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A B S T R A C T

Nowadays, the utilization of biogas for energy generation is hindered by the declining production costs of solar
and wind power. A shift towards the valorization of biogas into ectoine, a highly valuable bioproduct priced at
1000 €⸱kg− 1, offers a novel approach to fostering a more competitive biogas market while contributing to carbon
neutrality. This study evaluated the optimization of CH4 gas-liquid mass transfer in 10 L bubble column bio-
reactors for CH4 conversion into ectoine and hydroxyectoine using a mixed methanotrophic culture. The influ-
ence of the empty bed residence time (EBRTs of 27, 54, and 104 min) at different membrane diffuser pore sizes
(0.3 and 0.6 mm) was investigated. Despite achieving CH4 elimination capacities (CH4-ECs) of 10–12 g⸱m− 3⸱h− 1,
an EBRT of 104 min mediated CH4 limitation within the cultivation broth, resulting in a negligible biomass
growth. Reducing the EBRT to 54 min entailed CH4-ECs of 21–24 g⸱m− 3⸱h− 1, concomitant to a significant increase
in biomass growth (up to 0.17 g⸱L⸱d− 1) and reaching maximum ectoine and hydroxyectoine accumulation of 79
and 13 mg⸱gVSS− 1, respectively. Conversely, process operation at an EBRT of 27 min lead to microbial inhibition,
resulting in a reduced biomass growth of 0.09 g⸱L⸱d− 1 and an ectoine content of 47 mg⸱gVSS− 1. While the in-
fluence of diffuser pore size was less pronounced compared to EBRT, the optimal process performance was
observed with a diffuser pore size of 0.6 mm.

1. Introduction

For decades, the biogas originated from the anaerobic digestion of
organic waste and wastewaters has been massively employed as an en-
ergy vector via direct combustion in heat and power co-generation en-
gines (EBA, 2022). Nevertheless, the rapid decrease of the production
costs of competing renewable energies, especially solar and wind power,
coupled to the prolonged instability in the local and global energy
markets, have opened the door to the deployment of more innovative
biogas valorization pathways (IRENA, 2023). Currently, the use of
biogas as a source of green natural gas via upgrading, considered as
strategic and intensively promoted by the European Commission, is
leading the transition towards smarter uses of biogas (European Com-
ission, 2022; Muñoz et al., 2015). Notwithstanding, as depicted in the
“Innovating for sustainable growth” report, the valorization of biomass
residues into energy or biofuels remains at the bottom of the
added-value pyramid. The production of more sophisticated chemicals is
mandatory for the future success of urban biorefineries, a crucial factor

for achieving amore circular bioeconomy (European Commission, 2012,
2020).

In this context, the utilization of methanotrophic bacteria, capable of
bioconverting the methane (CH4) contained in the biogas in all sort of
added-value products, has recently emerged as one of the most prom-
ising platforms for increasing biogas value (Pieja et al., 2017). Meth-
anotrophs oxidize methane through a pathway that begins withmethane
conversion to methanol by methane monooxygenase (MMO). Methanol
is then oxidized to formaldehyde by methanol dehydrogenase. Finally,
formaldehyde is either assimilated for biomass growth or oxidized to
CO2 (Gęsicka et al., 2021). A significant variety of methanotrophs has
demonstrated its ability to convert efficiently the CH4 into bulk chem-
icals (polyhydroxyalkanoates (PHA)), feed and food products (single cell
protein) or fine chemicals (ectoine) (Cantera et al., 2018a; García
Martínez et al., 2022; Rodríguez et al., 2020). Particularly, the pro-
duction of compatible solutes such as ectoine and hydroxyectoine, has
attracted the attention of the cosmetic and pharmaceutical industries,
given the high cost (1000 €⋅kg− 1) and low sustainability of their current
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production processes, derived from the use of expensive carbon sources
and complex downstream purification stages (Strong et al., 2015).
Ectoine high market value relies on its high unparalleled performance as
protein, cell membrane and tissue protector (Cantera et al., 2023).
Ectoine synthesis occurs under high salinity conditions and begins with
acetyl-CoA (produced via the serine pathway of CH4 oxidation) and
aspartate. This process involves three key enzymes encoded by the
ectABC cluster: diaminobutyric acid aminotransferase (EctB), dia-
minobutyric acid acetyltransferase (EctA), and ectoine synthase (EctC)
(Gęsicka et al., 2021). Ectoine can be converted into hydroxyectoine by
the enzyme ectoine hydroxylase (EctD) (Bursy et al., 2007). Although
ectoine and hydroxyectoine are produced intracellularly, they can be
released into the medium in response to hypoosmotic shock when the
salt concentration decreases (Rodero et al., 2023). The capacity of hal-
oalkaliphilic methanotrophic cultures to simultaneously oxidize CH4
and accumulate high contents of ectoine (70 mg ectoine⋅g− 1 biomass)
under saline stress conditions has been already optimized at lab scale
(Carmona-Martínez et al., 2021; Rodero et al., 2022). Additionally,
recent techno-economic and sensitivity studies have consistently
demonstrated that ectoine production using haloalkaliphilic methano-
trophic bacteria could significantly boost the economic revenue of small,
medium and large waste treatment plants (Pérez et al., 2021).

