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Abstract

Syngas biomethanation is a promising technology for waste to energy conversion. However, it had
not yet been tested at high syngas flow rates. The aim of this study was to assess the possibility for
syngas biomethanation to reach high methane productivity at higher syngas inflow rate. A
pressurized stirred column was implemented. The syngas inflow rate was gradually increased, and
two different increase strategies were compared. The highest methane productivity achieved yet
with syngas-biomethanation was obtained, with 23.2 Lcna/L/d, with high conversion efficiencies of
89% for H, and 82% for CO. The mass transfer performances of the process were investigated, and
the existence of a biological enhancement factor was observed. Considering an enhancement factor
in bioprocesses is a pioneering concept that could change the way we design bioreactor to improve
mass transfer. The high methane productivity obtained in this study paves the way for the process

industrialization.
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1 Introduction

The increasing waste production induces stress on the environment, such as greenhouse gas
emissions, increasing landfill space usage and water and soil pollution (Dolk et al., 1998; Palmiotto
et al., 2014). An interesting waste management approach is the waste to energy strategy. It
presents many advantages, including waste volume and mass reduction and reduced greenhouse
gas emissions (Arena, 2012). Moreover, waste-based energy production can be considered part of
the greater strategy to phase out fossil fuel use (Vehlow et al., 2007). In this sense, pyro-gasification
is a promising approach to convert waste to energy (Tanigaki et al., 2015). Indeed, this process
could allow for hard to process waste, such as lignocellulosic biomass or heterogenous municipal

solid to be upgraded to energy.

The pyro-gasification of waste produces multiple components such as bio-oil, bio char and synthetic
gas (syngas) (Tsui and Wong, 2019). Syngas is a mixture of hydrogen, carbon monoxide, carbon
dioxide and methane. To improve the calorific value of syngas, it can be upgraded to methane.
Another advantage of this transformation is the use of the already existing natural gas grid and

storage infrastructures.

To convert syngas to methane, biological methanation is an interesting innovation. The
methanation reactions are operated by microorganisms that act as catalyst while supporting their
growth. The mild operating conditions (temperature inferior to 70°C and low pressure) allow low
energy consumption compared to catalytic methanation (Grimalt-Alemany et al., 2018). Moreover,
the microorganisms can be adapted from anaerobic sewage or manure sludge which is also cost

effective.

When using a mixed microbial consortium, biomethanation is operated through complex

interactions and syntrophic associations. Temperature conditions play an important part on the



main biological routes and methane productivity. Indeed, thermophilic conditions appear to allow
higher methane productivity than mesophilic conditions (Asimakopoulos et al., 2020; Grimalt-
Alemany et al., 2019; Youngsukkasem et al., 2015). Therefore, thermophilic conditions are more
suitable for an intensified process. In thermophilic conditions, studies have shown that two
reactions are predominant (Grimalt-Alemany et al., 2019; Figueras et al., 2021; Guiot et al., 2011;
Sipma et al., 2003). One is CO conversion to H, and CO; through biological water-gas shift (Eq. 1) by
carboxydotrophic hydrogenogens and the other H; and CO; conversion to methane by

hydrogenotrophic methanogens (Eq. 2).

CO + Hy0 = Hy + CO; (1)

4H; + CO; = CHq + 2H,0 (2)

When considering biomethanation performances, one should consider the gas-liquid mass transfer
capability of the system. Indeed, the gaseous substrate (syngas) must be transferred to the micro-
organisms that are in the liquid phase. Generally, this is the limiting step regarding the rates of the
process (Asimakopoulos et al., 2018). The maximum gas-liquid mass transfer rate of a component j

is expressed by Eq. 3:

Nmax,i = kiai * Hi, cp * Pi (3)

With P; the partial pressure (bar) of the component i, Hi ¢, the Henry law constant (mol/L/bar) and
kiai the mass transfer coefficient of i (1/d). Therefore, to improve the mass transfer rate, one can
improve the kia with an optimized reactor configuration, with systems such as packing bed, hollow
membrane reactors or stirred tank reactor (Jensen et al., 2021). Moreover, according to Eq. 3, the

maximum mass transfer rate can be improved by enhancing the partial pressure of the reactor. It is



the strategy presented in this study, with a tank pressurized at 4 bar. Furthermore, in this study the

kia is improved with continuous agitation.

