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H I G H L I G H T S  

• Biological biogas upgrading process was evaluated in up-flow reactors. 
• Different types of gas distributers were investigated for biogas upgrading. 
• Biogas with more than 98% CH4 was produced in ex-situ biogas upgrading process. 
• H2 gas–liquid mass transfer rate can be improved using porous SiC gas distributor.  
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A B S T R A C T   

Four different types of ceramic gas distributors (Al2O3 of 1.2 μm and SiC of 0.5, 7 and 14 μm) were evaluated to 
increase biomethane formation during ex-situ biogas upgrading process. Each type of gas diffuser was tested 
independently at three different gas retention times of 10, 5 and 2.5 h, at thermophilic conditions. CH4 pro-
duction rate increased by increasing input gas flow rate for all type of distributors, whereas CH4 concentration 
declined. Reactors equipped with SiC gas distributors effectively improved biomethane content fulfilling natural 
gas standards. Microbial analysis showed high abundance of hydrogenotrophic methanogens and proliferated 
syntrophic bacteria, i.e. syntrophic acetate oxidizers and homoacetogens, confirming the effect of H2 to alternate 
anaerobic digestion microbiome and enhance hydrogenotrophic methanogenesis. A detailed anaerobic biocon-
version model was adapted to simulate the operation of the R1-R4 reactors. The model was shown to be effective 
for the simulation of biogas upgrading process in up-flow reactors.   

1. Introduction 

Development of environmentally friendly processes, i.e. anaerobic 
digestion (AD), is a global necessity for sustainable energy production. 
Many efforts have been made to maximize AD process efficiency (Kou-
gias et al., 2017). Typically, biogas consists of approximately 50–70% 
methane (CH4), 30–50% carbon dioxide (CO2), small amounts of 
hydrogen sulfide (H2S), trace amounts of ammonia, and siloxanes. In 
biological (second-generation) biogas upgrading process, CO2 is coupled 
with H2 to produce CH4. The process is catalysed by hydrogenotrophic 

archaea. The produced biomethane should have a methane content 
higher than 95% – a level determined according to regulations for spe-
cific applications (Sun et al., 2015). The upgraded biogas has higher 
calorific value than the conventional raw biogas, and thus, can be 
injected into the natural gas network or can be used as vehicle fuel (Deng 
and Hägg, 2010). CO2 removing strategies are mainly based on ab-
sorption, adsorption, membrane filtration and cryogenic separation, 
which are facing energy consumption and operating costs challenges 
(Sun et al., 2016). In this regard, biological transformation of CO2 to CH4 
is a promising alternative to the other methods with the advantage of 
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working in mild temperature and pressure. In a biological process, 
internally produced CO2 and an external source of H2 are directly con-
verted to CH4 via hydrogenotrophic methanogenic archaea. The external 
H2 could be obtained from water electrolysis using wind or solar power 
in time of temporary surplus (Díaz et al., 2015). 

Injection of external H2 inside the liquid phase of an AD reactor has a 
strong effect on the composition of the microbial community (Ács et al., 
2019), leading to proliferation of both hydrogenotrophic methanogens 
and homoacetogens producing acetate from H2 and CO2 (Schuchmann 
and Müller, 2014). On the other hand, external addition of H2 could 
result in the inhibition of syntrophic acetogens and syntrophic acetate 
oxidizers (SAO) (Demirel and Scherer, 2008). In contrast, the prolifer-
ation of SAO bacteria could be increased by the accumulation of acetate 
(Szuhaj et al., 2016). Since microbial conversions occur mainly in the 
aqueous phase, the injected gas must pass several layers before it reaches 
the microbial cells where it can be utilised. The gas has to pass from the 
gas–liquid interface, to the liquid phase towards the microbial cell, enter 
the liquid-cell interface and finally enter the cell (Bailey and Ollis, 
1976). A very low gas–liquid mass transfer rate limits the H2 availability 
for methanogens. In addition, increased contact area between liquid and 
gas is another key factor for high biomethanation (Kougias et al., 2020). 
In recent years, several techniques have been considered to increase 
gas–liquid mass transfer rate. Specific operational parameters such as 
gas recirculation flow, reactor configuration, installed diffusion device 
and stirring intensity are strongly affecting gas–liquid mass transfer rate 
and subsequently the biogas upgrading efficiency (Angelidaki et al., 
2018; Szuhaj et al., 2016). To provide a large contact area between 
microorganisms and gas as well as liquid phase, Rachbauer et al. (2016) 
used a trickle bed reactor with an immobilized biofilm and achieved 
96% of CO2 conversion at mesophilic conditions. However, Bassani et al. 
(2017) recorded higher efficiency of CH4 production and CO2 conver-
sion at thermophilic compared to mesophilic conditions which were 
associated with higher electron yields to VFAs. It is confirmed that 
addition and circulation of hydrogen with a ceramic diffuser revealed 
positive effects on the methanogenic process (Rafrafi et al., 2020). 
Voelklein et al. (2019) reached methane concentration of 96% using 
Al2O3 ceramic diffuser. In up-flow bubble reactors, bubble movement 
strengthens turbulence, promoting mixing, heat, and mass transfer. 
Thus, bubble behaviour is an important factor affecting the performance 
of up-flow reactors (Wang et al., 2020). Different gas distribution de-
vices show different mass transfer performance, since flow behaviour is 
a function of bubble size. This is because hydrodynamic conditions, e.g. 
gas–liquid interfacial area, residence time, gas holdup, bubble breakup, 
and coalescence, are dependent on the bubbles size and number. How-
ever, the investigation of different types of diffusers has not been yet 
performed for ex-situ biogas upgrading. Therefore, investigation of hy-
drodynamics and mass transfer characteristics of different-sized bubbles 
is necessary for the design, scale-up, and optimization of bioreactors 
where gasses are the reactants. 

