
Enhancing dilute methane treatment through liquid phase alteration in a 
capillary bioreactor

Norbertus J.R. Kraakman a,b, Luis Villarreal-Heras a,b, Javier González-Martín a,b,  
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A B S T R A C T

This study aimed to maximize the treatment of dilute methane emissions (<5% v/v) using a capillary bioreactor 
(CBR) to overcome the mass transfer limitations commonly encountered in biological technologies. Three uni-
versally used non-ionic surfactants (BRIJ 58, TWEEN 60 and SDBS) were tested for their ability to enhance 
methane bioavailability when combined with a non-aqueous liquid (silicone oil). The study evaluated each 
surfactant’s effectiveness in increasing methane bioavailability, enhancing the cell hydrophobicity of a mixed 
culture of methane oxidizing bacteria, and improving the oil-in-water emulsion capacity at a concentration low 
enough to eliminate the risk of microbial inhibition. BRIJ 58 was selected and showed in combination with 
silicone oil potential to enhance gas–liquid mass transfer by >50 % in a capillary channel under segmented 
(Taylor) flow regime. The optimised liquid phase in the CBR supported stable removal of the methane (~4500 
ppmv = 0.45 % v/v) with elimination capacities over 200 g m-3h− 1 at an empty capillary channel gas contact 
time of 23 s, which is one order of magnitude lower than the empty bed gas contact time of conventional bio-
logical gas treatment methods treating dilute methane. The improved emulsification of the oil-in-water emulsion 
combined with enhanced cell hydrophobicity appeared to be the main mechanism. Internal gas recirculation was 
applied to decouple the optimal gas–liquid turbulence conditions inside the capillary channel from the actual gas 
retention time. The study demonstrated that the addition of 20 % silicon oil and 160 mg L-1 BRIJ 58 significantly 
improved the overall methane abatement performance.

1. Introduction

Methane is the most abundant atmospheric organic gas released from 
major anthropogenic emission sources such as landfills, oil and natural 
gas systems, agricultural activities, coal mining, stationary and mobile 
combustion, and wastewater treatment processes. It is a significant 
greenhouse gas, responsible for around 30 % of the rise in global tem-
peratures since the Industrial Revolution. The need for methane miti-
gation has increased dramatically as research indicates that this gas has 
greater climatic impact than previously thought [1]. In addition, as 
global efforts to mitigate CO2 falter, aggressive methane mitigation is 
emerging as a lower cost strategy to curb climate change. Thus, re-
ductions in methane emissions are imperative to controlling near-term 
global warming and improving air quality [2]. However, approxi-
mately 55 % of all the anthropogenic methane emissions have a con-
centration below the lower explosive limit of methane in air mixtures of 

5 % v/v and are incompatible for energy recovery or for phys-
ical–chemical oxidation abatement processes. The cost of mitigating 
methane emissions strongly varies depending on the sources [3,4], but 
the economic viability of mitigation is especially challenging when the 
methane concentration is below 5 % v/v in air [5].

Microorganisms are capable of efficiently mineralising methane, but 
microbial activity is dependent on methane bioavailability in biological 
gas treatment systems. The treatment of methane-laden gaseous streams 
using biological methods presents challenges due to methane’s poor 
solubility in water, high volatility, and chemical stability. Conventional 
biological gas treatment systems such as biofilters, biotrickling filters 
and bioscrubbers operate as laminar contactors. These configurations 
are limited in the removal of poorly water-soluble compounds and 
require extended gas residence times – often of several minutes – to 
achieve efficient removal due to the limited bioavailability of methane 
[6–9]. The laminar flow in conventional biological gas treatment 
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systems is a flow regime characterized by high diffusion and low 
advection and is the opposite of turbulent flow. Improved convection by 
advection (i.e., the transport by the larger-scale motion of currents in a 
medium, for example through mixing) would improve mass transfer. In 
this context, capillary reactors when operated under segmented (Taylor) 
flow regime provide an internal liquid recirculation that combines 
enhanced mass transfer with low pressure drops, two important factors 
affecting cost effectiveness for many industrial applications [10–12].