However, the implementation of aerobic methanotrophy at indus-
trial scale still faces some challenging biotechnological obstacles such as
the low productivity of methanotrophic cultures due to the poor gas-
liquid mass transfer efficiency of CH4 and oxygen (Choi and Lee,
1999; Strong et al., 2016). The reduced gas-liquid mass transfer rates
entail a concomitant increase of the gas empty bed residence time
(EBRT) and incur in prohibited capital costs caused by the need of larger
bioreactors (Pérez et al., 2022). The gas-liquid mass transfer rate is
governed by the volumetric mass transfer coefficient KLa which relies,
among other factors, on the hydrodynamics of the gas-liquid contact and
on the morphology of these contactors. In spite of the successful ad-
vances in the design of innovative high-mass transfer bioreactors, such
as Taylor flow, airlift or u-loop contactors and the development of
operational strategies such as the internal gas recirculation or the use of
pressurized bioreactors, some fundamental factors such as the gas dif-
fusers morphology and the size of the membrane pores have not been
carefully explored (Cattaneo et al., 2022; Garcia-Ochoa and Gomez,
2009; Stone et al., 2017). Therefore, an optimization of the bubble size
in gas-liquid bioreactors becomes of paramount importance for reducing
the capital and operational expenditures and concomitantly, boosting
the economic performance of these novel bioprocesses.

The main goal of this work was the enhancement of the CH4
bioconversion into ectoine and hydroxyectoine in bubble column bio-
reactors. The influence of the pore size of the membrane fine bubble gas
diffusers was evaluated. Various gas EBRTs were tested to improve CH4
mass transfer. Finally, specific ectoine and hydroxyectoine concentra-
tions were analysed to determine the optimal operational conditions.

2. Materials and methods

2.1. Mineral salt medium and reagents

The mineral salt medium (MSM) had the following composition (per
L of solution): 60 g NaCl, 3.78 g NaHCO3, 3 g KNO3, 0.2 g MgSO4⋅7H2O,
0.11 g KH2PO4, 0.13 g Na2HPO4⋅2H2O, 0.013 g CaCl2⋅2H2O, 0.07 mg
Na2WO2⋅2H2O and 2 mL of trace elements solution according to Car-
mona-Martínez et al. (2021). All chemicals (purity >99 %) were ac-
quired from COFARCAS (Spain) and PanReac Applichem (Spain). A
synthetic mixture of desulfurized biogas composed of 70 %v⸱v− 1 CH4
and 30 %v⸱v− 1 CO2 (Carburos Metalicos S.A.; Spain) was used in this
study.

2.2. Experimental set-up

The experimental set-up was composed of two stand-alone PVC
bubble column bioreactors (volume: 10 L, height: 67 cm, width: 10 cm,
length: 20 cm) equipped with internal gas recirculation (Fig. 1). A
custom-made diffuser consisting of a rubber membrane (12 cm × 5 cm)
with a pore size of 0.3 or 0.6 mm was placed at the bottom of the bio-
reactors for gas supply. The inlet gas was composed of a mixture of
synthetic biogas and air to provide a CH4 concentration of 5 %v⸱v− 1. In
order to prevent water condensation in the recirculation gas line, both
bioreactors were interconnected to a condenser cooled at 10 ◦C prior re-
compression. An aliquot of 1 L⸱d− 1 of exhausted culture mediumwithout
biomass was replaced by fresh MSM to limit the accumulation of
inhibitory compounds and nutrient depletion according to Rodero et al.
(2023), to provide a dilution rate of 0.1 d− 1. For this purpose, a 0.03 μm
hollow fibre membrane module was installed inside the bioreactors to
allowmedium extraction without biomass loss. A biomass concentration
of 3 g⸱L− 1 in terms of volatile suspended solids (VSS) was maintained
according to Rodero et al. (2022). In this context, a specific volume of
the cultivation broth, determined by the measurements of VSS, was daily
withdrawn and subjected to centrifugation (10,000 rpm, 10 min). The
biomass-free cultivation broth was reinjected into the bioreactor while
the bacterial biomass was discarded.