Increasing gas availability in liquid media can result in increased 
methane production at both mesophilic and thermophilic conditions. 
Despite the fact that gas dissolution is higher at lower temperatures, the 
microbial ability for H2/CO2 conversion into CH4 is lower at mesophilic 
compared to thermophilic temperatures (Bassani et al., 2015; Luo and 
Angelidaki, 2012). Moreover, thermophilic conditions are widely 
applied as operational temperature in full-scale biogas plants in 
Denmark and based on the above-mentioned literature; the present 
research was evaluated under thermophilic conditions. 

The main aim of the present research study was to increase the H2 
gas–liquid mass transfer, by achieving a more efficient dispersion of CO2 
and H2 in the liquid phase. In this context, the efficiency of different 
ceramic distribution devices with different pore sizes was investigated 
for increasing the gas to liquid mass transfer during ex-situ bio-
methanation. Four up-flow reactors equipped with dissimilar diffusers 
were operated, while biochemical parameters were monitored to 
elucidate process performance and biomethanation efficiency. 

Additionally, the composition of microbial communities was investi-
gated to identify important members for increased biological upgrading 
efficiency. To support the experimental findings and evaluate reactor 
efficiencies, computational modeling and process simulations concluded 
the work. 

2. Materials and methods 

2.1. Inoculum and nutrient media 

The effluent (digestate) of a well-performing biogas reactor fed with 
cattle manure (Snertinge biogas plant, Denmark) was used as nutrient 
source for the microbial community involved in the upgrading bio-
reactors. The digestate was sieved through a 2 mm net to remove large 
particles and degassed prior to use at thermophilic incubator for one 
three to avoid any residual biogas production. 1 M Hydrochloric acid 
(HCl) was added to the digestate at start-up of the reactors to adjust the 
initial pH at 6.95 ± 0.16 and maintain it within the optimal range for 
methanogenesis (Weiland, 2010). The characteristics of degassed 
digestate as nutrient media and hydrogenotrophic inoculum used in the 
experiments are presented in Table 1. 

2.2. Reactor’s setup and operation 

The experimental set up consisted of four cylindrical up-flow re-
actors with 1.0 L working volume equipped with different gas distri-
bution devices. The first reactor (R1) was equipped with a 1.2 µm 
aluminium oxide (Al2O3) gas distributor and was used as a control due to 
previously sufficient upgrading performance of this membrane (Cor-
bellini et al., 2018). As alternatives, silicon carbide (SiC) gas distributor 
with a pore size of 0.5, 7 and 14 µm were used to diffuse the gases in R2, 
R3 and R4, respectively. The specification of gas distributors has listed in 
E-supplementary file 2. 

The reactors were operated at thermophilic conditions (55 ± 1 ◦C) by 
a water jacket, thermally insulated from the outer side. To reduce the lag 
phase, mixed hydrogenotrophic inoculum was collected from the 
effluent of an efficient biogas upgrading reactor (Bassani et al., 2015). 
50 mL of diluted digestate on a daily basis, as a nutrient source, was 
provided to the reactors by peristaltic pumps. For reactors start-up 10% 
fresh inoculum, as active microbial source, and 90% (v/v) of degassed 
digestate, as nutrients source, were used. The fresh inoculum was 
directly inoculated to the reactors to provide active H2-fueled seed, 
while digestate was placed in a thermophilic incubator for more than 3 
months to be degassed and then used. So, all the remaining acetate was 
consumed during the storage period. Continuous gas recirculation 
through the reactors was applied as means of mixing. An artificially 
prepared synthetic gas mixture (i.e. H2, CH4, CO2 with a ratio of 
62:23:15 %) was used. The gas composition was chosen to resemble a 
biogas mixed with H2 for stoichiometrically complete CO2 capture. The 
gas mixture was sparged through the bottom of the up-flow reactors. The 

Table 1 
Characteristics of raw degassed digestate and hydrogenotrophic inoculum.  

Characteristics Digestate Inoculum 

pH 8.36 ± 0.12 8.21 ± 0.06 
TS, g kg− 1 24.4 ± 1.4 26.7 ± 0.8 
VS, g kg− 1 13.2 ± 0.3 18.1 ± 0.3 
TKN, g L− 1 4.7 ± 0.4 1.8 ± 0.2 
TAN, g-NH4

+ L− 1 3.2 ± 0.5 1.5 ± 0.1 
Total VFA, g L− 1 0.16 ± 0.02 0.25 ± 0.03 
Acetate, g L− 1 0.07 ± 0.00 0.21 ± 0.01 
Propionate, g L− 1 0.05 ± 0.00 0.02 ± 0.00 
Iso-butyrate, g L− 1 0.02 ± 0.00 0.01 ± 0.00 
Butyrate, g L− 1 0.00 ± 0.00 0.00 ± 0.01 
Iso-valerate, g L− 1 0.01 ± 0.01 0.01 ± 0.00 
Valerate, g L− 1 0.00 ± 0.00 0.00 ± 0.00 
N-hexanoate, g L− 1 0.00 ± 0.00 0.00 ± 0.00  
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gas mixture was supplied to the diffusers utilizing peristaltic pumps. The 
gas recirculation rate was set at 117 L.Lr

− 1.day− 1 for the entire experi-
mental period. The experiment was designed in three distinct periods. In 
order to evaluate the effect of the gas retention time (GRT) on the 
upgrading performance for different diffusers, the GRT was decreased 
from 10 to 2.5 h by increasing gas supply rate (L.Lr

− 1.day− 1) immedi-
ately after achieving steady-state condition in each period. 