Although syngas-biomethanation is a promising technology, it has not been tested at large scale
yet. To our knowledge, prior to this study, the highest syngas inflow rate tested was 65.8 Lstp/Lbed/d
(STP: standard temperature and pressure) by Asimakopoulos et al. (2021b). They obtained the
highest methane productivity achieved yet of 9.5 Lste/Lbed/d, With conversion efficiencies of 76% for
CO (Eco) and 97% for H; (Enz) in thermophilic conditions. Higher syngas inflow rates should be
tested to assess the limits of the biological consortium and to prove that the syngas-

biomethanation is compatible for industrialization. It is therefore the aim of this study.

The consortium used in this study had been previously adapted for syngas-biomethanation. The
aim was to determine CO and H; conversion rates and CHa4 productivities for various syngas inflow
rates. Another objective was to determine whereas the system was sensitive to rapid changes in
input feed rate. Thus, a continuous lab-scale pressurized tank was implemented with syngas inflow
rate ranging from 18.0 Lstp/L/d to 135.6 Lstp/L/d. Two different strategies for the inflow increase

were studied and compared. Methane productivities were compared to the scientific literature.

2 Materials and Methods

2.1 Inoculation and Operating Conditions

The reactor set-up and the analytical methods used in this work are detailed in a previous article
(Figueras et al., 2021). The reactor was a 12L stainless steel gastight stirred tank with continuous
gas injection (Fig. 1). The working volume was 10L. The injected syngas was obtained from gas
bottles for CO and CO; and from a hydrogen generator for H,. The syngas composition and inflow

rate were adjusted with three mass flow controllers, one for each gas. The syngas composition was



set to 40% CO, 40% H; and 20% CO,. According to the stoichiometry of the reactions involved in
syngas biomethanation (Eqg. 1 and 2), considering full conversion, such a syngas composition should
not produce nor consumed water. This indicates that the liquid medium should not be diluted as

biomethanation takes place.

The pressure was regulated at 4.000 + 0.001 bars with a pressure controller. The outlet gas flow
rate was measured with a volumetric flow rate counter and its composition with micro gas
chromatography. The tank was thermoregulated at 55 = 1 °C with a temperature-controlled
thermostat circulating hot water in the water jacket of the tank. The reactor was agitated at 1000
rpm thanks to an electric motor and three Rushton turbines. A solution of Na,S was injected daily in
the pressurized tank with a dosing pump. pH was stable between 6.3 and 6.7 without any

regulation.

The reactor was initially inoculated with a mesophilic sludge from the wastewater treatment plant
of La Feyssine, Lyon, France. It was then specialized by being exposed to the operating conditions of
syngas biomethanation at high pressure (4 bar). The reactor reached stable methane production
after a few months of adaptation, which is detailed in a previous study (Figueras et al., 2021). The

adapted consortium was then operated during approximatively 10 months.

To study the performances of the process, the syngas inflow rate was gradually increased by 20%
steps, from 18.0 Lstp/L/d to 135.6 Lstp/L/d, at 4 bar. At each step of tested syngas inflow rate, the
inflow rate was maintained for a certain time. To ensure sufficient biomass growth, each step of
tested syngas inflow rate was first maintained for approximately 24h (experiment A). The step
duration was then reduced to approximately 3h to see if the process could be sped up and if high
methane productivities could be reach quicker (experiment B). The flow rates were not increased

during the weekends, leading to longer step durations. For each experiment, the process



performance at atmospheric pressure at low inflow rate of 18.0 Lstp/L/d were also studied.
Experiment A and B were separated from each other by a 4 months period during which the

biomethanation reactor was not interrupted. The two experiments are displayed in Fig. 2.