The addition of a non-aqueous phase to gas-treatment bioreactors 
has been shown in multiple studies to enhance the removal of hydro-
phobic compounds [13–16]. Silicone oil is generally considered the most 
suitable oil phase, with concentrations in the liquid media of the 
bioreactor of up to approximately 30 % (v/v) [13]. However, opera-
tional problems such as foaming and adhesion to reactor internals have 
been reported when using silicone oil. Moreover, oils have a different 
viscosity and surface tension than water and can therefore change the 
liquid physical characteristics and hydrodynamics, which can impact on 
the performance of many reactor types, including capillary reactors.

Surfactants have also shown to facilitate the removal of hydrophobic 
contaminants from contaminated soil and water, and to improve 
bioavailability through decreasing interfacial tension at the gas–liquid 
phase in gas treatment reactors [17,18]. Indeed, different studies have 
demonstrated that the use of surfactant can improve performance in gas 
treatment bioreactors. However, these studies have mainly focused on 
the abatement efficiency, without analysing the mechanisms behind the 
improvements [8,17]. In this sense, it is assumed that the addition of 
surfactants increases the solubility of the contaminant by reducing the 
surface tension at the immiscible phase and through micelles formation. 
However, other mechanisms have been also suggested that could 
enhance contaminant bioavailability, including increasing cell hydro-
phobicity, solubilization or emulsification of insoluble matter (such as 
biofilm material, grease, and oils), or promoting overall microbial 
metabolism if an easy-to-degrade surfactant is used [17]. Conversely, 
surfactants can lead to substrate competition (i.e., degradation of the 
surfactant versus contaminant), can alter essential bacterial proteins and 
inactivate enzymes on the bacterial outer membrane or can cause cell 
membrane disruption resulting in a negative effect in the biological gas 
treatment system [17,19].

Therefore, the addition of liquid phase additives in biological gas 
treatment reactors to improve overall performance in terms of removal 
efficiency and robustness requires a clear understanding of all the 
chemical, physical and biological processes involved. This study inves-
tigated the potential of dilute methane abatement using a capillary 
bioreactor and elucidated whether the liquid phase can be optimized to 
improve its overall performance. To this aim, synthetic surfactants were 
investigated to assess their potential to enhance bioavailability and mass 
transfer, both with and without the presence of silicone oil. Three non- 
ionic surfactants were selected for their widespread availability and 
common use in many households or industries as detergents, wetting 
agents, emulsifiers, foaming agents, or antistatic additives: BRIJ 58, 
TWEEN 60 and SDBS. To date, no studies have tested the effect of sur-
factant addition in a capillary bioreactor treating dilute methane in the 
presence of silicone oil as non-aqueous liquid phase.

2. Materials and methods

2.1. Overall approach

This study is divided into two parts: Part I focuses on the preliminary 
investigation of mass transfer under abiotic conditions, and Part II ex-
amines the biotic removal of dilute methane in a capillary bioreactor 
(CBR) containing multiple channels.

Part I – Mass transfer study
This section explores the impact of liquid modifications on the 

gas–liquid mass transfer rate in a single capillary channel operated with 
segmented (Taylor) gas–liquid flow under abiotic conditions. Different 

surfactants with and without a non-aqueous liquid phase (silicone oil) 
are studied. Key steps included: 

1. Selection of universally used surfactants that are readily available at 
low cost and known to be biodegradable. Three non-ionic surfactants 
were chosen based on lower toxicity to bacteria compared to ionic 
surfactants.

2. Toxicity assessment: surfactants were tested at concentrations 
known to minimize microbial inhibition.

3. Methane Bioavailability Test: The maximum specific methane (CH4) 
oxidation rate of a mixed methanotrophic consortium was deter-
mined in bottles containing dilute methane in the headspace at two 
concentrations of each surfactant after an adaptation period of 10 
weeks.

4. Cell hydrophobicity analysis: The microbial cell hydrophobicity was 
measured to link observed methane oxidation rate differences to the 
cell hydrophobicity of the methanotrophic consortium.

5. Oil-in-water mixtures with increasing silicone oil concentrations and 
increasing surfactant concentrations were prepared to determine 
their Emulsion Capacity, Emulsion Stability and Foaming Potential.

6. Surfactant selection: The best-performing surfactant was chosen 
based on its ability to enhance emulsion stability and capacity, 
improve bacterial hydrophobicity, and boost CH4 bioavailability 
without microbial inhibition.

7. Determination of the mass transfer rate of the selected surfactant in a 
single capillary channel configuration under abiotic conditions with 
and without the presence of silicone oil.