2.3. Analytical methods 

The American Public Health Association (APHA) standard methods 
were used to measure total solids (TS), volatile solids (VS), pH, total 
Ammonium Nitrogen (TAN), and total Kjeldahl Nitrogen (TKN) (Apha, 
1995). The gas production was measured using an automated 
displacement gas metering system with a 100 mL reversible cycle and 
the total production was recorded using a gas counter (Angelidaki et al., 
1992). Biogas composition was analysed by a gas chromatograph 
(Thermo Fisher Scientific, US) equipped with a thermal conductivity 
detector (TCD) as previously described (Ghofrani-Isfahani et al., 2019). 
The individual volatile fatty acids (VFA) concentrations were deter-
mined using a gas chromatograph (Thermo Fisher Scientific, US) 
equipped with a flame ionization detector (FID) as previously described 
(Ghofrani-Isfahani et al., 2019). 

2.4. Calculations 

The efficiency of H2 utilization (ηH2
) was defined by Eq. (1): 

ηH2
=

H2utilized

H2 in
× 100 (1)  

where H2 in (L.Lr
− 1.day− 1) represents H2 flow rate fed to the reactors and 

H2utilized (L.Lr
− 1.day− 1) is the H2 utilization rate and was calculated by 

Eq. (2): 

H2utilized = H2 in − H2out (2)  

where H2out (L.Lr
− 1.day− 1) represents H2 flow rate in output biogas. 

H2 gas volumetric transfer coefficient (day− 1) was calculated based 
on the Eq. (3): 

kla =
rt

26.9(H2g − H2l)
(3)  

where rt (L.Lr
− 1.day− 1) is the H2 gas–liquid mass transfer rate assuming 

that mass transfer resistance is all in the gas–liquid interphase and can 
be defined with H2 utilization rate (H2utilized), 26.9 (L/mol) is the gas 
volume to mole ratio at 55 ◦C and 1 atm, H2g and H2l represent the H2 
concentrations in the gas and liquid phase, respectively. The dissolved 
H2 concentration was calculated according to hydrogen ion concentra-
tion in the liquid phase. 

The methane production rate formed by ex-situ biogas upgrading 
(CH4upgrade) can be determined by Eq. (4): 

CH4upgrade = CH4out − CH4 in − CH4VFA (4)  

where CH4out and CH4 in (L.Lr
− 1.day− 1) represent CH4 flow rate in output 

biogas and in injected gas to the reactors, respectively. CH4VFA(L.Lr
− 1. 

day− 1) is the CH4 equivalent derived from degradation of VFAs calcu-
lated according to the stoichiometric equations below: 

Acetate: CH3COOH→CH4 + CO2 
Propionate: CH3CH2COOH + 0.5H2O→1.75CH4 + 1.25CO2 
Butyrate:CH3CH2CH2COOH + H2O→2.5CH4 + 1.5CO2 
Valerate: CH3(CH2)3COOH + 1.5H2O→3.25CH4 + 1.75CO2 
The conversion efficiency of CO2 (ηCO2

) was defined by Eq. (5): 

ηCO2
=

CO2utilized

CO2 in
× 100 (5)  

where CO2 in (L.Lr
− 1.day− 1) represents the flow rate of injected CO2 to 

the reactors and CO2utilized (L.Lr
− 1.day− 1) is the CO2 utilization rate 

defined by Eq. (6): 

CO2utilized = CO2 in − CO2out (6)  

where CO2out (L.Lr
− 1.day− 1) represents the CO2 flow rate in output 

biogas. 

2.5. Microbial community composition 

Samples were collected from initial inoculum and different reactors 
(R1-R4) during steady state operation in different GRTs (5 and 2.5 h 
nominated as P II and P III in Fig. 4) assuming a high stability of the 
microbial community. The microbial community composition of the 
mixed cultures was revealed using high-throughput 16S rRNA gene 
amplicon sequencing. The samples were initially cleaned with Phenol: 
Chloroform:Isoamyl Alcohol (25:24:1) in order to improve DNA purifi-
cation as previously discussed by Corbellini et al. (2018). The genomic 
DNA was extracted from liquid samples, in triplicates, with DNeasy 
PowerSoil® (QIAGEN GmbH, Hilden, Germany). NanoDrop (Thermo-
Fisher Scientific) was applied to control the quality and quantity of 
extracted DNA. Universal primers (515F/806R) were used targeting the 
16S rRNA gene V3-V4 hypervariable region for polymerase chain reac-
tion (PCR) amplification. The Illumina MiSeq sequencing platform was 
applied to sequence 16S rRNA gene amplicons using the 500 cycle 
chemistry. The obtained raw reads were deposited in Sequence Read 
Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra) with 
accession number PRJNA733917. The raw data was analysed using the 
CLC Workbench software (V.8.0.2) equipped with Microbial genomics 
module plugin. An additional taxonomic alignment was performed 
applying BLASTN against NCBI 16S rRNA database (Zhang et al., 2000). 
Taxonomic alignment of the most abundant species, was considered 
based on the identity thresholds reported by Yarza et al. (2014). The 
relative abundance of the most relevant operational taxonomic units 
(OTUs) are represented in heatmaps using Multiexperiment Viewer 
software (MeV) (Howe et al., 2010). The reported results in this study 
were focused on the most abundant OTUs having relative abundance 
higher than 0.5%, which existed in at least one of the samples. 