Experiment A started with an initial total solid (TS) concentration of 8.5 + 0.1 g/L and an initial
volatile solid (VS) concentration of 5.4 + 0.1 g/L. To guarantee no ammonium deficiency, the initial

concentration of NHs* was set at 1407 + 8 mg/L with an initial addition of NHsOH (25%).

Regarding experiment B, the initial TS concentration was 11.5 + 0.1 g/L, and the initial VS
concentration was 6.8 + 0.1 g/L. The difference between the initial concentrations between
experiment A and B can be explained by the fact that the reactor produced methane during 4
months between the experiments, leading to an increase in biomass concentrations. The initial

NH4* concentration was set at 1320 * 3 mg/L for experiment B.

In experiment A, 10 mL of a solution of NaxS (16.2 g/L) was supplied daily to the reactor using a
dosing pump. In experiment B, the supply was increased due apparent sulphur deficiencies
observed between the two experiments. The supply was increased accordingly to methane
production to limit sulphur deficiencies and a total of 84 mL was injected over the course of

experiment B.

The mean pH was 6.6 + 0.1 and 6.3 + 0.1 during experiment A and B, respectively.

In experiment A, the reactor was depressurized every 3 to 4 days to sample 200 mL of inoculum to
perform liquid analysis. To maintain a constant liquid volume in the tank, the liquid level was
adjusted after sampling with a solution of nutrients (0.143 mg/L B, 0.008 mg/L Co, 0.186 mg/L Cu,

0.192 mg/L Fe, 127 mg/L K, 22.6 mg/L Mg, 0.041 mg/L Ni, 5.09 mg/L S, 0.176 mg/L Zn, 714 mg/L



NHa4*). In experiment B, since the experiment lasted about 4 days, the medium was analysed only at

the beginning and at the end of the experiment.

Liquid analysis on the medium included Volatile Fatty Acid (VFA), ammonium, trace elements, TS
and VS, and water-soluble chemical oxygen demand (COD). All analyses excepting TS and VS were
performed after centrifugation and filtration at 0.45 um. All the analytical methods are detailed in a

previous article (Figueras et al., 2021).

2.2 Mass transfer characterization

The mass transfer coefficient kia was characterized with O, reoxygenation method in clean water
(10 L) according to He et al. (2003). The dissolved oxygen concentration was measured using an
EasySense O; 21 probe (Mettler Toledo, Switzerland). The reactor was first deoxygenated with
nitrogen, then reoxygenated with air. The reoxygenated curve was then used to determine the k.a.

Different actual inflow rates of air were tested, from 26 + 14 L/d to 1613 + 17 L/d at 55°C.

The impact of pressure was studied from 1.00 to 1.75 bar only, due to the low-pressure tolerance
of the oxygen probe. To consider the impact of pressure on the kia, the inflow rate was converted
into the actual inflow rate injected in the tank. It was therefore corrected for temperature and
pressure. For instance, a syngas inflow rate of 18.0 Lstp/L/d (0°C, 1 bar) corresponds to an actual

flow rate of 5.4 L/L/d at 55°C and 4 bar.

It was observed that the pressure mostly had an impact on the kia due to volumetric reduction of
the gas (Jensen et al., 2021). Therefore, the k.a was correlated with the actual flow rate to consider

the impact of the pressure. More data are available in supplementary material.



The mass transfer coefficient kia was determined at different agitation rates, from 300 to 1500
rpm, with a maximum obtained at 1000 rpm. This rate was therefore chosen as an operating

parameter for the biomethanation reactor.

The mass transfer coefficients of H, and CO in water were then computed from the mass transfer

coefficient of O, using the diffusivities ratio according to Eq. 4:

b \05
kpa; =kpao, ( . ) (4)

D02

The square roots of the diffusivities ratios (Di/Do2)%° was computed according to correlations
determined by Wilke and Chang (1955). They were found to be 1.22 and 0.97 for H; and CO,

respectively.

