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A B S T R A C T   

Competition for H2 between homoacetogenic bacteria and methanogenic archaea is commonly faced in bio-
logical biogas upgrading process reducing the potential for high methane production capacities. In the present 
work, different feeding regimes were examined using anaerobic inocula that were adapted and non-adapted to 
the gaseous feedstock. Adapted inoculum could compensate the increased pressure at all examined levels and 
especially, produced above 95% of the theoretical methane without accumulating acetate at 0.2 atm. On the 
contrary, acetate accumulation was detected when a non-adapted inoculum was used. Microbial adaptation to 
elevated pressures can be applied as a means to improve production capacities. Thermodynamic analysis showed 
that hydrogenotrophic methanogenesis had always lower permissive H2 partial pressures (3.20–7.46 Pa) 
compared to homoacetogenesis (0.43–0.85 Pa) at the examined pH (neutral vs alkaline) and pressure levels (i.e., 
0.2–2.0 atm). An unstructured kinetic model was developed to study the influence of the examined variables in 
the hydrogenotrophic, homoacetogenesis and aceticlastic pathways. The kinetic parameters of the proposed 
model were estimated from experimental results and the goodness of the fitting was assessed by the coefficient of 
determination which indicated that the model describes efficiently the dynamics of the different compounds 
involved in the investigated pathways.   

1. Introduction 

Power to methane holds a key role to improve the sustainability of 
the energy sector by replacing the fossil fuels with renewables. Excess 
electric power from renewables is used to produce H2 which can be 
further coupled with CO2 to form CH4 in either a thermochemical or 
biological methanation reactor [1]. Compared to thermochemical pro-
cesses, the biological methanation is conducted in moderate tempera-
ture and pressure levels and it is also more robust in impurities than 
metal catalysts [2]. Hence, biogas upgrading through the microbial 
coupling of H2 with CO2 has gained attention during the recent years 
increasing the readiness level of the technology due to the successful 
progress in the field. Different research groups developed the bio-
methanation technology from lab- to pilot- scale achieving appropriate 
gas quality for grid injection at optimized conditions [3–6]. 

Biomethanation efficiency highly relies on H2 transfer from gas to 
liquid phase. Thus, special focus has been given on improving reactor 

designs (e.g. trickle bed reactors, membrane based reactors) and char-
acteristics (i.e. packing, diffusers) to increase the availability of gases to 
the microbes [7–9]. Despite regularly achieving a product gas for direct 
feed-in to the gas grid (>95% CH4), studies are still witnessing loses of 
H2 not converted through the methanogenic pathway [10,11]. Even in 
well-performing reactors, up to 5% of supplied H2 can be “lost” as 
electron donor for the reduction of CO2 to acetate decreasing the CH4 
production capacity [12]. Furthermore, under stress conditions homo-
acetogenic bacteria consume over 40% of the added H2 at increased 
partial pressures (p(H2)) [13]. Indeed, methanogens are considered to 
be less competitive at increased p(H2) compared to homoacetogens [14]. 
Moreover, the minimum H2 thresholds –under which the uptake is not 
thermodynamically possible –were found to be higher for homoaceto-
genesis compared to methanogenesis based on the in-situ H2 concen-
trations [15]. Nevertheless, none of the above-mentioned very 
informative researches focused on thermodynamics examining the H2 
competition using inocula with potential to be used in bioenergy sector. 
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In addition, H2/CO2 utilization is highly affected by temperature 
levels. For instance, homoacetogens could outcompete hydro-
genotrophic methanogens for the utilization of H2 pool at low temper-
atures [15]. In contrast, at mesophilic and thermophilic range –which 
are typically applied in full-scale anaerobic digesters –the hydro-
genotrophic methanogens are the primary and dominant H2 consumers 
[16]. However, competitive homoacetogens are regularly detected in 
traditional anaerobic digestion (AD) environments [17–19] and also, in 
biogas upgrading reactors during imbalanced process performance [4, 
20]. Homoacetogens can grow well in a wide range of pH having their 
optimum from 5.5 to 7.0 [21,22]. On the other hand, inocula enriched in 
hydrogenotrophic archaea showed diverse bioconversion efficiencies 
depending on pH levels. Higher methane yields were achieved by Bas-
sani et al. [23] in neutral (6.0–7.0) compared to alkaline (>8.5) pH 
range. On the contrary, the methanogenic activity of hydrogenotrophic 
archaea was slightly improved at alkaline (8.5–9.0) compared to neutral 
pH values (7.0–7.5) [24]. These completely opposite observations can 
be attributed to the microbial composition of the inocula used. Adap-
tation to substrates, structure, relative abundance and activity of the 
different microbial groups highly affect pathways stimulation. For 
instance, the acetoclastic methanogens can be favored in cases of 
homoacetogenesis consuming the accumulated acetate. Nevertheless, 
this alternative methanogenic pathway demands more energy than the 
direct hydrogenotrophic methanogenesis due to energy spillage to 
maintain two different microbial groups rather than one [25]. Hence, 
avoidance of homoacetogenesis or in other words, stimulating hydro-
genotrophic methanogenesis could lead to increased bioenergy output 
from a bioenergetics point of view. 