Part II – Biotic study in the CBR
This section investigates the effect of the addition of a selected sur-

factant (BRIJ 58) and silicone oil in a multi-channel CBR treating CH4 
using the methanotrophic consortium. Key steps included: 

1. A CBR treating dilute methane using the methanotrophic consortium 
was operated to investigate the effect of the selected surfactant when 
combined with the silicone oil.

2. Process limitation assessment: Experiments were undertaken to 
elucidate whether the process was mass transfer or kinetically 
limited before and after liquid modifications.

3. Microbial community analysis: The structure of the methanotrophic 
consortium in the CBR was analyzed prior to liquid modifications 
and at the end of operation.

2.2. Chemicals and microorganisms

The medium used in this study consisted of a mineral salt medium 
containing KH2PO4 (0.7 g L-1), K2HPO4⋅3 H2O (0.92 g L-1), KNO3 (3 g L- 

1), NaCl (0.2 g L-1), MgSO4⋅7 H2O (0.35 g L-1), CaCl2⋅2 H2O (0.026 g L-1) 
and 2 ml L-1 trace minerals solution containing EDTA (1 g L-1), FeSO4⋅7 
H2O (0.08 g L-1), ZnSO4⋅7 H2O (0.005 g L-1), MnCl2⋅4 H2O (0.002 g L-1), 
H3BO3 (0.001 g L-1), CoCl2⋅6 H2O (0.005 g L-1), CuCl2⋅2 H2O (0.001 g L- 

1), NiCl2⋅6 H2O (0.001 g L-1) and NaMoO4⋅2 H2O (0.002 g L-1). The 
chemicals used for mineral salt medium preparation (PANREAC, Bar-
celona, Spain) had a purity of at least 99.0 %. The silicone oil (poly-
dimethylsiloxanes) that was used as second liquid phase exhibited a 
viscosity of 20 cSt (Sigma-Aldrich, Madrid, Spain) or a viscosity of 220 
cSt (Cogelsa, Spain). Surfactants used were TWEEN 60, BRIJ 58, and 
sodium dodecyl benzene sulfonate (SDBS) (all obtained from Sigma- 
Aldrich, Madrid, Spain).

The inoculum was obtained from two sources: fresh activated sludge 
from Valladolid wastewater treatment plant (Spain) and post-composted 
anaerobically digested sludge from Five Ford wastewater treatment 
plant (United Kingdom). Inocula were characterised as per methodology 
described in Section 2.6, before adding each ~50 % v/v in the final 
mixture.

Part I – Mass transfer study
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2.3. Methane bioavailability test

From the mixed inoculum, methane oxidizing microorganisms were 
enriched in 2-L bottles containing 500 mL of medium while continuously 
stirred using a magnetic mixing plate at 400 rpm. An airflow of ~1 L 
min− 1 containing methane at a concentration of ~500 ppmv was 
continuously flowing through the headspace of the bottles. In total 10 
bottles were used to which different additives (surfactant or oil) were 
periodically added to obtain the concentrations in the liquid shown in 
Table 1. The three selected surfactants TWEEN 80, BRIJ 58 and SDBS are 
all readily available at low cost and are biodegradable. In addition, these 
surfactants exhibit low potential for foaming and relatively low toxicity, 
and do not form salts with metallic ions when added to the nutrient 
solution to be dosed to a bioreactor due to their non-ionic character 
[20]. The concentration of the surfactants was slowly increased over 
time to minimise the risk of microbial inhibition. The final surfactant 
concentration was chosen either to obtain the critical micelle concen-
tration (CMC) of the surfactant in water (TWEEN 60 and BRIJ 58) or to 
avoid microbial inhibition (SDBS) as observed in other biological 
gaseous filtration studies with SDBS and sodium dodecyl sulfate (SDS) 
[17,21].

The methane oxidation rate in the bottles was determined in Week 
10, corresponding to 70 days after the initial addition of additives to the 
bottles. To measure the methane oxidation rate in each bottle, the 
continuous methane-containing air supply to the headspace was 
stopped, and the bottles were completely sealed with rubber stoppers 
and aluminium foil. The initial methane concentration in the headspace 
of each bottle was ~500 ppmv (534 ± 12 ppmv) and was measured in 
triplicate over time after 2, 5.5, 9, and 24 h. By the end of the test, the 
microbial cell hydrophobicity was determined as described next.