2.3 Calculation methods

All kinetic parameters were estimated for a single inlet syngas flow rate, during a stable period of
methane production. The uncertainties were computed from the standard deviations calculated for
each period, using the propagation of uncertainty method. A minimum of 12 data was used to
calculate the standard deviation for each period. Moreover, for each period, mass balances
between the inlet and the outlet of the reactor were calculated to validate the conservation of

mass in the system (data not shown).

For each syngas inflow rate, the corresponding conversion rates and productivities r (Lstp/L/d) were
measured with the same method as described in Figueras et al. (2021). The specific rates r
(Lstr/gvs/d) were calculated with the volatile suspended solids concentration. Since VS content was
not measured at the beginning and the end of each syngas inflow rate steps, those points were
obtained with linear approximation from the measured VS concentration and used to compute the

mean VS concentration for each syngas inflow rate step. In order for the VS concentration to be a



better estimate of biomass growth, it was corrected for acid volatile concentrations according to

Porter and Murray (2001).

The maximum mass transfer rate Nmax,i (Lste/L/d) of a component i is computed according to Eq. 5:

Nmax,i = kLai(Qtotal) * Hi, cp * P (5)

kiai is the mass transfer coefficient of i (1/d) and depends on the total actual flow rate Qsotal. The
correlation between the kia and Quotal Was determined during the mass transfer characterization

(supplementary material).

During the process, according to Eq. 1 and 2, the number of moles of gaseous components tends to
decrease. With a syngas composed of 40% CO, 40% H, and 20% CO>, assuming total conversion, the
outlet dry gas would be composed of 33% CH4 and 67% CO> and the outlet flow rate would be only
60% of the injected flow rate. According to Eq. 5, the maximum mass transfer rate depends on the

actual gas flow rate (impact on the kia) and on the partial pressure of the considered gas.

For example, with a CO partial pressure at the entrance of the reactor set at 1.6 bar, the CO outlet

partial pressure was found to be equal to 0.1 bar during stable methanogenesis at 4 bar and for 18

LSTP, syngas/l-/d-

The average values of these two parameters (gas flow rate and partial pressure) depend on the
mixing behaviour of the gas phase. Two models can be considered. The first model assumes that
the gas phase is perfectly mixed: bubbles are homogeneously distributed, and the composition of
the gas phase is homogeneous and equal to the outlet composition (Continuous Stirred Tank
Reactor (CSTR) model). In this case, it is considered that the parameters impacting the transfer are
the outlet flow rate and outlet partial pressure. The second model considers that the gas phase

behaves as plug flow reactor (PFR) system. In this case, there is a gradient of gas composition and



gas flow rate between the entrance and the exit of the reactor. Under this assumption, the average
flow rate (Qgiobal) and partial pressure (Pi) impacting the mass transfer rates are computed using the

logarithmic mean between the entrance (in) and the exit (out) of the reactor (Villadsen et al., 2011):

p log Piin_Piout b 6
i - ln( Piin) _ ln(Piout) [ ar]' ( )
log _ nglobal—Qg%tbaz

Qgiobar = n( 0PI} our - LL/h] (7)

global) - ln(leobal)

In reality, the actual behaviour of the gas phase probably lies between these two extreme models
(Danckwerts, 1995). In a bubble column (without mechanical mixing), the gas phase is generally
assumed to behave as a plug flow system. The residence time distribution of the gas, measured
with an inert tracer, could allow to determine the real behaviour of the system (Rodrigues, 2021).
However, it was not possible to measure it in this study due to lack of the appropriate equipment.
Therefore, it was decided to consider the two extreme models (PFR and CSTR) to discuss the mass

transfer of the reactor.

3 Results and discussion

3.1 Biomethanation performances

The performance parameters of biomethanation depending on the syngas inflow rate are
presented in Fig. 2, for experiment A and B. Even though the two experiments were conducted a
few months apart, the results are quite similar indicating a good reproducibility of the biological
process. Therefore, it can be observed that the duration time of each inflow rate step had no
impact on the performance results. It can also be seen in Fig. 2 that a 20% increase in syngas flow
rate led to a quick stabilisation of the outlet flow rate, with no apparent transient state. This tends

to indicate that the process was not limited by biological kinetics. It can also be noted in Fig. 2 the
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presence of residual H, and CO flow rates, that increased with the increase of syngas inflow rate.
This also indicates mass transfer limitations. Because stable performances established quickly as

the flow rates changed, it was possible to characterize performances in steady state.