2.6. Statistical analysis 

Descriptive statistics was applied to all data and the mean values and 
standard deviations were calculated. To compare quantitative variables 
between different tested configurations, one-way ANOVA was applied, 
following Tukey post hoc test (p < 0.05). In order to identify significant 
abundance differences for each microorganism among the samples, the 
statistics were also carried out as previously described by Tsapekos et al. 
(2017). 

2.7. Computational modeling and simulation 

Following the experimental period, a detailed anaerobic bioconver-
sion model was adapted to simulate the operation of the up-flow re-
actors, developed by Angelidaki and co-workers (Angelidaki et al., 
1999). The model was originally developed for the simulation of 
continuously-stirred tank reactors (CSTRs), however under the simpli-
fying assumption of complete mixing (i.e. neglecting the specific dis-
tribution of biofilm microbiota within the reactors) it was deemed 
applicable for the simulation of these units. A further modification to the 
reference model involved the addition of functionalities to account for 
externally supplied methane and carbon dioxide (external H2 addition 
was included earlier by Lovato et al. (2017)), considering the compo-
sition of the synthetic gas mixture used for sparging the reactors. With 
regards to these gases, the model global mass transfer coefficients kla 
were taken as experimentally recorded (Table 2), thereby reflecting real 
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conditions. To compare the experimental trends with the simulation 
results, methane productivity and pH data were used, and the goodness 
of fits was evaluated using the mean error (ME) and weighted absolute 
percentage error (WAPE) metrics. 

3. Results and discussion 

The ex-situ biogas upgrading reactors equipped with various gas 
distribution devices run under three different GRTs, ranging from 2.5 to 
10 h, for 86 days. The results are discussed in the following. 

3.1. Process performance and efficiency of ex-situ biogas upgrading 

3.1.1. Input gas flow rate 
The experimental results at steady-state conditions including 

average output biogas composition, CH4 production rate (formed by ex- 
situ biogas upgrading and calculated based on Eq. (4)), H2 and CO2 
consumption efficiency, and H2 volumetric mass transfer coefficient of 
the reactor with Al2O3 gas distributor (R1) and reactors with different 
types of SiC gas distributors (R2, R3, and R4) are presented in Table 2. 
The GRT was decreased stepwise in the three experimental periods, by 
increasing the gas feeding rate. After a short lag-phase, microbes 
adapted to the new conditions and hydrogenotrophic CH4 formation was 
well established in all up-flow reactors. 

Generally, increasing the input gas flow rate (decreasing GRT) 
resulted in increase of methane production rate in all reactors inde-
pendently of the gas distributor type (Table 2). This is consistent with 
the higher input of CO2 and H2 to the reactors which obviously results in 
CH4 production. Moreover, the increased gas flow rate in the reactors 
results in increase of the H2 concentration gradient between gas and 
liquid phase which is the mass transfer driving force (Inkeri and Tynjälä, 
2020), which could also lead to higher H2/CO2 transfer from gas to 
liquid phase and subsequently higher CH4 production. The biogas 
composition and methane productivity (output CH4 rate) together with 
pH values for each reactor during whole operation time are shown in 
Figs. 1 and 5, respectively. 

The maximum CH4 rate, 1.30 ± 0.15 L CH4. Lr
− 1.day− 1, was ach-

ieved for R2 in period III. However, the CH4 concentration of output gas, 
as a representative of the process performance efficiency, declined with 
further increase of input gas flow rate (Fig. 1). This happened because of 
insufficient time for complete conversion of supplied gas. In fact, 
insufficient H2 solubilisation occur at higher input gas flow rates giving 
a lower H2 utilization efficiency. The highest CH4 concentration (Fig. 1), 
i.e. 99 ± 0.1 %, in output gas was obtained in period I for R3 in which the 
input gas flow rate was the minimum applied. This concentration was 
higher than the achieved values in previous researches using ceramic gas 
distributors (Bassani et al., 2017; Voelklein et al., 2019). Although the 

higher input gas flow rate led to the higher CH4 production rate, the 
overall process efficiency, i.e. CH4 purity, was decreased. In laminar 
regimes, bubble size increases with increasing input gas flow rate 
causing the reduction of interfacial area (a) (Polli et al., 2002). On the 
other hand, bubbles with larger size increase the turbulency and sub-
sequently increase kla. Therefore, in Table 2 for each reactor kla was 

Table 2 
Up-flow reactor’s performances under steady state and operation condition.  