2.4. Microbial cell hydrophobicity

The hydrophobicity was determined in duplicate according to a 
slightly modified method as described by Wu and co-workers [21]. A 
sample of 40 mL was taken from each bottle after vigorously shaking. 
The harvested biomass was centrifuged for 5 min at 5000 rpm (Eppen-
dorf, 5430 R) and then suspended in the original medium. Then the 
absorbance of the resuspended microorganisms (A1) was measured at 

600 nm with UV–Vis spectrophotometer (Shimadzu UVmini-1240). The 
absorbance was kept at 0.5–0.6 with samples being diluted when 
necessary. Then 3 mL of the above suspended microorganisms solution 
was taken, and 0.75 mL of n-hexadecane was added, mixed using an 
advanced vortex mixer at 2400 rpm (ZX3, Velp Scientifica) while 
regularly shaking for exactly 2 min, and then stand for 30 min. Finally, 
the absorbance of the aqueous phase (A2) at 600 nm was measured and 
the cell surface hydrophobicity of microorganisms was calculated by the 
following Eq (1): 

Cell Hydrophobicity(%) = 100 × (1 − A2/A1) (1) 

The measurement was repeated for each bottle the next day and the 
results were averaged.

2.5. Emulsion activity and stability of oil-in-water liquid

Emulsions are mixtures of two or more liquids that are immiscible 
and are inherently unstable. Emulsions do not tend to form spontane-
ously and requires input of energy (e.g., stirring) to be formed and 
generally also to be maintained. The Emulsion Activity of oil-in-water 
mixtures containing surfactant was here determined in duplicate, 
which is a measure of the ability to form an emulsion, according to a 
methodology adapted from Kempka and co-workers [23]. In addition, 
the Emulsion Stability was determined in duplicate, which refers to the 
ability of an established emulsion to resist change in its properties over 
time. An appropriate surfactant can increase the stability of an emulsion 
so that the oil droplets dispersed in the dispersion medium do not 
change significantly with time as surfactants reduce the interfacial 
tension between the liquids.

The Emulsion Activity and Emulsion Stability were here determined 
for silicone oil in the medium solution (demineralised water containing 
a nutrient solution as defined in Section 2.1) to which different con-
centrations of surfactant were added. Silicone oil (20 cSt) was added to 
the medium in various ratios to obtain different concentrations of sili-
cone oil. Surfactant was added in concentrations ranging from 0 mg L-1 

to above its CMC. After that, the liquids were mixed using an advanced 
vortex mixer (VELP Scientific, ZX 3) for exactly 90 s at 3000 rpm. The 
Emulsion Activity was determined after 6 min by measuring the serum 
volume (A) and the total volume of the liquid after mixing (B) and 
calculated as per Eq. (2): 

Emulsion Activity(%) = (B − A)/B (2) 

The Emulsion Stability was determined after 60 min and 24 h by 
measuring the serum volume (A) and the total volume of the liquid (B) as 
per Eq. (3): 

Emulsion Stability(%) = (B − A)/B (3) 

In addition, the Foaming Potential was determined after 30 s by 
measuring the foam volume (C) and the total volume of the liquid before 
mixing (D) as per Eq. (4): 

Foaming Potential(%) = C/D (4) 

2.6. Abiotic mass-transfer rate in a single capillary channel

The gas-to-liquid mass-transfer rate of methane was measured in 
duplicate in a 0.54 m single capillary channel under segmented flow 
(Taylor flow) conditions. A glass capillary channel with an internal 
diameter of 2.4 mm was used through which the gas–liquid bubble train 
moved downwards. Air and water were introduced to the capillary 
channel via a simple T-connector at the top of the capillary channel and 
the air and liquid were disengaged at the bottom in a glass flask con-
taining two overflows; one for the water in the bottom and one for air in 
the top (see set-up Figure S-1 Supplementary Material). A pump 
(Watson Marlow 323) was used to set the gas flow rate at 7.09 L h− 1 and 
a second pump (Watson Marlow 323) was used to set the liquid flow rate 

Table 1 
Bottles with different additives to grow methane oxidizing microorganisms.