Dynamic models for both hydrogenotrophic methanogenesis and 
reductive acetogenesis have been considered separately. Smith et al. 
[26] investigated the mathematical modeling of hydrogen consumption 
by acetogens drawing attention to the importance of considering a 
hydrogen threshold. Due to the limitation of Monod kinetic model for 
microbial growth to capture hydrogen uptake by these bacteria and the 
proposed existence of a minimum hydrogen concentration required for 
acetogen growth; Smith et al. [26] proposed a set of mathematical 
models that include a hydrogen threshold term to describe hydrogen 
consumption. Their models considered only two metabolites involve in 
the reductive acetogenesis: hydrogen and acetate and all other mole-
cules necessary for bacterial growth were assumed to be abundantly 
available, including CO2. Moreover, mass gas-liquid transfer of 
hydrogen and CO2 metabolites was not considered. Experimental data of 
the acetogen Blautia hydrogenotrophica were used for model calibration 
and validation. Results of the study showed that Monod kinetics and 
first-order kinetics models, with the inclusion of two candidate 
threshold terms or reversible Michaelis–Menten kinetics, significantly 
improved the model predictions. In comparison to the hydrogen 
threshold for B. hydrogenotrophica which was reported to be 70 mM [26] 
the predicted hydrogen threshold by Smith et al. was calculated to be 
86.2 mM. Overall, authors concluded that the use of threshold models is 
a more effective way to capture acetogen growth and metabolic dy-
namics than the simple Monod model, although finding which threshold 
model is most effective would require further investigation and experi-
mental data. 

On the other hand, the model proposed by Muñoz-Tamayo et al. [27] 
uses a rate function to model the microbial growth of methanogens using 
hydrogen as a single substrate to produce methane. Based on in vitro 
growth experiments with pure cultures of Methanobrevibacter smithii, 
Methanobrevibacter ruminantium, and Methanobrevibacter formicium, 
Muñoz-Tamayo et al. [27] proposed a mathematical model to describe 
the dynamics of these hydrogenotrophic methanogens. The model 
considered the liquid-gas transfer of CO2 whilst the hydrogen and 
methane concentration of these two gases in the liquid phase was not 
modeled due to their low solubility. Also, the model assumed that the 
dynamics of concentration in the gas phase are determined by the ki-
netic rate of the methanogenesis. A kinetic rate function was used to 