2.3. Operational procedures

The two bioreactors were operated in parallel in order to assess the
influence of the diffuser pore size (0.3 and 0.6 mm) on the process
performance. A methanotrophic bacterial consortium previously
adapted to 6 %w⋅w− 1 NaCl was used as inoculum in both bioreactors at
an initial biomass concentration of 1.15 ± 0.07 g VSS⸱L− 1. The bacterial
consortium was composed of the following main genera: Methyl-
omicrobium (42 %), Methylophaga (15 %), Nitratireductor (10 %), Laci-
microbium (9%) and Aequorivita (5 %), among others (Rodero et al.,
2022). Three different operational strategies were implemented to
evaluate the influence of the gas EBRT on the CH4 degradation and
ectoine and hydroxyectoine synthesis by the methanotrophic con-
sortium (Table 1). In stage 1, an inlet gas flowrate of 96 mL⸱min− 1,
which corresponded to an EBRT of 104 min, was set. In stages 2 and 3
the inlet gas stream flowrates were increased up to 186 and 367
mL⸱min− 1, resulting in EBRTs of 54 and 27 min, respectively. These
EBRTs were chosen because they were within the typical range of values
applied for CH4 removal in bubble column bioreactors (García-Pérez
et al., 2018; Rodríguez et al., 2020). An internal gas recirculation of 7.0
± 0.3⸱L min− 1 in the bioreactors was maintained during the three
operational stages. This internal gas recirculation flowrate was 73, 38
and 19 times higher than the inlet gas stream flowrate in stages 1, 2 and
3, respectively.

Gas samples of 100 μL from the inlet and outlet gas streams were
withdrawn three times per week using gastight syringes to determine the
CH4 concentration. Gas flowrates at the inlet and outlet bioreactors
streams were also monitored to accurately calculate CH4 biodegrada-
tion. Inlet and outlet gas flow rates had different values due to the ab-
sorption and biological consumption of part of the inlet gas in the
cultivation broth. Liquid samples of 200 mL from the cultivation broth
were collected three times per week to determine pH, VSS concentra-
tion, and intra-cellular ectoine and hydroxyectoine concentration (i.e.,
the ectoine and hydroxyectoine that accumulate inside bacterial cells).
No analysis of ectoine and hydroxyectoine in the cell-free cultivation
broth (extra-cellular) was performed since, at high salinity, the amount
of these osmolytes released into the medium is negligible (Cantera et al.,
2017).

2.4. Analytical procedures

CH4 concentration was determined using a Bruker 430 GC-TCD (Palo
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Alto, USA) equipped with a CP-Molsieve 5A and a CP-PoraBOND Q
columns with helium as the carrier gas at 18 psi. The temperatures of the
oven, injector and detector were maintained constant at 45, 150 and
200 ◦C, respectively. The inlet stream pressure was monitored with an
Ifm Electronic pressure sensor (Germany) while the inlet and outlet gas
flowrates were determined by means of the water displacement method.
Biomass concentration, expressed as VSS concentration, was calculated
according to standard methods (Eaton et al., 2005). A Hach Sension +

PH3 pH meter (Düsseldorf, Germany) was used for pH measurements.
Intracellular ectoine and hydroxyectoine concentrations were

determined by centrifuging 2 mL of culture broth at 9000×g for 10 min.
After removing the supernatant, the pellet was washed with 6% w⸱w− 1

NaCl solution prepared in Milli-Q water. Subsequently, 1.8 mL of 70%
v⸱v− 1 ethanol and approximately 25 ± 5 mg of 0.1 mm zirconia/silica
beads (BioSpec, Spain) were added. The bacterial cells were lysed using
a Mini-BeadBeater-16 at 1048×g for 10 min. The mixture was centri-
fuged again at 9000×g for 15min and filtered through 0.22 μmfilters for
analysis. Finally, ectoines determination was performed via HPLC-UV
(Cantera et al., 2020). The quantification of both compounds was per-
formed using standards of ectoine and hydroxyectoine (purity ≥95 %,
Sigma Aldrich) dissolved in ethanol at 70 %v⋅v− 1.