Considering the by-products of biomethanation, presence of volatile fatty acid (VFA) was detected,
mostly acetic and propionic acid. In Experiment A, VFA concentrations ranged around 0.1 mg/L and
0.5 mg/L for acetic and propionic acid respectively (Fig. 2), whereas they were much higher in
experiment B (around 3-2 g/L). This higher concentration didn’t seem to inhibit biomethanation as
the volumetric conversion rates and productivities were similar between experiment A and B (Fig.
3). In both experiments, the acetic acid concentrations decreased over time (from 0.4 to 0.003 + 5%
g/L for experiment A and from 3.8 to 1.4 + 5% g/L for experiment B). This trend has already been
observed in a previous study (Figueras et al., 2021), with an increase in acetic acid concentration
when methanogenesis was inhibited, and a decrease when methanogenesis was occurring. This
indicates that acetic acid is probably a by-product when methanogenesis is limited, and not when it

is thriving.

During the experiments, VS concentration increased, which is due to biomass growth. In
Experiment A, VS concentration increased of 2.2 £ 0.2 g/L in 15 days and in Experiment B, of 3.9 +
0.2 g/Lin 4 days. Therefore, biomass growth was more important and quicker in Experiment B
compared to Experiment A. As mentioned in 2.1, sulfur supply was increased in Experiment B

compared to Experiment A, which could have favoured biomass growth.

From the data obtained at steady states at each syngas inflow rates tested, conversion rates and
productivities were calculated for experiment A and B and are displayed in Fig. 3. One can observe
that the volumetric conversion rate of H, (ru2) was almost twice higher than the volumetric

conversion rate of CO (rco). This makes sense, as ruz2 is computed by considering the H, produced
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from CO by water-gas shift according to Eq. 1 (Figueras et al., 2021). It can also be observed that
the volumetric production and conversion rates increased with the syngas inflow rate. An outlet
production rate of 23.2 + 0.2 Lcua/L/d was reached for a maximum inlet syngas flow rate tested of

135.6 Lstp/L/d.

At the lower syngas inflow rate of 18.0 Lstp/L/d, the CO conversion efficiencies (Eco) were of 96 + 0%
for experiment A and of 97 + 0% for experiment B. At the maximum inflow rate of 135.6 Lstp/L/d,
they dropped to 82 + 1% and 79 £ 1% for experiments A and B, respectively. The same tendency
can be observed regarding H, conversion efficiencies (Ewz). The drop in conversion efficiencies can
be explained by the decrease of the gas retention time associated with an increase in the inflow
rate. Such behaviour has already been observed in syngas biomethanation (Asimakopoulos et al.,

2021b).

It can also be observed in Fig. 4 that En, was always higher than Eco. This can be explained by H;
mass transfer properties, that are slightly higher than CO mass transfer properties. Indeed, as
mentioned in 2.2, the square roots of the diffusivities ratio for H; (1.22) is higher than for CO (0.97),
indicating a higher kia for H, compared to CO (Eq. 4). Moreover, at 55°C the Henry law coefficient
for Hz is 6.63.10° mol/(m3.Pa) and 6.52.10°° mol/(m3.Pa) for CO, according to Sander (2015).
Therefore, according to Eq. 5, the overall mass transfer rate of H; is higher than the overall mass

transfer rate of CO.

Comparing performances obtained in this study to literature is a complex task, as the parameters
vary widely from one study to the other. Moreover, the mass transfer is not always characterized,
hence making it difficult to compare the performances between different studies. When comparing

the methane productivities, a few parameters must be considered. The methane productivity tends

12



to increase with the syngas inflow rate, although often at the expense of the conversion

efficiencies. Therefore, one should also consider the mass transfer efficiency.