model microbial growth rate using hydrogen as single substrate, instead 
of the Monod kinetic model [28]. This formulation allows incorporating 
thermodynamic information through the affinity constant Ks, which is 
derived from energetic principles following Boltzmann statistics and 
uses the concept of exergy (maximum work available for a microor-
ganism during chemical transformation). The resulting dynamic model 
is a set of five ordinary differential equations with five state variables, 
(xH2, sCO2, ng, H2, ng, CO2, ng, CH4) two physical parameters (kLa, HCO2) 
and, four biological parameters (µmax, Ks, kd). The mathematical model 
was calibrated with the experimental data from in vitro growth exper-
iments of the three methanogens aforementioned, concluding that 
M. smithii exhibited the highest growth rate constant, followed by 
M. ruminantium, and finally M. formicium. As for the affinity constant, 
M. formicum had a lower affinity constant in one order of magnitude 
with respect to the ones for M. ruminantium and M. smithii. In conclusion, 
the model captures efficiently the overall dynamics of the three hydro-
genotrophic methanogens. The aforementioned models were proposed 
in an attempt to describe the dynamics of reductive acetogenic [26] and 
hydrogenotrophic methanogenesis [27] in the human gut microbiota. 
However, these two pathways can become to outcompete in other mi-
crobial environments and under specific conditions, for instance in the 
microbiome present in a trickle bed bioreactor for biomethanation. 
Thus, a dynamic model that incorporates these two pathways can be a 
helpful tool to predict microbial growth, metabolite production and to 
elucidate under which conditions each of these pathways is favored 
and/or inhibited. 

In the present work, we studied the impact of elevated p(H2) and p 
(CO2) with inocula either adapted or not-adapted to H2:CO2 as feed-
stock. It was hypothesized that at certain conditions an increase in the 
overall pressure could alternate bioconversion efficiency and reveal 
competition between homoacetogens and methanogens for H2. The ef-
fect of initial pressure and pH was examined. Furthermore, bio-
energetics data were evaluated to reveal changes in Gibbs free energy 
and, a dynamic model incorporating both pathways –hydrogenotrophic 
methanogenesis and homoacetogenesis –was proposed and calibrated. 

2. Materials and methods 

2.1. Inoculum and batch operation 

The effluents from a two-stage continuous stirred tank reactor 
(CSTR) system operated at thermophilic conditions (55 ◦C) were 
collected and used as inocula [23]. In brief, the first stage of the CSTR 
was fed with cattle manure producing biogas which was directly passed 
to the second stage where the produced CO2 was coupled with exoge-
nous H2 producing extra CH4. The secondary CSTR was also supple-
mented with digestate from the first stage as nutrients source. The 
detailed microbial analysis of the inocula can be found in previous 
publications [23,29]. 

After collection, the inocula were immediately transferred to serum 
bottles. For the non-adapted to H2 inoculum, which was collected from 
1st stage CSTR, different initial pressures were examined (i.e. 0.2, 0.5, 
1.0, 1.5, 2.0 atm) using a H2:CO2 mixture at 4:1 ratio. For the adapted to 
H2 inoculum which was collected from the 2nd stage CSTR, two initial 
pressure levels were examined (i.e. 0.2 and 1.0 atm) at different pH 
levels. Non-adjusted pH at alkaline conditions and adjusted to neutral 
pH of 7.0, using phosphate buffer, were examined. The batch bottles had 
a total and working volume of 250 and 100 mL (80 mL of inoculum and 
20 mL water or buffer), respectively. Batch reactors were prepared in 
triplicates, sealed with rubber stoppers secured with aluminium caps. 
The reactors were placed at a shaking incubator (200 rpm) and operated 
at thermophilic conditions (55 ◦C). 

2.2. Analytical methods and data analysis 

A gas chromatograph GC-TRACE 1310 (Thermo Scientific) was used 

P. Tsapekos et al.                                                                                                                                                                                                                               



Journal of Environmental Chemical Engineering 10 (2022) 107281

3

to determine the content of CH4, CO2 and, H2 in the headspace. Volatile 
fatty acids accumulation was determined using a GC-TRACE 1300 
(Thermo Scientific). All measurements were measured in triplicate 
samples and results significance (p < 0.05) was defined by analysis of 
variance (ANOVAs) and Student’s t-test using the OriginPro 9.0.0 SR2 
software (OriginLab Corporation, USA). 