Bottle Additive Additive concentration (mg L-1)

type Week 
1

Week 
2

Week 
3

Week 
4

Final 
concentration 
(CMCa)

1 Control (medium only)
2 Control (medium only)
3 TWEEN 

60b
9 18 36 36 1.25 CMC

4 9 18 36 72 2.5 CMC
5 BRIJ 58 

3)
28 56 112 112 1.25 CMC

6 28 56 112 224 2.5 CMC
7 SDBS 4) 3.1 6.3 12.5 12.5 0.013 CMC
8 3.1 6.3 12.5 25 0.026 CMC
9 Silicone oil only (5 % v/v)
10 Silicone oil only (5 % v/v)

1) CMC is the Critical Micelle Concentration in water with an increasing surface 
tension before reaching the CMC and a relatively constant surface tension after 
the CMC.
2) TWEEN 60 is a polyoxyethylenate sorbitol ester (C64H126O26) with a HLB5) of 
14.9.
3) BRIJ 58 is a polyethylene glycol hexadecyl ether (C56H114O21) with a HLB of 
15.7.
4) SDBS is sodium dodecylbenzenesulfonate (C18H30NaO3S) with a HLB of 19.9.
5) HLB is the Hydrophilic Lipophilic Balance number which is an indicator of 
surfactant hydrophilic or lipophilic character and a dominating factor to 
improve solubility of hydrophobic compounds in water [22].

N.J.R. Kraakman et al.                                                                                                                                                                                                                        Chemical Engineering Journal 510 (2025) 161383 

3 



at 5.44 L h− 1. This resulted in a gas-to-liquid ratio of 1.3, an empty 
channel gas contact time of 0.7 s, and a superficial slug face velocity of 
approximately 0.77 m s− 1 in the capillary channel. The airflow was 
recirculated through the capillary channel (internal loop), while the 
liquid was flowing only once through the capillary channel. A known 
amount of methane was injected in the recirculated air stream and its 
concentration was measured several times to confirm stable methane 
concentration in the recirculating airflow before starting the liquid 
pump. At t = 0 the liquid pump was started and the time course of 
methane concentration in the recirculating airflow was measured to 
determine the gas-to-liquid mass transfer of methane in the capillary 
channel. The gas-to-liquid mass transfer rate was determined for 
different liquid mixtures: (1) water only, (2) water and silicone oil (20 
cSt at 10 % v/v), (3) water and BRIJ 58 (120 mg L-1), and (4) mixtures of 
water, BRIJ 58 (120 mg L-1) and silicone oil different in concentration 
(10 % and 25 % v/v) or viscosity (20 cSt and 200 cSt).

Part II – Methane treatment in capillary bioreactor

2.7. Capillary bioreactor set-up

The capillary bioreactor (CBR) consisted of 25 glass capillary tubes 
with an internal diameter of 2.4 mm, 1 mm wall thickness, and a length 
of 1.0 m. The liquid phase was recirculated using a pump (AquaForte 
Model DM-VARIO 22000S) and measured with a rotameter (Fish-
er&Porter 10A1197A). The total liquid volume in the bioreactor was 8.4 
L. The gas phase was internally recirculated from the outlet of the 
capillary reactor using an EVO 10 compressor (EAD, Model H5P3 P 1, 
Spain) and the recycled gas stream was subsequently mixed with fresh 
inlet air containing methane. The mixture was introduced in the bottom 
reservoir of the CBR. Internal gas recirculation was shown to be bene-
ficial for methane removal in a biotrickling filter [24] and was here 
adapted as a potential strategy to enhance methane removal in the CBR. 
The fresh inlet air was clean dry air from which all the CO2 was removed 
before methane was introduced using a mass flow control meter 

(Aalborg, Model GFC 17). The clean dry supply airflow and the recir-
culating gas flow were measured with a rotameter (Aalborg, S/N 
51588–2). The bottom reservoir of the CBR contained 6 mm scrubber 
packing (Kaldness K1 rings, Evolution Aqua Ltd., UK) to enhance its gas 
distribution before entering the capillary channels. A schematic repre-
sentation of the set-up is shown in Fig. 1.

The temperature of the recirculation liquid of the CBR was controlled 
and constantly maintained at 24 ◦C. The pressure of the gas flows (inlet, 
outlet and recycled) was periodically measured with a pressure sensor 
(IFM PN7097). The capillary reactor was inoculated with the mixed 
inoculum (section 2.1) and acclimatized for several months in the CBR 
before starting the experiment to determine the effect of surfactant 
addition and silicone oil addition to the recirculating liquid in the 
capillary reactor on the removal of methane. Five days per week, 800 mL 
of recirculating liquid were removed from the CBR and replaced with 
fresh medium to avoid nutrient limitation and accumulation of inhibi-
tory metabolites. All biomass and silicone oil were recovered and 
returned to the capillary reactor via centrifugation of the cultivation 
broth twice (5,000 rpm for 10 min) in a refrigerated centrifuge 
(Eppendorf, Model 5439 R).