2.5. Data treatment

EBRT during each operational stage was calculated as:

EBRT=
V
Qin

(1)

where V represents the working liquid volume of the bioreactors (m3)
and Qin the inlet gas flowrate (m3⋅h− 1).

CH4 consumption was monitored by means of the CH4 removal ef-
ficiency (CH4-RE) and CH4 elimination capacity (CH4-EC), which were
calculated according to equations (2) and (3):

CH4 − RE=
Qin⋅CCH4 ,in − Qout⋅CCH4 ,out

Qin⋅CCH4 ,in
(2)

CH4 − EC=
Qin⋅CCH4 ,in − Qout ⋅CCH4 ,out

V
(3)

where Qout is the outlet gas flowrate (m3⋅h− 1) and CCH4,in and CCH4,out
stand for the inlet and outlet CH4 mass concentration (g CH4⋅m− 3).

The intra-cellular concentrations of ectoine and hydroxyectoine
(mgectoine/hydroxyectoine⸱gbiomass− 1 ) were estimated using the biomass con-
centration (g VSS⸱L− 1) in the bioreactors.

The results here presented were calculated as average values of the
last 4 sampling points during each steady state, along with their corre-
sponding standard deviations. VSS were provided as the average values
together with their standard deviation based on duplicate technical
measurements. T-student tests were conducted to assess the impact of
the diffuser pore size on CH4 removal and ectoine and hydroxyectoine
production during the three operational stages. Additionally, one-way
ANOVAs were performed to determine the influence of the EBRT
under the different diffuser pore sizes tested.

Fig. 1. Schematic diagram of the experimental set-up: (1) Biogas cylinder, (2) Air compressor, (3) Membrane module, (4) Bubble column bioreactor, (5) Condenser,
(6) Recirculation compressor.

Table 1
Operational conditions tested during the optimization of biogas bioconversion
into ectoines.

Operational
stage

Reactor Diffusor
pore size
(mm)

Methane
loading rate
(g⸱m− 3⸱h− 1)

EBRT
(min)

Duration
(d)

1 1 0.3 18 104 20
2 0.6

2 1 0.3 36 54 19
2 0.6

3 1 0.3 72 27 11
2 0.6

M.R. Rodero et al.
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3. Results and discussion

3.1. Influence of the membrane diffuser pore size and the EBRT on CH4
removal

CH4-RE and CH4-EC are a function of the gas-liquid mass transfer in
the bioreactor, which itself depends on design and operational param-
eters, such as the diffuser pore size or the EBRT. During stage 1, oper-
ation at an EBRT of 104 min and diffuser pore sizes of 0.3 and 0.6 mm in
the bubble column bioreactors resulted in CH4-REs of 56.5 ± 2.0 and
65.5 ± 2.4 %, respectively (Fig. 2A). These removal efficiencies corre-
sponded to CH4-ECs of 10.4 ± 0.5 and 11.8 ± 0.8 g⸱m− 3⸱h− 1, at 0.3 and
0.6 mm of pore size, respectively (Fig. 2B). Although typically, the
decrease in diffuser pore size entails a concomitant decrease on the
bubble size and, consequently, a higher gas-liquid contact area, the
reduction in the pore size in the bubble column did not result in a higher
CH4 biodegradation performance. Indeed, the 2-fold decrease in the
diffuser pore size exerted a negative impact on the CH4 elimination
under these operating conditions. These lower CH4-REs achieved with a
diffuser pore size of 0.3 mm could be attributed to the formation of pulse
jets in the 0.3 mm pores, which resulted in lower gas-liquid interfacial
areas and a poor mixing of the liquid phase in the bioreactor (Merchuk
et al., 1998).