Moreover, the syngas composition will influence the methane composition of the outlet gas,
according to Eq. 1 and 2. The syngas quality index (SQl) was introduced by Asimakopoulos et al.
(2021a) and is useful to compare performances of different processes converting different syngas
compositions. The more the SQIl (Eq. 8) tends to 4, the higher the methane content in the produced

gas.

%H,+%CO
%CO5+%CO

SQI = (8)

Taking these parameters into account, at similar inflow rates per unit of reactor volume and
temperature conditions, performances can be compared between two studies. For example, in this
study, a syngas inflow rate of 64.8 Lstp/L/d was tested, which is close to a syngas inflow rate tested
by Asimakopoulos et al. (2021b) of 65.8 Lsre/L/d using a trickle bed reactor at atmospheric pressure.
Even though their syngas flow rate per unit of reactor volume and SQI (1.44) were higher compared
to this study (with SQl of 1.33), they obtained lower methane productivity (9.5 Lste/L/d) compared
to this study (11.8 + 0.1 Lstp/L/d). This can be explained by the difference of conversion efficiencies
(76% and 97% for their study and 88% and 94% for this study, for CO and H» respectively), which
can be explained by the mass transfer technologies used: it could be hypothesized that working at

high pressure tends to increase the mass-transfer capacity of the reactor.

Considering methane productivity data from the literature, the highest methane productivity
obtained in the literature prior to this study was 9.5 Lste, cha/L/d, obtained by Asimakopoulos et al.
(2021b) as described above. Other performances can be mentioned, such as 4.6 Lstp, cha/L/d (Eco:

73%, Enz: 89%) by Asimakopoulos et al. (2020), 3.6 Lstp, cHa/L/d (Eco: 93%, Ena: 97%) by Diender et al.
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(2018) and 3.7 Lstp, cHa/L/d (Eco: 97%, Enz: 98%) by Figueras et al. (2021). Therefore, to our
knowledge, the highest methane productivity of 23.2 Lste, cha/L/d obtained in this study is the
highest volumetric methane productivity achieved yet with syngas biomethanation. This is probably
because it is the first time that such a high syngas inflow rate (135.6 Lstp/L/d) was applied. There

are not yet other studies working at such an inflow rate allowing to compare these performances.

Even though the corresponding conversion efficiencies obtained with 23.2 Lcna/L/d are around 82-
79% for Eco and 89-87% for Enz and are not suitable for network gas injection, the performances
obtained in this study are very promising for syngas biomethanation since they could still be
improved by improving the mass transfer rate. To do this, simple reactor geometry changes could
be implemented , such as adding baffles to the tank and therefore increasing mass transfer rate
(Cabaret et al., 2008). Another solution, when designing the tank would be choosing for a similar
working volume a higher height/diameter ratio that would allow for longer gas residence time and

therefore increase the mass transfer.

3.2 Mass transfer study

Mass transfer is a known limiting factor of biomethanation (Asimakopoulos et al., 2018). As
pressure can increase gas solubility and therefore the mass transfer rate according to Eq. 5, a
pressurized stirred bubble column reactor was implemented. However, in gas sparged reactor,
pressure can also reduce the kia as it decreases the gas volume and therefore the bubble size and
the interfacial area (Jensen et al., 2021). To confirm that pressure had a positive impact on the
overall maximum mass transfer rate, the performances of the reactor were investigated for a fixed

inlet syngas flow rate of 18.0 Lstp/L/d at 1 and 4 bar for experiment A.

By increasing the pressure, the CO conversion rate increased by 12%, from 6.1 + 0.3t0 6.9 £ 0.1

L/L/d. Similarly, the methane productivity increased by 12% from 3.1 + 0.1 to 3.5+ 0.1 L/L/d.

14



Moreover, the conversion efficiencies increased from 85 + 4 % to 96 + 0 % for CO (11% increase)
and from 89 £ 3 % to 97 £ 0 % for Ha (9% increase) when increasing the reactor pressure. These

results confirm the positive impact of pressure on the mass transfer.