The same operating conditions were maintained during the testing of 
the liquid additives: an up-flow segmented flow face velocity inside the 
capillary channels of 2.2 m s− 1 and an internal gas recirculation (recy-
cled gas to fresh inlet air) ratio of 15, which resulted in an empty channel 
gas residence time of 34 s. Internal gas recirculation was applied to 
decouple the optimal gas–liquid turbulence conditions inside the 
capillary channel from the empty channel gas residence time.

The empty channel residence time (ECRT) is defined as follows (Eq. 
(5): 

ECRT(s) = (Vc × nc)/
(
Qg

)
(5) 

with Vc is the internal volume of a capillary channel (m3), nc the number 
of capillary channels in the CBR (− ), Qg the inlet air flow rate (m3 h− 1).

Fig. 1. Schematic representation of the experimental set-up of the capillary bioreactor.
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The inlet methane load (IL) is defined as follows (Eq. (6): 

IL
(
g day− 1) = Qg × Ci × 24 (6) 

with Ci the inlet methane concentration (g m− 3).
The methane elimination capacity (EC) is defined as follows (Eq. (7): 

EC
(
g m− 3h− 1) = (Ci − Co) × Qg/(Vc × nc) (7) 

with Co the outlet methane concentration (g m− 3).
The inlet methane concentration was maintained at a ~4500 ppmv, 

and its removal was tested for the addition of surfactant and silicone oil 
according to the schedule shown in Table 2. The surfactant BRIJ 58 was 
selected based on results of the studies in PART I (Sections 3.1, 3.2 and 
3.3). In addition, in order to elucidate whether the process was mass 
transfer or kinetically limited in Stage I and Stage V a step increase of the 
inlet methane load was applied and the methane removal rate monitored 
(IL).

2.8. Analytical methods

Methane concentrations in the inlet and outlet airstream of the CBR 
were measured daily in a Bruker 430 GC-TCD (Palo Alto, USA) equipped 
with a thermal conductivity detector, and a CP-Molsieve 5A and a CP- 
PoraBOND Q columns. The oven, injector and detector temperatures 
were maintained at 40 ⁰C, 150 ⁰C and 250 ⁰C, respectively. Helium was 
used as the carrier gas at 3.9 mL min-1.

The biomass, total nitrogen (TN), and total organic carbon (TOC) 
concentrations in the liquid phase were periodically quantified accord-
ing to Standard Method 2540 D. The dissolved TN and TOC were 
determined after filtration of the sample through a 0.45 µm pore size 
filter in a TOC-VCSH analyser (Japan) with a TNM-1 chemiluminescence 
module. The pH (Crison BASIC-20+) and conductivity (Crison BASIC- 
30) in the liquid media were also monitored [25].

The concentration CO2 of inlet and outlet gas stream of the CBR was 
measured using a GC-TCD (Agilent 8860, Santa Clara, USA) equipped 
with a CP-Molsieve 5A and a CP-PoraBOND Q columns. The oven tem-
perature was maintained at 80 ⁰C for 2.3 min after which it increased 
with 20 ⁰C per minute to 150 ⁰C. Helium was used as the carrier gas at XX 
mL min− 1.

The community structure of the two inocula (Activated Sludge 
Inoculum (InAS) and post-composted anaerobically digested sludge 
(InCS), as well as that of the CBR at the end of Phase I (prior to adding 