2.3. Thermodynamic calculations 

The Gibbs free energy (ΔG) of individual reactions under non- 
standard conditions was calculated for the H2 utilizing inocula using 
the in situ concentrations of the involved reactants and products: the in- 
situ pH (H+ concentration), temperature, and the standard Gibbs free 
energy of reaction (ΔG0). The calculations for homoacetogenesis and 
methanogenesis were performed using the Eqs. (1) and (2) respectively: 

ΔG = ΔG0 +R ∗ T ∗ ln

{
[CH3COO− ]

p(H2)
4
∗
[
HCO−

3

]
∗ [H+]

}}

(1)  

ΔG = ΔG0 +R ∗ T ∗ ln

{
[CH4]

p(H2)
4
∗
[
HCO−

3

]2
∗ [H+]

}}

(2)  

where p(H2) stands for the H2 partial pressure (atm) and values in 
brackets stand for the concentration (M) of the individual compound. In 
addition, the permissive H2 partial pressure (p(H2)* ) allowing for ΔG 
< 0 was calculated (for hydrogenotrophic methanogenesis and homo-
acetogenesis) from the in-situ ΔG value and the in-situ p(H2) using Eq. 
(3): 

log p(H2)
∗
= log p(H2) −

ΔG
n × 2.303 × RT

(3)  

where n stands for the stoichiometric coefficient of H2. 

2.4. Model description 

2.4.1. Model development 
The constructed model for batch cultivations was based on Monod 

kinetics for microbial growth [30] considering that H2 and CO2 are 
added to the gas phase and then diffuses into the liquid phase. In the 
liquid phase, both gasses are utilized by the culture to produce acetic 
acid via reductive acetogenesis and methane via methanogenesis. 
Moreover, acetic acid is further consumed by aceticlastic methanogens 
to produce methane and CO2 which are diffused to the gas phase. The 
model also considers the liquid-gas transfer of CO2. Due to the low 
solubility of H2 and CH4 [27], the concentration of these two gases in the 
liquid phase was not modeled but was assumed to be instantaneously 
transferred to the gas phase. The proposed mathematical model is 
described by the set of ODÉs 4–11: 

dX1

dt
= μ1X1 = μmax , 1

( nG
H2

/
VG

nG
H2

/
VG + KS, 1

)

X1 (4)  

dX2

dt
= μ2X2 = μmax , 2

( nG
H2

/
VG

nG
H2

/
VG + KS, 2

)

X2 (5)  

dX3

dt
= μ3X3 = μmax , 3

(
CL

AA

CL
AA + KS, 3

)

X3 (6)  

dCL
AA

dt
=

YAA/H2

YX2/H2

dX2

dt
+

1
YX3/AA

dX3

dt
(7)  

dCL
CO2

dt
=

YCO2/H2

YX1/H2

dCX1

dt
+

YCO2/H2

YX2/H2

dCX2

dt
+

YCO2/AA

YX3/AA

dCX3

dt

+ kLaCO2

(HCO2 nG
CO2

RT
VG

− CL
CO2

) (8)  

dnG
H2

dt
=

(
1

YX1/H2

dX1

dt
+

1
YX2/H2

dX2

dt

)

VL (9)  

dnG
CH4

dt
=

(
YCH4/H2

YX1/H2

dX1

dt
+

YCH4/AA

YX3/AA

dX3

dt

)

VL (10)  

dnG
CO2

dt
= − VLkLaCO2

(HCO2 nG
CO2

RT
VG

− CL
CO2

)

(11)  

where, X1, X2, X3 represent the biomass concentration in the liquid phase 
of hydrogenotrophic methanogens, acetogenic bacteria and, aceticlastic 
methanogens, respectively. CL

CO2 
and CL

AA are the concentrations (mol/L) 
of CO2 and acetic acid in the liquid phase. The moles in the gas phase are 
represented by the variables nG

H2
, nG

CH4
, nG

CO2 
and VG, VL are the gas and 

liquid volume (L), respectively. CO2 mass transfer between the gas and 
liquid phase in Eq. (8) is described by a linear non-equilibrium transfer 
rate determined by the mass transfer coefficient kLaCO2 (1/h), and the 
Henrýs law coefficient HCO2 (mol/L/atm). R (atm L/mol/K) is the ideal gas 
constant and T (K) is the temperature. Stoichiometric of each pathway is 
considered by the yield factors YX1/H2 ,YCO2/H2 ,YCH4/H2 ,YX2/H2 ,YCO2/H2 ,