In stage 2, CH4-REs of 62.5 ± 2.0 and 72.2 ± 1.2 % were recorded at

EBRTs of 54 min and diffuser pore sizes of 0.3 and 0.6 mm, respectively.
The decrease in EBRT to 54 min did not hinder the effective removal of
CH4. The higher CH4-REs and higher inlet gas flowrates applied during
this operational stage in comparison with stage 1 entailed an increase in
CH4-ECs (20.9 ± 1.0 and 23.9 ± 0.5 g⸱m− 3⸱h− 1, at 0.3 and 0.6 mm of
pore size, respectively). The best process performance in terms of CH4
removal was observed with the highest diffuser pore size, as recorded in
stage 1. In this context, Gul et al. (2023) observed that a diffuser pore
size of 1.5 mm resulted in more turbulent regime in comparison with
that of 0.5 mm. When a turbulent flow is generated due to an intense
mixing, the shear forces resulted in bubble break into smaller ones,
increasing gas-liquid contact (Villadsen et al., 2011). Similarly, Bassani
et al. (2017) reported a higher H2 gas-liquid mass transfer using a
diffuser with a pore size of 2 μm in comparison with that of 0.4 μm.

During stage 3, CH4-REs of 63.4 ± 3.0 and 65.5 ± 1.7 %, which
corresponded to CH4-ECs of 43.9 ± 2.6 and 43.9 ± 2.2 g⸱m− 3⸱h− 1, were
recorded in the bioreactors constructed with 0.3 and 0.6 mm of diffuser
pore size, respectively (Fig. 2). In this stage, no influence of the diffuser
pore size was observed. At the high flow rates sparged in phase 3, the
formation of pulse jets in both 0.3 and 0.6 mm pore size membranes was
likely similar, which resulted in similar CH4-EC. No influence of EBRT
between 27 and 54 min on CH4-REs was observed using a diffuser pore
size of 0.3 mm. However, CH4-REs slightly decreased with the increment
of the gas flowrate in the case of a diffuser pore size of 0.6 mm, which
was attributed to a pernicious impact in the microbial activity (see
section 3.2). Under both diffuser pore sizes, CH4-ECs in stage 3 were two
times higher than in stage 2 due to the nearly doubled inlet gas flow rate
and similar CH4-REs. Likewise, Rodríguez et al. (2020) reported an in-
crease in the CH4-EC from 41 to 74 g⸱m− 3⸱h− 1 with the decrease in the
EBRT from 60 min to 30 min using a gas recirculation of 30 times the
inlet gas recirculation and an inlet CH4 concentration of 14 %v⋅v− 1. In
comparison with the aforementioned study, the lower CH4-ECs here
obtained under similar EBRT (27 min) were mainly as a result of the use
of lower concentrations of CH4 in the inlet gas (5 %v⸱v− 1). Indeed, the
increase in CH4-ECs with the increase of the inlet CH4 concentration was
previously demonstrated (Rodero et al., 2022).

3.2. Influence of the diffuser pore size and the EBRT on biomass growth

The low gas inlet flowrate of 96 mL⸱min− 1, and consequently, low
methane inlet loading rate (18 g⸱m− 3⸱h− 1), together with the inherently
low aqueous solubility of CH4, resulted in a limitation of CH4 bioavail-
ability in stage 1. As a result, a poor biomass growth was observed under
these conditions regardless of the diffuser pore size. A biomass con-
centration of 1.16± 0.12 g VSS⸱L− 1 and 1.21± 0.34 g VSS⸱L− 1 at 0.3 and
0.6 mm of diffuser pore size, respectively, were recorded along this
operational stage, similar to the initial biomass concentration (Fig. 3). In
stage 2, the increase in the methane loading rate up to 36 g⸱m− 3⸱h− 1

mediated a noticeable biomass growth, exceeding 3 g VSS⸱L− 1 in both
bioreactors. The increase in biomass during stage 2 confirmed that the
limiting factor for microbial growth was the availability of CH4.
Consistently with higher CH4-REs, biomass concentration was slightly
higher when employing a diffuser pore size of 0.6 mm. In this regard, an
average biomass productivity of 0.08 g⸱L⸱d− 1 and 0.17 g⸱L⸱d− 1 were
obtained in the bioreactors with a diffuser pore size of 0.3 and 0.6 mm,
respectively, during stage 2. The higher biomass production in the
bioreactor operated with a diffuser pore size of 0.6 mm in comparison
with that of 0.3 mm agreed with the higher CH4-RE, and consequently,
CH4 consumption by methanotrophs.