Period GRT (h) Reactor Output gas composition CH4 production rate*  ηH2  ηCO2  Kla  

CH4 CO2 H2 

[%] [%] [%] [LCH4/Lr.day]  [%]  [%]  [day− 1] 

I 10 R1  91 ± 0.5  2 ± 0.1  7 ± 0.1 0.26 ± 0.03   96 ± 0.3   94 ± 2.0  1.89 × 103 

R2  97 ± 0.5  1 ± 0.1  2 ± 0.5 0.28 ± 0.03   99 ± 0.3   97 ± 0.2  6.99 × 103 

R3  99 ± 0.1  1 ± 0.1  0 ± 0.1 0.32 ± 0.02   100 ± 0.2   99 ± 0.2  5.70 × 104 

R4  98 ± 0.6  2 ± 0.6  0 ± 0.1 0.25 ± 0.01   99 ± 0.1   97 ± 1.1  5.50 × 104  

II 5 R1  84 ± 1.4  2 ± 0.1  14 ± 1.1 0.55 ± 0.04   91 ± 0.4   94 ± 1.2  1.67 × 103 

R2  90 ± 0.2  1 ± 0.1  9 ± 0.2 0.55 ± 0.02   94 ± 0.2   98 ± 0.1  2.68 × 103 

R3  97 ± 1.0  0 ± 0.5  3 ± 1.0 0.66 ± 0.02   98 ± 0.7   99 ± 0.2  0.95 × 104 

R4  71 ± 0.9  5 ± 0.2  24 ± 0.6 0.37 ± 0.07   83 ± 0.1   85 ± 0.1  0.92 × 103  

III 2.5 R1  69 ± 1.0  8 ± 0.2  23 ± 1.5 0.80 ± 0.14   79 ± 1.5   72 ± 0.9  1.76 × 103 

R2  87 ± 1.4  4 ± 1.0  9 ± 1.7 1.30 ± 0.15   93 ± 1.2   89 ± 2.0  5.18 × 103 

R3  70 ± 2.1  7 ± 1.4  23 ± 0.8 1.07 ± 0.14   81 ± 1.1   78 ± 1.9  1.82 × 103 

R4  63 ± 1.7  8 ± 1.0  29 ± 0.7 0.45 ± 0.08   79 ± 0.6   75 ± 1.7  1.44 × 103  

* CH4 production rate formed by ex-situ biogas upgrading. 

Fig. 1. Biogas composition in output gas during the whole period of experi-
ment; R1 (Al2O3 − 1.2 µm), R2 (SiC − 0.5 µm), R3 (SiC − 7.0 µm) and R4 (SiC 
− 14 µm). 
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decreased first with increasing input gas flow rate, i.e. decreasing GRT, 
and then increased with further increase of bubble size. Results 
confirmed that the reactors equipped with SiC gas distributors could 
achieve biomethane content fulfilled with natural gas standards, i.e. 
greater than 95% in period I (Fig. 1). The H2 and CO2 utilization effi-
ciencies and VFAs concentration for R1-R4 during whole operation time 
are shown in Figs. 2 and 3, respectively. 

In period I (i.e. GRT of 10 h), the pH of all reactors increased as a 
direct consequence of H2 injection and enhanced CO2 consumption 
(Fig. 5). As it can be seen from Fig. 2, the increase in CO2 utilization 
efficiency from the average value of 80 ± 10% to 97 ± 2% during period 
I indicated that not only the exogenously injected CO2 was utilised but 
also the endogenously produced CO2, e.g. originated from VFA degra-
dation, was also removed, leading to raise of pH. The pH value was 
relatively constant during period II for all reactors as the transformation 
of dissolved CO2 was in the same range for the entire period. However, 
in period III immediately after shifting to the highest input gas flow rate, 
the pH values as well as CH4 percentage in all of the reactors started to 
decrease due to the lowest CO2 removal efficiency from the liquid phase, 
during this period. Indeed, the relatively high gas flow rate, low GRT, in 
period III did not provide enough time for complete capturing of CO2 
resulted in CO2 accumulation and subsequently more neutral pH value. 

Based on VFA monitoring, all reactors worked without process 
instability and the VFA levels were generally low during the different 
GRTs (Fig. 3). Considering individual VFAs, acetate was the dominant 

VFA in all reactors. In R3, during periods I and II, propionate was the 
second dominant VFA after acetate. During period I, the total VFA 
concentrations in R1-R4 was<0.4 g/L which did not cause sever inhibi-
tory effect on methanogenesis. Significant VFA accumulation can 
decrease pH values and result in inhibitory conditions in the reactor. 
However, the total VFAs were slightly increased in R4 during period II up 
to 0.6 g/L, while methane content was decreased from 99% to 69%. 
However, at all reactors the pH values were still above 8 in period III 
confirming the good buffering capacity and the fact that microbial 
communities were able to withstand changes in VFA concentrations. 

The accumulation of acetate indicates a shift in microbial pathway 
from hydrogenotrophic methanogenesis towards homoacetogenesis also 
supported by the reduction of CH4 production. The argument was 
further validated by the microbial analysis presenting besides, hydro-
genotrophic methanogens, also high relative abundance of homoace-
togens and SAO bacteria for R4 in period II. Increasing input gas flow 
rate kept the H2 concentration gradient between gas and liquid phase at 
high level as the bottom of the reactor where the fresh gas was supplied. 
Although higher gas flow rate led to higher CH4 production rate, the 
final CH4 concentration decreased owing to the existence of higher 
amount of H2/CO2 that never reach to become available for the micro-
bial conversions in the liquid phase. Therefore, lower GRTs (<5h) could 
negatively affect the upgrading process resulting in lower CH4 content in 
the exit biogas, i.e. lower performance efficiency. 