As mentioned earlier, the volumetric rates were very similar between experiment A and B.
However, the VS concentrations in experiments A and B were quite different (5.4 +0.1 g/Land 6.8 £
0.1 g/L). Therefore, specific activities were computed. Their evolution according to syngas inflow
rates are displayed in Fig. 3. It can be observed that the specific activities also increased with the
syngas inflow rate. However, contrary to the volumetric conversion and production rates, the
specific activities were different between experiment A and B. The specific activities in experiment
B were lower than of experiment A, as the VS concentration was higher in experiment B. Since the
volumetric rates were similar for experiment A and B, and since the specific activities were

different, this indicates that the reactor was limited by mass transfer and not by biological kinetics.

Considering the two different models discussed in 2.3, the theorical maximal mass transfer rates
were computed considering a CSTR model and a PFR model for the gas phase. These theorical
maximal mass transfer rates were then compared to the observed volumetric conversion rates. To
study mass transfer performances, only the carbon monoxide mass transfer was considered, as it is
not considered an intermediary product of the process (on the contrary to H» that is at the same

time injected in the reactor and produced by the water gas shift reaction from CO).

It can be observed in Fig. 5 that for experiment A the volumetric conversion rate for CO was higher
than the theoretical Nmax, independently of the model considered and significantly when comparing
to the uncertainties computed as described in Material and Method. This is surprising: since it is
considered that the reactor is transfer limited, the opposite result should be observed. The Nmax

computed with the PFR model was higher than the Nmax computed with the CSTR model, which

15



makes sense as the CSTR model only considers the outlet CO partial pressure (Pco®“t), which is

smaller than the logarithmic partial pressure (Pco'°8) considered in the PFR model. For example, for
experiment B at 135.6 Lstp, syngas/L/d, Pco®“t was equal to 0.48 + 0.02 bar and Pco'°® was equal to 0.93
+ 0.02 bar. According to Eq. 5, the higher the gas partial pressure the higher the mass transfer rate,

hence explaining the better performances of the PFR model.

According to these results, it can be concluded that the CO mass transfer under process conditions
is faster than without biological reaction. This difference is quantified by an enhancement factor Ea,

computed according to Eq. 9:
Ea = rCO/ Nmax (9)

Mass transfer enhancement in gas-liquid reactive systems is a known phenomenon. According to
the two film theory for gas-liquid mass transfer (Lewis and Whitman, 1924), it occurs when the
reaction takes place (partly or totally) in the liquid film diffusion layer at the gas-liquid interface.
This is due to the fact that the reaction rate is faster than the diffusion rate (Kierzkowska-Pawlak,

2012).

Considering that the biological process of this study is transfer limited as argued above, an analogy
can be made with mass transfer with chemical reaction to explain the observed enhancement
factor. This has been already proposed by several studies, that observed and modelled a biological
enhancement factor for the biological oxygen uptake (Merchuk, 1977; Garcia-Ochoa and Gomez,

2005, 2009).

Merchuk (1977) considered a mono film model and modelled the concentration gradient of oxygen

through the liquid film. They demonstrated that the enhancement factor could be expressed as:

_ D 1y X
Ea=1+ (Z-qu-((:*—cl)) (11)
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With D the gas diffusivity (cm?/d), (C* - C\) the dissolved gas concentration gradient (Lstp/L), ki the
liquid-side mass transfer coefficient (cm/d), r« the specific activity (Lstp/gvs/d) and X the biomass
concentration (gvs/L). They demonstrated that the enhancement factor was dependent on the cell
concentration and distribution in the liquid film. Furthermore, Garcia-Ochoa and Gomez (2005)
proposed a model considering mass transfer resistances in series (surfactant layer, cell layer, liquid
film layer). They also concluded that the biological enhancement factor was dependent on the
conversion rate (which depends on the specific activity and the biomass concentration), with good

correlation with experimental observations.