The increase in gas flowrate up to 367 mL⸱min− 1 in stage 3 did not
impact positively on biomass growth, mainly in the bioreactor with a
diffuser pore size of 0.6 mm. On the contrary, the biomass productivity
in stage 3 decreased down to 0.07 g⸱L⸱d− 1 and 0.09 g⸱L⸱d− 1 in the bio-
reactors operated with a diffuser pore size of 0.3 and 0.6 mm, respec-
tively. It has been previously reported in literature that inhibitory
secondary metabolites, such as formate, methanol and nitrite, can be

Fig. 2. Influence of the diffuser pore size (blue bars: 0.3 mm, orange bars: 0.6
mm) and the empty bed residence time (EBRT) on (A) methane removal effi-
ciency and (B) methane elimination capacity. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

M.R. Rodero et al.
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excreted into the medium during CH4 biodegradation in methanotrophic
cultures at high methane loading rates (Cattaneo et al., 2022; Salem
et al., 2021). In this regard, Cantera et al. (2020) demonstrated that the
accumulation of toxic compounds could impact negatively the process
efficiency in terms of CH4-EC and ectoine accumulation. The increase in
medium dilution rate favour the removal of these inhibitory compounds.
Although part of the biomass-free broth was removed and replaced with
fresh mineral salt medium, the higher CH4 degradation in this stage as a
result of the higher methane loading rate (72 g⸱m− 3⸱h− 1), could have
induced a superior accumulation of these toxic byproducts.

3.3. Influence of the diffuser pore size and the EBRT on ectoine and
hydroxyectoine production

A negligible impact (p ≥ 0.05) of the diffuser pore size on ectoine
biosynthesis was observed during the 3 operational stages (Fig. 4A).
During operation under an EBRT of 104 min, specific ectoine concen-
trations of 68 ± 11 and 69 ± 15 mg⸱gVSS− 1 were recorded using a
diffuser pore size of 0.3 and 0.6 mm, respectively. Similar specific
ectoine concentrations (74 ± 11 mg⸱gVSS− 1 and 79 ± 11 mg⸱gVSS− 1 in
bioreactor 1 and 2, respectively) were also obtained regardless of
diffuser pore size at stage 2. Thus, the decrease in EBRT from 104 min to
54 min, which implied a higher CH4 gas-liquid transfer and a consis-
tently active biomass growth, did not result in a significant increase on
specific ectoine concentrations. The higher biomass productivity in
stage 2 in comparison with stage 1, resulted in ectoine productivities of
6–13 mg⸱L− 1⸱d− 1, 8 times higher than those of stage 1. Interestingly, the
decrease in EBRT to 27min during stage 3 did not result in an increase in
the specific ectoine content. Indeed, a significant decrease in ectoine
concentrations down to 45 ± 4 mg⸱gVSS− 1 and 47 ± 14 mg⸱gVSS− 1 were
recorded in this stage in the bioreactors operated with a diffuser pore
size of 0.3 and 0.6 mm, respectively. This decrease in ectoine biosyn-
thesis, which matched the deterioration in biomass growth, was attrib-
uted to the accumulation of toxic metabolites caused by the low dilution
rate applied (0.1 d− 1) and the high methane loading rate (72 g m− 3 h− 1).
The specific ectoine concentrations obtained in this study (45–79
mg⸱gVSS− 1) were within the range of those reported in previous studies
(27–94 mg ectoine⸱gVSS− 1) by pure or mixed cultures of methanotrophs
(Cantera et al., 2018b; Rodero et al., 2023). However, these yields were
lower than those typically obtained by Halomonas sp. using glucose or
glutamate as a carbon source (Table 2). The maximum ectoine produc-
tivity here achieved (13 mg⸱L− 1⸱d− 1) was superior than the highest
productivity reported by Cantera et al. (2020) (10 mg⸱L− 1⸱d− 1) using a

haloalkaliphilic methanotrophic consortium fed with biogas in a bubble
column bioreactor.