3.1.2. Type of gas distributor 
As can be seen in Table 2, the reactors with SiC gas distributors (R2, 

R3, and R4) showed higher performance in comparison with Al2O3 gas 

Fig. 2. H2 utilization efficiency (ηH2) and CO2 conversion efficiency (ηCO2) for 
R1-R4; R1 (Al2O3 − 1.2 µm), R2 (SiC − 0.5 µm), R3 (SiC − 7.0 µm) and R4 (SiC 
− 14 µm). 

Fig. 3. Total VFA and acetate concentrations for R1-R4; R1 (Al2O3 − 1.2 µm), R2 
(SiC − 0.5 µm), R3 (SiC − 7.0 µm) and R4 (SiC − 14 µm). 

P. Ghofrani-Isfahani et al.                                                                                                                                                                                                                    



Bioresource Technology 340 (2021) 125694

6

distributer (R1) during all periods, indicating the effectiveness of 
distributor material. Furthermore, SiC is chemically inert and more 
temperature resistant in comparison with Al2O3 which makes it a 
promising material for gas injection applications. 

The higher kla values in Table 2 led to higher H2 and CO2 utilization 
efficiency and subsequently higher output CH4 concentration which is in 
agreement with previous work (Kougias et al., 2020). The highest kla 
value is related to R3 with the value of 5.70 × 104 during period I. Higher 
kla values compared to the control reactor (R1), confirmed the advan-
tage of proposed configurations in order to increase the efficiency of ex- 
situ biogas upgrading as it represents the availability of H2 for 
microorganisms. 

In addition to material, bubble size distribution is an important 
parameter affecting the gas–liquid interfacial area, gas holdup, resi-
dence time, bubble breakup and subsequently gas transfer efficiency in 
bubble columns. The small bubbles generated at gas distributors are the 
main contributor to the higher gas holdup due to the large residence 

time of the slowly rising small bubbles (Lau et al., 2012). Bubble size is a 
function of parameters such as pore diameter and number of pores in gas 
distributors, gas flow rate, and gas superficial velocity (Polli et al., 
2002). The results confirmed the impact of gas distributor pore size on 
efficiency of biogas upgrading process. Mass transfer performance in the 
reactors can be determined by volumetric mass transfer coefficient (kla) 
which depends on both liquid-side mass transfer coefficient (kl) and 
interfacial area (a) between gas and liquid phase. The bubble size and 
gas holdup are the most important factors influencing interfacial area. kl 
depends on mobility of bubble surface and subsequently mass transfer 
mechanism and characteristics of gas–liquid interface which are mainly 
affected by bubble size as well (Chaumat et al., 2005). 

As it can be seen in Table 2 and Fig. 1, increase of pore size in SiC gas 
distributor from 0.5 µm (R2) to 7 µm (R3) caused enhancement of output 
CH4 concentration and efficiency of biogas upgrading while R4 with 
higher pore size, i.e. 14 µm, had adverse effect and decreased the effi-
ciency of upgrading process. Among all type of SiC-filled reactors, R3 

Fig. 4. Heatmap of relative abundance (>0.5%) for most abundant microorganisms in the inoculum and the reactors during the steady state condition, for periods II 
and III (5 and 2.5 h GRT, respectively). The colour scale is shown on the top of heatmap, which varies from low abundance (black) to high abundance (red). (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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was associated with the highest biomethanation performance, reaching 
an average value of 99 ± 0.1% along with the average methane pro-
duction rate (0.32 ± 0.02 L CH4. Lr

− 1.day− 1) and highest H2 and CO2 
utilization efficiencies (ηH2 = 100%, ηCO2 = 99%) during period I. 

Increasing pore size of SiC distributor from 0.5 to 7 µm resulted in 
increase of bubble size and subsequently increase of kla and improved 
availability of H2/CO2 for microorganisms. The major contribution to 
the kla resulted from the kl that increased by increasing bubble size due 
to the higher mixing and turbulency. Further increase of pore size, i.e. 
14 µm, led to the higher bubble size and subsequently lower kla as a 
result of substantial decrease of the specific interfacial area. Generally, 
increase of bubble size causes decrease in specific interfacial area while 
increasing the kl, therefore there would be an optimum bubble size in 
order to have maximized kla (Wang et al., 2020). Likewise, R3 with 7 µm 
pore size distributor was the most efficient reactor in phase II with 
highest average methane content and production rate of 97 ± 1% and 

0.66 ± 0.02 L CH4. Lr
− 1.day− 1, respectively. The superior performance 

of the 7 μm SiC gas distributor was confirmed having higher kla (0.95 ×
104) compared to the other reactors. 

In phase III, the input gas flow rate was at the highest level, GRT of 
2.5 h, giving the maximum gas superficial velocity. As it was mentioned 
before, the higher gas flow rate causes the higher size of generated 
bubbles. Increasing pore size of SiC distributor from 0.5 to 7 μm cause 
further increase of bubble size exceeding the optimum level resulted in 
lower kla and lower efficiency of biomethanation. Thus, R2 reactor with 
0.5 μm pore diameter achieved better upgrading results in terms of 
methane content, H2 and CO2 utilization efficiencies in period III 
compared to the other reactors (Table 3). Therefore, according to the 
obtained results, applying a diffuser with efficient and optimized pore 
size can enhance the gas–liquid mass transfer in up-flow reactors and 
subsequently increase the methane content and upgrading efficiency. 

