B.K., Grimalt-
Alemany, A., Gavala, H.N., Skiadas, I.V.: Scale up study of a thermophilic trickle bed reactor 
performing syngas biomethanation. Applied Energy. 290, 116771 (2021). 
https://doi.org/10.1016/j.apenergy.2021.116771 

28.  Coll, R., Salvadó, J., Farriol, X., Montané, D.: Steam reforming model compounds of biomass 
gasification tars: conversion at different operating conditions and tendency towards coke 
formation. Fuel Processing Technology. 74, 19–31 (2001). https://doi.org/10.1016/S0378-
3820(01)00214-4 

29.  Gautam, G., Adhikari, S., Thangalazhy-Gopakumar, S., Brodbeck, C., Bhavnani, S., Taylor, S.: TAR 
ANALYSIS IN SYNGAS DERIVED FROM PELLETIZED BIOMASS IN A COMMERCIAL STRATIFIED 
DOWNDRAFT GASIFIER. 10 (2011) 

30.  Araya, P., Chamy, R., Mota, M., Alves, M.: Biodegradability and toxicity of styrene in the 
anaerobic digestion process. Biotechnology letters. 22, 1477–1481 (2000) 

31.  Blum, D.J.W., Speece, R.E.: A Database of Chemical Toxicity to Environmental Bacteria and Its 
Use in Interspecies Comparisons and Correlations. Research Journal of the Water Pollution 
Control Federation. 63, 198–207 (1991) 

32.  Chou, W.L., Speece, R.E., Siddiqi, R.H., McKeon, K.: The effect of petrochemical structure on 
methane fermentation toxicity. In: Ninth International Conference on Water Pollution 
Research. pp. 545–558. Elsevier (1979) 

33.  Sierra-Alvarez, R., Lettinga, G.: The effect of aromatic structure on the inhibition of acetoclastic 
methanogenesis in granular sludge. Applied microbiology and biotechnology. 34, 544–550 
(1991) 

34.  Huang, Q., Tang, Y., Lu, S., Wu, X., Chi, Y., Yan, J.: Characterization of Tar Derived from Principle 
Components of Municipal Solid Waste. Energy Fuels. 29, 7266–7274 (2015). 
https://doi.org/10.1021/acs.energyfuels.5b01152 

35.  Liakakou, E.T., Vreugdenhil, B.J., Cerone, N., Zimbardi, F., Pinto, F., André, R., Marques, P., 
Mata, R., Girio, F.: Gasification of lignin-rich residues for the production of biofuels via syngas 
fermentation: Comparison of gasification technologies. Fuel. 251, 580–592 (2019). 
https://doi.org/10.1016/j.fuel.2019.04.081 



19 
 

36.  Phuphuakrat, T., Nipattummakul, N., Namioka, T., Kerdsuwan, S., Yoshikawa, K.: 
Characterization of tar content in the syngas produced in a downdraft type fixed bed 
gasification system from dried sewage sludge. Fuel. 89, 2278–2284 (2010). 
https://doi.org/10.1016/j.fuel.2010.01.015 

37.  Rakesh N, Dasappa, S.: A critical assessment of tar generated during biomass gasification - 
Formation, evaluation, issues and mitigation strategies. Renewable and Sustainable Energy 
Reviews. 91, 1045–1064 (2018). https://doi.org/10.1016/j.rser.2018.04.017 

38.  Olson, K.D., McMahon, C.W., Wolfe, R.S.: Light sensitivity of methanogenic archaebacteria. 
Appl Environ Microbiol. 57, 2683–2686 (1991) 

39.  Neely, B.J., Wagner, J., Robinson, R.L., Gasem, K.A.M.: Mutual Solubility Measurements of 
Hydrocarbon–Water Systems Containing Benzene, Toluene, and 3-Methylpentane. J. Chem. 
Eng. Data. 53, 165–174 (2008). https://doi.org/10.1021/je700449z 

40.  Chen, H., Wagner, J.: An Efficient and Reliable Gas Chromatographic Method for Measuring 
Liquid-Liquid Mutual Solubilities in Alkylbenzene + Water Mixtures: Toluene + Water from 303 
to 373 K. J. Chem. Eng. Data. 39, 475–479 (1994). https://doi.org/10.1021/je00015a016 

41.  Lane, W.H.: Determination of Solubility of Styrene in Water and of Water in Styrene. Industrial 
& Engineering Chemistry Analytical Edition. 18, 295–296 (1946) 