Therefore, in this study, the evolution of the biological enhancement factor with the CO conversion
rates was considered, for each steady states at constant syngas inflow rates. The increase in the
enhancement factor with the volumetric conversion rate can indeed be noticed in Fig. 6,
considering the PFR model. More than a two-time increase can be observed, from around 1.5 to
3.2. This increasing trend is in accordance with the modeling proposed by the studies as discussed
above. However, these values are quite high compared to literature: for example, Garcia-Ochoa and
Gomez (2009) observed a biological enhancement factor ranging from 1 to 1.3 for the growth of a
pure culture of Candida bombicola in a stirred tank reactor. The values for Ea are similar in
experiments A and B for the PFR model. Considering the CSTR model for the gas phase, the values
are much higher, with Ea ranging from about 6 to 13. In addition, the values are much more
scattered between experiment A and B. No clear trend can be extrapolated for Ea. Even if the real
mass transfer behaviour would probably be between the CSTR and the PFR model (Danckwerts,
1995), this observation leads to think that the mass transfer model probably leans toward a PFR
model. This would be consistent with the fact that the gas phase in the system is composed of fine

individual rising bubbles, even if the mixing intensity is elevated.

17



To our knowledge, it is the first time that a biological enhancement factor is observed in a
biomethanation process. Modelling of the concentration profile of CO in the liquid film to
determine theoretical values for the enhancement factor and comparing them with the trend
observed Fig.6 would provide more in depth understanding of the mechanisms, which could be the

aim of further research.

4 Conclusion

For the first time, high syngas inflow rate conversion was tested with biomethanation with two
strategies of syngas flow rates increase. High methane productivity of 23.2 Lcya/L/d was obtained,
associated with good conversion efficiencies of 89% for H, and 82% for CO. Using a pressurized
reactor to improve gas-liquid mass transfer led to good performances compared to the literature.
Therefore, these results are a good step towards the industrialization of the process. When
studying the mass transfer performances of the reactor, the existence of a biological enhancement
factor was demonstrated. Future work should investigate the mechanisms governing this

phenomenon.

E-supplementary data for this work can be found in e-version of this paper online.
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Figures Captions

Fig. 1. Schematic of the reactor system. (1) tank, (2) stirring system, (3) pressurized sulfide circuit,
(4) thermostat, (5) CO gas bottle, (6) CO mass flow controller, (7) CO; gas bottle, (8) CO; mass flow
controller, (9) Hz generator, (10) H2 mass flow controller, (11) liquid addition or withdraw, (12)

pressure controller, (13) gas analyzer, (14) drum gas counter.

Fig. 2. Evolution of syngas inflow rate, of outlet flow rates and of the by-products of
biomethanation in function of time, for experiments A and B. In experiment A, the syngas inflow
rate was increased by 20% every 24h, whereas in experiment B it was increased every 3h. Every 3
to 4 days, the reactor was depressurized, and liquid sampling was performed to measure volatile
solids (VS) and volatile fatty acid (VFA) concentrations. VS concentrations are corrected for VFA. In
Experiment A, the CO inflow rate was interrupted from day 10.4 to day 12, due to the emptying of

the CO bottle. The experiment restarted day 12 with no visible impact of the biomethanation.
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Fig. 3. Evolution of CO and H; volumetric conversion rates, volumetric CHs production rate, and
specific activities for H, and CO conversion, and for CH4 production in function of the syngas inflow

rate, for experiments A and B.

Fig. 4 Drop of conversion efficiencies with the increase in syngas inflow rate. Eco: CO conversion

efficiency, Enz: H2 conversion efficiency.

Fig. 5 Comparison of CO volumetric conversion rates (rc,) and CO maximal mass transfer rates
(Nmaxco), considering Continuous Stirred Tank Reactor (CSTR) and Plug Flow Reactor (PFR) transfer

models.

Fig. 6 Evolution of the biological enhancement factor in function of CO conversion rate, for
experiments A and B, considering a Continuous Stirred Tank Reactor (CSTR) and Plug Flow Reactor

(PFR) model.

25



Tables and Figures

Figure 1

26



Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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