Fig. 5. Visual comparison of experimental and simulated methane productivities and pH, for reactors R1-R4. Vertical dashed lines indicate the experimental periods 
(P I- P III). 
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3.2. Microbial diversity analysis during upgrading process 

The most abundant OTUs were taxonomically assigned and the re-
sults are presented in E-supplementary file 1. Alpha diversity based on 
the number of OTUs showed the appropriateness of sequencing depth for 
covering the microbial diversity (E-supplementary file 2). The relative 
abundance of the identified OTUs are presented in Fig. 4 using heatmap 
presentation. 

The taxonomic assignment of microbial community revealed that 
Firmicutes was the most dominant phylum (65% of OTUs) followed by 
Proteobacteria (13% of OTUs), Euryarchaeota (6% of OTUs), Synergistetes 
(4% of OTUs). These phyla include several acetogenic and SAO bacteria 
which can degrade VFAs (Bassani et al., 2015; Krakat et al., 2011). The 
most abundant OTUs (25% of OTUs) covered average relative abun-
dance of 92.9 ± 0.1% of the total microbial community. Among them, 
only four OTUs belonged to archaea. 

The predominant microorganism was identified as a members of 
family Thermoanaerobacteraceae and recognized as homoacetogens 
(Angelidaki et al., 2018; Corbellini et al., 2018; Kougias et al., 2020). 
Thermoanaerobacteraceae sp. OTU1 had a relative abundance of 5.80 ±
0.93% in the initial inoculum and 18.47 ± 8.12% (average value) in R1- 
R4 during periods II and III (Fig. 4). The abundance of Thermoanaer-
obacteraceae sp. OTU1 was 1.4-fold higher in R3 during period III 
compared to period II. The higher proliferation of these homoacetogens 
can be attributed to relatively higher levels of acetate concentration in 
R3 for period III compared to the other reactors (Fig. 3). 

Apart from Thermoanaerobacteraceae sp. OTU1, other members 
within Thermoanaerobacteraceae family were detected (Thermoanaer-
obacteraceae sp. OTU2, 3 and 4) in all the reactors. This is in accordance 
with previous studies reporting high abundance of Thermoanaer-
obacteraceae species in thermophilic upgrading reactors (Dyksma et al., 
2020). 

It should be noted the abundance of Thermoanaerobacteraceae sp. 
OTU2 was enhanced by 11.1, 16.3, 17.2 and 24.4 folds for R1, R2, R3 and 
R4, respectively in period II compared to inoculum, while it was un-
changed in period III. The identified OTU was found in highest relative 
abundance of 16.93% in R4 compared to other reactors in which higher 
acetate concentrations (VFA accumulation) was observed during the 
second experimental period. As previously discussed, biomethanation 
efficiency was significantly decreased in R4 compared to the other re-
actors during period II. In fact, homoacetogenesis was observed in R4 
producing acetate from H2 and CO2 instead of methane. Afterwards the 
produced acetate preferably was utilized by SAO instead of direct ace-
tate methanation. This argument was supported by absence of acetic-
lastic methanogens among most abundant OTUs based on microbial 
sequencing data. 

The second most abundant microorganism found in the reactors was 
assigned to hydrogenotrophic methanogen belonging to the family 
Methanobacteriaceae. The relative abundances of Methanobacteriaceae sp. 
in inoculum and period II and period III of experiment were 1.89, 12.32 
and 22.10% (Fig. 4), respectively. The ability of Methanobacteriaceae 
species to create syntrophies with acetate oxidizers was previously re-
ported by Treu et al. (2018). Increasing input gas flowrate resulted in 
significant increase of Methanobacteriaceae sp. during upgrading process 
for all of the reactors compared to inoculum. Fold changes of 4.7, 11.2, 
4.2 and 6 were observed during period II compared to inoculum for R1, 
R2, R3 and R4, respectively. Likewise, in period III compared to period II, 
the fold changes of 2, 1.5 and 2.1 for R1, R2 and R3 were obtained, 
respectively. The highest relative abundance of Methanobacteriaceae sp. 
was related to R2 during period III, 32.38%, confirming highest H2 and 
CO2 utilization efficiencies. The microbial community shift, i.e. prolif-
eration of both hydrogenotrophic methanogens and homoacetogens, as 
a result of H2 addition is consistent with other researches (Kern et al., 
2016; Logroño et al., 2021; Rachbauer et al., 2017). 

Another highly abundant methanogen in R1-R4 was Meth-
anobacterium formicicum OTU1 (98.6% sequence similarity), which is 

also considered as hydrogenotrophic methanogen (Kelly et al., 2014). 
The relative abundance of M. formicicum OTU1 was 6.87 ± 3.06% 
(average value) in R1-R4 during periods II and III (Fig. 4). Inoculum was 
rich in M. formicicum OTU1 with relative abundance of 17.71 ± 0.86%. 
These methanogens decreased in all of the reactors during period II 
compared to inoculum by increase of input gas flowrate (fold changes of 
2.1, 2.2, 11.6 and 1.9 for R1-R4, respectively) and depression trend was 
followed during period III for R1 and R2. The presence of H2 probably 
inhibited the growth of M. formicicum OTU1 as a group of archaea. 
Interestingly, the relative abundance of M. formicicum OTU1 was 
enhanced by 6.7-fold from period II to III in R3 compared to the others. 