YAA/H2 ,YX3/AA,YCH4/AA,YCO2/AA expressed in mol of compound and/or 
microbial biomass per mol of electron donor (mol/mol). These were 
expressed as a function of the electron donor fraction f used in the 
catabolic reactions. Focusing on the homoacetogenic pathway, the 
following stoichiometry was considered, for the catabolic (12) and 
anabolic (13) reaction: 

4H2 + 2CO2→CH3COOH + 2H2O (12)  

10H2 + 5CO2 +NH3→C5H7O2N + 8H2O (13) 

The fraction of H2 utilized for microbial biomass synthesis in the 
anabolic pathway is defined by the yield factor, YX2/H2 as follows. 

YX2/H2 =
1

10
(1 − f2) (14)  

Where f stands for the fraction of H2 used in the catabolic pathway. 
Similarly, the yield coefficients for CH3COOH and CO2 can be expressed 
as function of f as follows: 

YCH3COOH/H2 =
1
4
f2 (15)  

YCO2/H2 =
2
4
f2 +

(

1 − f2

)
5

10
(16) 

Focusing on acetoclastic methanogenesis, the following stoichiom-
etry was considered, for the catabolic (12) and anabolic (13) reaction: 

CH3COOH→CO2 +CH4 (17)  

2.5CH3COOH +NH3→C5H7O2N + 3H2O (18) 

The fraction of H2 utilized for microbial biomass synthesis in the 
anabolic pathway is defined by the yield factor, as follows. 

YX3/AA =
1

2.5
(1 − f3) (19)  

YCH4/AA = YCO2/AA = f3 (20) 

Thus if f2 and f3 are known then the corresponding yield factors can 
be calculated through Eqs. 14, 15, 16, 19 and 20. Note that the subindex 
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in f refers to 1 for hydrogenotrophic, 2 for homoacetogenic, and 3 for 
aceticlastic, pathways respectively. 

2.4.2. Model fitting 
To determine the values of the parameters used in the model, fitting 

to the generated experimental data was performed. To avoid over 
parametrization of the model, some parameters were set to be known 
and their corresponding values were retrieved from literature (Table 1). 
The parameters to be fitted are μmax , 1,KS, 1,f1,μmax , 2,KS, 2,f2,μmax , 3,

KS, 3,f3. The Henrýs law coefficient HCO2 was calculated at 55 ℃ with the 
correlation found in Lovato et al. [31] and kLaCO2 was set equal to 0.294 
1/h as indicated by the same study. To prevent unrealistic values of the 
parameters, low boundaries (LB) and upper boundaries (UB) were set 
based on values retrieved from literature (Table 1). Parameter values 
were generated by minimizing the normalized sum of squared errors 
between the model and the experimental data. The goodness of the 
fitting was evaluated by the coefficient of determination R2 for each data 
set and reported in Table 1. A hybrid function in Matlab® -that combines 
the interior-point and simulated annealing algorithms -was used to solve 
the optimization problem and the ODÉs (Eqs. 4–11.) was solved with the 
ODE23s solver. 

3. Results and discussion 

3.1. Effect of increased partial H2 and CO2 pressure at adapted inoculum 

The impact of elevated pressure on biomethanation process was 
initially explored at an inoculum that was adapted to the gaseous 
feedstock. The experiments were ceased after 36 h and the performance 
of the different treatments was compared. Results showed that more 
than the 95% of theoretical production was achieved at the lower 
examined level within 36 h (Fig. 1). On the contrary, the rest of the 
treatments produced markedly lower biomethane compared to the 
theoretical potential. The performance of batch bottles fed with 0.5 and 
1.0 atm did not differ significantly (p > 0.05). Likewise, insignificant 
difference was observed between 1.5 and 2.0 atm. 