Similarly, no influence (p ≥ 0.05) of the diffuser pore size in
hydroxyectoine bacterial content was observed regardless of the EBRT
tested (Fig. 4B). A specific hydroxyectoine concentration of 12 ± 3
mg⸱gVSS− 1 was achieved at an EBRT of 104 min regardless of the
diffuser pore size. A negligible impact (p ≥ 0.05) on the specific
hydroxyectoine content (13 ± 2 mg⸱gVSS− 1) was also recorded with the

Fig. 3. Time course of biomass concentration as a function of the empty bed
residence time in the bioreactor operated with a 0.3 mm (blue squares) and 0.6
mm (orange circles) pore size diffuser. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Influence of the diffuser pore size (blue bars: 0.3 mm, orange bars: 0.6
mm) and the empty bed residence time (EBRT) on (A) ectoine accumulation and
(B) hydroxyectoine accumulation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 2
Ectoine and hydroxyectoine production by different microorganisms.

Strain Yields (g⸱gVSS) Reference

Ectoine Hydroxyectoine

Halomonas elongata 0.11 – Sauer and Galinski
(1998)

Halomonas salina 0.14 – Lang et al. (2011)
Brevibacterium epidermis 0.05 – Onraedt et al. (2005)
Hansenula polymorpha – 0.058 Eilert et al. (2013)
Methylomicrobium
alcaliphilum 20Z

0.11 – Cantera et al. (2020)

Enriched haloalkaliphilic
consortium

0.057 0.051 Carmona-Martínez et al.
(2021)

Enriched haloalkaliphilic
consortium

0.079 0.013 In this work

M.R. Rodero et al.
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decrease in EBRT to 54 min during stage 2. However, the maximum
hydroxyectoine productivity was obtained in this stage as a result of
superior biomass growth in comparison to stage 1 (1–2 mg⸱L− 1⸱d− 1). The
lower biomass growth and ectoine biosynthesis at an EBRT of 27 min
was also correlated with hydroxyectoine accumulation by methano-
trophs. Indeed, specific hydroxyectoine concentrations of 8 ± 1
mg⸱gVSS− 1 were recorded in stage 3 in both bioreactors. Hydroxyectoine
production was 4–6 folds lower than ectoine production and similar that
in previous studies (ectoine biosynthesis 3–7 folds higher than hydrox-
yectoine synthesis) (Rodero et al., 2022, 2023). The reason is that
hydroxyectoine production requires the conversion of ectoine via a
stereospecific hydroxylation (Bursy et al., 2007). Nevertheless, the
highest specific hydroxyectoine concentrations attained in this study
were lower compared to those reported using a consortium enriched
from a salt lagoon growing at 9 %w⋅w− 1 NaCl (51 mg hydrox-
yectoine⸱gVSS− 1), a pure culture of Hansenula polymorpha (58 mg
hydroxyectoine⸱gVSS− 1), or an engineered M. alcaliphilum 20Z (22 mg
hydroxyectoine⸱gVSS− 1) (Carmona-Martínez et al., 2021; Eilert et al.,
2013; Mustakhimov et al., 2019).

Despite the promising results observed in the production of ectoine
from air-diluted biogas, several limitations need to be addressed. While
this study improved CH4 gas-liquid mass transfer, the efficiency of CH4
fixation by methanotrophs requires further optimization. Specific
growth rates and yields of ectoine and hydroxyectoine require
enhancement. The stability of the methanotroph consortium has not
been studied and could potentially impact long-term production.
Finally, the scalability of the process was not addressed.

4. Conclusions

The results of this study provide new insights into the optimal
operating conditions to improve biogas ectoine and hydroxectoine
production. The EBRT has been shown to play a crucial role in process
performance, primarily impacting the gas-liquid transfer of CH4 and,
subsequently, the availability of CH4 for methanotrophic growth.
Interestingly, the impact of the diffuser pore size within the tested range
(0.3–0.6 mm) has been less significant. The optimal conditions for
maximizing biomass growth, and consequently, ectoine and hydrox-
yectoine production, were determined to be an EBRT of 54 min and a
diffuser pore size of 0.6 mm. Further research is needed to explore
process optimization at pilot scale to allow a successful process
optimization.
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milking in methanotrophs: a step further towards methane-based bio-refineries into
high added-value products. Chem. Eng. J. 328, 44–48. https://doi.org/10.1016/j.
cej.2017.07.027.
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Muñoz, R., 2018b. Multi-production of high added market value metabolites from
diluted methane emissions via methanotrophic extremophiles. Bioresour. Technol.
267, 401–407. https://doi.org/10.1016/j.biortech.2018.07.057.

Carmona-Martínez, A.A., Marcos-Rodrigo, E., Bordel, S., Marín, D., Herrero-Lobo, R.,
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