The absence of aceticlastic methanogens in the most abundant OTUs 
supported this hypothesis that acetate was preferably utilized through 
SAO pathway instead of via direct methanation pathway by aceticlastic 
archaea. 

Another dominant bacteria, in all reactors, was Caldicoprobacteraceae 
sp. OTU1 which is recognized as SAO bacteria (Dyksma et al., 2020) and 
its abundance was increased for all the reactors particularly for R3 (4.9 
folds change) during period II. R3 was rich in both homoacetogens and 
SAO during period II, so the acetate concentration was not changed 
significantly compared to period I (Fig. 3). The highest relative abun-
dance of Caldicoprobacteraceae sp. OTU1 (12.85%) for R3 can be 
attributed to higher efficiency of this reactor during period II as a result 
of the syntrophy between hydrogenothrophic methanogens and SAO. 
This OTU was assigned to order MBA03, which belongs to Clostridia class 
and affiliates with uncultured bacteria with 88.67% similarity to Cal-
dicoprobacter algeriensis based on BLASTn search. The high abundance of 
MBA03 as SAO bacteria was also reported in other researches for ther-
mophilic ex-situ biomethanation (Dyksma et al., 2020). 

Furthermore, the existence of diverse species of Caldicoprobacter-
aceae family (i.e. Caldicoprobacteraceae sp. OTU2, 3 and 4) and other 
SAO bacterium assigned to genus levels such as Syntrophaceticus sp. 
(OTU1 and 2), Tepidanaerobacter sp., and Oblitimonas sp. (OTU1 and 2) 
confirmed the high abundance of SAO microorganisms in this study 
which is accordance with previous researches in ex-situ upgrading re-
actors (Kougias et al., 2020, 2017). It should be noted that the relative 
abundance of Syntrophaceticus schinkii species (97.3%, sequence simi-
larity), as a well-known SAO bacteria (Corbellini et al., 2018), signifi-
cantly increased 280-fold (1.96%, relative abundance) in R4 compared 
to inoculum and 12.5-fold for R3 in period III compared to period II. It 
can be concluded that the proliferation of SAO members is in accordance 
with the higher acetate concentrations in the reactors, i.e. R4 in this 
study during period II (Kougias et al., 2020). According to microbial 
community analysis, high abundance of both SAO bacteria and hydro-
genotrophic archaea confirmed the syntrophic interaction between 
these microorganisms. However, metagenomic sequencing could be 
considered as a future research plan to comprehensively evaluate syn-
trophic relationship between microorganisms, functional genes and 
metabolic pathways. 

3.3. Model simulation results 

According to the simulation procedure, the extended bioconversion 
model was used to computationally replicate the experimental periods 
for reactors R1-R4 in order to validate the theoretical assumptions. 
Following the comparison of experimental and simulated trends, the 
methane productivity and pH data of all four reactors are shown in 
Fig. 5. 

As can be seen, the simulated methane productivity trends for pe-
riods I and II (P I and P II) were very close to the experimental results in 
all four cases, indicating that the extended model captures the dynamics 
of gas production well. Meanwhile, the relatively less accurate methane 
production simulations of period III are considered to be a consequence 
of the low gas retention time during this period, leading to more un-
certainties in the quantification of gas production than usual. Despite 
these differences, the low overall ME values and WAPE values ranging 

P. Ghofrani-Isfahani et al.                                                                                                                                                                                                                    



Bioresource Technology 340 (2021) 125694

9

from 7.5 to 13.6% (E-supplementary file 2) mean that the model was 
statistically reliable at simulating the gas production performances in all 
reactors. The WAPE trends of methane productivity and pH for reactors 
R1-R4 including all individual error calculations between experimental 
and simulated points are shown in E-supplementary file 2. 

In terms of pH simulations, the visual trends were somewhat 
different, as their agreement with experimental data was better in P III 
than in P I and P II, especially for reactor R2 and R3. However, the final 
WAPE values were lower than 5% in all cases, implying that the pH 
simulations were in general very accurate for the whole duration of the 
reactor experiments. By using experimentally determined kla values and 
considering the good correlation between simulation and real experi-
mental data, the model was shown to be effective for the simulation of 
biogas upgrading processes in up-flow reactors. Accordingly, future 
experiments could benefit from starting with simulations run by the 
proposed bioconversion model, offering the potential for improved 
process design and the model-based selection of optimal operation 
conditions. 

4. Conclusions 

This study demonstrated the influence gas distributor and GRT on 
the quality of CH4 in ex-situ biogas upgrading. GRT reduction resulted in 
increased CH4 production rate. However, CH4 content was higher at 
prolonged GRT due to the smaller bubble size, higher gas holdup and 
subsequently higher overall mass transfer coefficient. The results 
confirmed the superior effect of SiC over Al2O3 distributors to the 
achievement of better reactor mixing that improved CH4 content up to 
99% in output. Microbial analysis showed high relative abundance of 
hydrogenotrophic methanogens and proliferated syntrophic bacteria 
confirming the effect of H2 to alternate biomethanation microbiome. 
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