While the collected inoculum was taken from a CSTR that was 
enriched in hydrogenotrophic archaea, the system was operated for a 
long-period at ambient pressure and at low feeding rate corresponding 
to gas retention times (GRT) above 10 h [23]. Hence, the microbiome 
was non-adapted to the elevated pressure or high feedstock availability. 
Nevertheless, biomethanation can be successful at markedly shorter 
GRTs (i.e. <1 h) after a gradual increment of the feeding rates [32,33]. 
Thus, the limited efficiency is attributed to the fact that the increased 
substrate accessibility could not be compensated by the slow growth rate 
and prolonged doubling time of the non-adapted methanogens [34]. In 
addition, accumulation of acetate was not detected during the digestion 
period. Hence, shift from hydrogenotrophic methanogenesis towards 
homoacetogenesis did not occur at any of the treatments. It is expected 
that prolongation of digestion period would have boosted the bio-
methanation efficiency also at the elevated initial pressures. 

Furthermore, the thermodynamics of both studied reactions were 
exergonic with Gibbs free energies being more negative for hydro-
genotrophic methanogenesis compared to homoacetogenesis (Fig. 2a). 
Both reactions were thermodynamically possible under in-situ condi-
tions and it was found that the increment of the initial pressure reduced 
the permissive H2 partial pressures (Fig. 2b). Nevertheless, the hydro-
genotrophic methanogenesis had always lower permissive H2 partial 
pressures compared to homoacetogenesis which is in accordance with 
literature [15]. 

Though an increase in pressure was associated with lower H2 and 
CO2 conversion efficiencies, the hydrogenotrophic methanogens were 
not outcompeted by homoacetogens. Focusing on microbiome structure, 
the alpha diversity has shown that a less diverse and more specialized 
population was evolved in the secondary H2-fueled reactor compared to 
the primary-traditional digester where a more diverse community was 
detected [23]. In addition, the community of both reactors was quite 
stable over the years as shown by principal component analysis [29]. 
Keeping the same liquid and gaseous substrates, a relatively stable 
community was evolved that was enriched in hydrogenotrophic Meth-
anothermobacter spp. which are able to efficiently produce CH4 coupling 
the added gases; as was lately revealed in pure culture trials [5]. How-
ever, single culture gas fermentation can be less robust to fluctuations 
than mixed cultures. Furthermore, Methanothermobacter spp. were also 
recently detected as highly abundant in a pilot-scale trickle bed reactor 
during mixed culture fermentation [4]; showing that biogas upgrading 
reactors are composed of specialized genera even at operational envi-
ronment. As a next step, inoculum was taken from a traditional AD 
reactor fed with livestock slurry (i.e. the primary digester of the 

Table 1 
Kinetic and stoichiometric parameters values of the model.  

Parameter 

kLaCO2 (1/h) 0.294[31]     
HCO2 (mol/L/atm) 0.017[31]      

P = 1.0 atm P = 0.2 atm    
pH 
= 8.39 

pH 
= 7.00 

pH 
= 8.39 

pH 
= 7.00 

LB UB 

μmax , 1(1/h) 0.0110 0.0110 0.0110 0.0110 0.011 0.333 
[31] 

KS, 1(mol/L) 0.0123 0.0109 0.0009 0.0419 1.5E- 
07[31] 

0.042 
[27] 

YX1/H2  0.0022 0.0017 0.0181 0.0017   
μmax , 2(1/h) 0.3260 0.0110 0.0118 0.0110 0.011 0.451 

[26] 
KS, 2(mol/L) 0.2950 0.0013 0.2841 0.2952 1.5E- 

07[31] 
0.2958 
[26] 

YX2/H2  0.0479 0.0462 0.0015 0.0008   
μmax , 3(1/h) 0.0250 0.0250 0.0250 0.0250 0.025 

[31] 
0.333 
[31] 

KS, 3(mol/L) 0.0089 0.0089 0.0089 0.0089 0.0019 
[31] 

0.0089 
[31] 

YX3/AA  0.0341 0.0497 0.1912 0.0935   

CL
CO2 ,0(mol/L) 0.0069 0.0352 0.0010 0.0070   

Final objective 
function 

0.9136 4.8786 0.2599 0.2482   

Coefficient of determination R2   

HAc 0.7683 0.9439 0.1739 0.1708   
CO2 0.9312 0.9831 0.6679 0.9589   
H2 0.9956 0.9979 0.9999 0.8870   
CH4 0.9971 0.9879 0.9976 0.8608    

Fig. 1. Relative CH4 production based on initial pressure using a H2:CO2 feed 
ratio at 4:1. 
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two-stage CSTR) to reveal conditions favoring competition for H2 be-
tween hydrogenotrophic methanogens and homoacetogenic bacteria in 
a non-adapted microbial community. 