42.  ICSC 0070 - PHENOL, 
https://www.ilo.org/dyn/icsc/showcard.display?p_version=2&p_card_id=0070 

43.  He, Z., Petiraksakul, A., Meesapya, W.: Oxygen-Transfer Measurement in Clean Water. 13, 6 
(2003) 

44.  Maier, R.M., Pepper, I.L.: Bacterial Growth. In: Environmental Microbiology. pp. 37–56. Elsevier 
(2015) 

45.  Grimalt-Alemany, A., Asimakopoulos, K., Skiadas, I.V., Gavala, H.N.: Modeling of syngas 
biomethanation and catabolic route control in mesophilic and thermophilic mixed microbial 
consortia. Applied Energy. 262, 114502 (2020). 
https://doi.org/10.1016/j.apenergy.2020.114502 

46.  Sonnad, J.R., Goudar, C.T.: Solution of the Haldane equation for substrate inhibition enzyme 
kinetics using the decomposition method. Mathematical and Computer Modelling. 40, 573–582 
(2004). https://doi.org/10.1016/j.mcm.2003.10.051 

47.  Jarrell, K.F.: Extreme Oxygen Sensitivity in Methanogenic Archaebacteria. BioScience. 35, 298–
302 (1985). https://doi.org/10.2307/1309929 

48.  Moreno-Andrade, I., Buitrón, G.: Influence of the initial substrate to microorganisms 
concentration ratio on the methanogenic inhibition test. Water Science and Technology. 48, 
17–22 (2003). https://doi.org/10.2166/wst.2003.0348 

49.  Uberoi, V., Bhattacharya, S.K.: Toxicity and degradability of nitrophenols in anaerobic systems. 
Water Environment Research. 69, 146–156 (1997). 
https://doi.org/10.2175/106143097X125290 

50.  Fang, H.H.: Microbial distribution in UASB granules and its resulting effects. Water Science and 
Technology. 42, 201–208 (2000). https://doi.org/10.2166/wst.2000.0272 

51.  Vogt, C., Kleinsteuber, S., Richnow, H.-H.: Anaerobic benzene degradation by bacteria: 
Anaerobic benzene degradation by bacteria. Microbial Biotechnology. 4, 710–724 (2011). 
https://doi.org/10.1111/j.1751-7915.2011.00260.x 

52.  Chakraborty, R., Coates, J.D.: Anaerobic degradation of monoaromatic hydrocarbons. Applied 
Microbiology and Biotechnology. 64, 437–446 (2004). https://doi.org/10.1007/s00253-003-
1526-x 

53.  Schink, B., Philipp, B., Müller, J.A.: Anaerobic Degradation of Phenolic Compounds. 
Naturwissenschaften. 87, 12–23 (2000). https://doi.org/10.1007/s001140050002 

54.  Tischler, D.: Pathways for the Degradation of Styrene. In: Tischler, D. (ed.) Microbial Styrene 
Degradation. pp. 7–22. Springer International Publishing, Cham (2015) 

55.  Sander, R.: Compilation of Henry’s law constants (version 4.0) for water as solvent. Atmos. 
Chem. Phys. 15, 4399–4981 (2015). https://doi.org/10.5194/acp-15-4399-2015 



20 
 

 

Statements and Declarations 

Acknowledgements 

The authors would like to thank ENOSIS for the financial support, Richard Poncet and Hervé Périer-

Camby for the original experimental setup, Nathalie Dumont and David Le Bouil for the chemical 

analysis. This work was performed within the framework of the EUR H2O’Lyon (ANR-17-EURE-0018) 

of Université de Lyon (UdL), within the program “Investissements d’Avenir” operated by the French 

National Research Agency (ANR).  

Fundings 

This work was supported by the Association Nationale de la Recherche et de la Technologie and the 

company ENOSIS. The funding sources had no involvement in study design; in the collection, analysis 

and interpretation of data; in the writing of the report; and in the decision to submit the article for 

publication. 

Competing Interests 

The authors have no relevant financial or non-financial interests to disclose. 

Author Contributions 

All authors contributed to the study conception and design. Material preparation and data collection 

were performed by Julie Figueras. Data analysis was performed by all authors. The first draft of the 

manuscript was written by Julie Figueras and all authors commented on previous versions of the 

manuscript. All authors read and approved the final manuscript. 

Data Availability 

The datasets generated during and/or analysed during the current study are not publicly available 

due to confidentiality.  

 