3.2. Effect of pressure and pH at non-adapted inoculum 

In contrast to the adapted inoculum, accumulation of acetate was 
rapidly observed during the first 24 h at all treatments of the non- 
adapted inoculum. At low pressure and alkaline pH, acetate was 
slightly increased during 8 h of incubation and then, followed a 
decreasing trend (Fig. 3). At the same pressure levels but at neutral pH, 
the acetate accumulation followed a similar trend despite having a lag 
phase. At the increased pressure level, acetate accumulation was more 
quickly observed at alkaline conditions compared to neutral pH. Despite 
the observed acetate accumulation at the beginning of incubation, all 
bottles had decreased acetate content -which was similar with the blank 
operation -at the end of the experiment. Moreover, the accumulation of 
butyric and propionic acids is a well-known phenomenon appearing due 
to increased H2 partial pressure [35]. In the present study, propionic 
(13 mg/L) and iso-butyric (27 mg/L) acids were detected at 1.0 atm and 
alkaline pH. Similarly, accumulation of propionic (13 mg/L) and 
iso-butyric (32 mg/L) acid was detected at neutral pH. At the end of the 
experiment, both acids were detected at significantly lower 

concentrations (<7.0 mg/L) in both treatments. On the contrary, the 
concentration of propionic and iso-butyric acids was negligible at low 
pressure levels validating the fact that their accumulation is more 
distinct at increased H2 partial pressure. 

Syntrophic acetate oxidation coupled with hydrogenotrophic meth-
anogenesis or acetoclastic methanogenesis could process the accumu-
lated acetate during AD [16]. On this topic, a recent study on biogas 
upgrading revealed interaction between Clostridiaceae and Meth-
anobacteria suggesting a putative syntrophic relationship [4]. At 
H2-fueled communities, CH4 production through homoacetogenesis and 
acetoclastic methanogenesis has more energy losses compared to the 
direct hydrogenotrophic methanogenesis [13]. In accordance, when 
higher acetate accumulation was observed at the initial experimental 
phase, slightly decreased biomethanation efficiency was finally ach-
ieved. For instance, 96% and 87% of theoretical production was ach-
ieved using the adapted inoculum at 0.2 and 1.0 atm, respectively. In 
contrast, 86% and 78% of theoretical production was achieved using the 
non-adapted inoculum at 0.2 and 1.0 atm, respectively. To compensate 
the energy losses related to acetate accumulation, evolutionary adap-
tation at elevated pressures can be applied in the future as a means to 
improve production capacities. Moreover, slightly higher bio-
methanation was achieved at neutral pH compared to the alkaline 
conditions at the increased initial pressure. Similarly, at neutral pH more 
CO2 was presented in the liquid phase which was then sufficiently 
coupled over time with H2 [36]. 

Similarly with the adapted inoculum, the Gibbs free energies were 
more negative at all treatment for the hydrogenotrophic methano-
genesis than homoacetogenesis (Fig. 4a). Hence, both reactions were 
thermodynamically possible under in-situ conditions while favoring the 
hydrogenotrophic methanogenesis. The pH reduction led to lower 
permissive H2 partial pressures and this was more distinct for homo- 
acetogenesis pathway (Fig. 4b). Despite the lower permissive H2 par-
tial pressure, acetate was initially accumulated as described above. 
Moreover, values for critical free Gibbs free energy (ΔGc) were always 
less negative for homoacetogenesis (− 19 to − 26 kJ mol− 1 H2) compared 
to methanogenesis (− 25 to − 31 kJ mol− 1 H2) indicating that homo-
acetogens need more free energy than archaea to allow H2 usage. The 
trend on differences between homoacetogens and methanogens are in 
accordance with a previous study calculating the bioenergetics of 
hydrogen metabolism in similar microbes also at thermophilic range 
[37]. 

3.3. Model calibration 

The proposed mathematical model was calibrated with the experi-
mental data obtained in batch experiments for the H2 adapted inoculum. 
Table 1 shows the estimated parameters of the dynamic model at 1.0 and 
0.2 atm, as well as standard statistics for model fitting evaluation. 
Likewise, Fig. 3 depicts the model dynamics of the components for the 
experimental conditions. It can be observed that the model captures 
efficiently the dynamics of the four components at 1.0 atm. However, 
the acetic acid dynamics were not adequately captured at 0.2 atm, 
which is reflected by its coefficient of determination (Table 1). 

The reported values of µmax,1 for hydrogenotrophic methanogens at 
different pH values at both pressure conditions were of the same order of 
magnitude. Moreover, at alkaline conditions and 1.0 atm the maximum 
growth rate of hydrogenotrophic methanogens was one order of 
magnitude lower than that of homoacetogens which in principle could 
indicate a lower rate of hydrogen conversion by hydrogenotrophic 
methanogens and higher acetate accumulation. The opposite was 
observed by Liu et al. [13] but at neutral conditions (pH = 7.0) and 
35 ℃. For the rest of the conditions, µmax of hydrogenotrophic 

Fig. 2. Calculated ΔG using the in-situ experimental data (a) and permissive H2 
partial pressure for ΔG < 0 (b) for adapted to the feedstock inoculum. 
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methanogens and homoacetogens did not present significant 
differences. 

In terms of the affinity constant KS,1 an inverse relationship was 
observed at 0.2 atm, namely the affinity constant increases in two orders 
of magnitude from alkaline to neutral pH, whilst at 1.0 atm, KS,1 de-
creases from alkaline to neutral pH. This indicates that hydro-
genotrophic pathway would be slightly favored at alkaline conditions 
and low pressure [38,39] or neutral conditions with increased pressure 
[36]. At neutral pH and pressure of 1.0 atm, homoacetogens exhibited a 
lower affinity constant for hydrogen (1.3 mM) than hydrogenotrophic 
methanogens (10.9 mM) which implied a higher affinity of the former 
ones for hydrogen at this specific conditions. At the beginning of the 
experiment, the gases were mainly presented in the headspace and were 
not dissolved into the liquid phase. Thus, homoacetogenic bacteria 
could better function for acetate production as indicated by the exper-
imental values. When the partial pressure of gases increased in the liquid 

phase, methanogens could have started producing methane. Thus, at 
neutral conditions and 1.0 atm, the homoacetogenic pathway might 
compete with hydrogenotrophic methanogenesis due to the low value of 
KS,2 [15]. At 0.2 atm we observed that the affinity constant of hydro-
genotrophic methanogens at both pH conditions (11 mM) is one order of 
magnitude lower than that of the homoacetogenic bacteria 
(284.1–295.2 mM), indicating that the former pathway is favored. 

4. Conclusions 

H2 competition between homoacetogens and methanogens was 
examined at different pH (neutral vs alkaline) and pressures (i.e., 
0.2–2.0 atm) using different inocula. The results showed that the 
permissive H2 partial pressure was always higher for the homoaceto-
genic than the methanogenic pathway at both adapted (3.29–7.46 vs 
0.56–0.72 Pa, respectively) and non-adapted inocula (3.20–5.61vs 

Fig. 3. Experimental data and simulations outcome for batch experiments at: a) P = 1 atm - pH = 8.39, b) P = 1 atm - pH = 7.00; b) P = 0.2 atm - pH = 8.39 and d) 
P = 0.2 atm - pH = 7.00. 
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0.43–0.85 Pa, respectively). However, homoacetogenesis was only 
evident with inocula which were non-adapted to the gaseous feedstocks. 
An unstructured model was developed for biomethanation prediction 
considering substrate competition between homoacetogens and hydro-
genotrophic methanogens. The estimated kinetic model fits well the 
experimental data in batch reactors for different initial conditions. The 
proposed model can therefore be used for design and optimization of 
biomethanation process. The present work can contribute on unraveling 
the H2 competition between homoacetogens and methanogens. Further 
research should focus on modeling the conditions favoring each H2 
utilization pathway and experimentally validate model outcome. 
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