surfactant, BR) and at the end of Phase V (end of operation, TR) was 
analysed. Genomic DNA was extracted using FastDNA™ SPIN Kit for 
Soil (MP Biomedicals, USA). PCR amplification of regions 16S-V4-V5 
was performed by using the primers GTGCCAGCMGCCGCGGTAA, 
CCGTCAATTCCTTTGAGTTT connecting with barcodes. PCR products of 
the appropriate size were selected by agarose gel electrophoresis. Equal 
amounts from each sample were pooled, end-repaired, A-tailed, and 
ligated with Illumina adapters to create sequencing libraries. These li-
braries were quantified using Qubit and real-time PCR, with size dis-
tribution checked by Bioanalyzer. Finally, the quantified libraries were 
pooled and sequenced on an Illumina platform to generate 250 bp 
paired-end reads at Novogene UK (Cambridge, UK). Paired-end reads 
were assigned to samples based on unique barcodes, and barcodes and 
primer sequences were trimmed using Python (V3.6.13) and Cutadapt 
(V3.3). FLASH (V1.2.11) was used to merge the paired-end reads, while 
fastp (V0.23.1) and the UCHIME algorithm handled data filtration and 
chimera removal [25,26]. Sequences were clustered into Operational 
Taxonomic Units (OTUs) using QIIME2 (202202) with the SILVA 
(V138.1) and RDP (V18) gene reference databases [27]. The top 35 taxa 
at genus level were selected to plot relative abundance histograms in 
Perl (V5.26.2) using SVG, and heatmaps in R (V4.0.3) using pheatmap 
[28]. Shannon alpha diversity index and Beta diversity were calculated 
using QIIME2. Functional predictions based on marker genes were 
performed with the R package PICRUSt2 (V2.3.0) [29]. The sequences 
obtained have been deposited in Genbank as Bioproject PRJNA1162485.

3. Results and discussion

Part I – Mass transfer study

3.1. Methane bioavailability test

The methane oxidation rate in the bottles containing methane 
oxidizing microorganisms was determined 10 weeks after the initial 
addition of additives to the bottles as per schedule shown in Table 1. To 
measure the methane oxidation rate in each bottle, the continuous air 
supply containing methane to the headspace was stopped and the 
methane concentration in the headspace of all bottles containing 
different liquid additives was measured over time as shown in Fig. 2. The 
biomass concentration in the liquid of the bottles ranged between 0.5 
and 1 g L-1 to determine the maximum specific methane oxidation rate 
(MOR) which is defined as the mmol CH4 removed per gram dry weight 
of biomass per day at the initial methane concentration of ~500 ppmv. 
The maximum specific methane removal rate of the controls (Bottles 1 
and 2 without any liquid additive) was the lowest, while being signifi-
cantly higher in Bottles 7 and 8, reaching values up to 18 and 12 times 
higher when supplemented with SDBS at 12.5 and 25 mg L-1, respec-
tively, and in Bottle 5, achieving 15 times higher removal rates at the 
lower BRIJ 58 concentration of 112 mg L-1. The specific methane 
removal rate of both bottles containing Tween 60 and the bottle with the 
higher BRIJ 58 concentration are only slightly higher when compared to 
the controls.

The results of the methane oxidation rate in the bottles containing 
SDBS in this study agrees with the observations done in the study of Wu 
and co-workers in a biotrickling filter treating n-alkane and methane. In 
their study, the methane removal efficiency (RE) increased from 35 % to 
74 % with the addition of SDBS at a surfactant concentration of 15 mg L- 

1, which was shown not to inhibit microbial growth [21].
Biological gas treatment studies testing surfactants from the BRIJ 

group have also shown an enhancement of removal performance 
consistent with the findings in our experiment with BRIJ 58. Ramirez 
and co-workers [30] observed an increase of methane removed between 
6 % and 35 % when different surfactants of the BRIJ group were added 
to a conventional biofilter treating methane. In addition, Miller and co- 
workers [31]reported a nearly 20 % improvement of a biofilter treating 
toluene after the addition of BRIJ 35. Moreover, Dhamwichukorn and 

Table 2 
Operational conditions for the capillary bioreactor.

Stage Days of 
operation

Additive 
added

Phase 
concentration 
additives in 
CBR

Inlet methane 
concentration 
(ppmv) ± SD1)

Inlet 
methane 
load (g/ 
day) ±
SD

I 10 None 0 4,692 ± 414 1.33 ±
0.12

II 9 Surfactant 
(2 x 40 mg 
L-1)

BRIJ 58 (80 
mg L-1)

4,446 ± 237 1.26 ±
0.07

III 14 Silicone oil 
(400 mL)

BRIJ 58 (80 
mg L-1) +
5 % (v/v) 
silicone oil

4,581 ± 500 1.29 ±
0.14

IV 47 Surfactant 
(2 x 40 mg 
L-1)

BRIJ 58 (160 
mg L-1) + 5 % 
(v/v) silicone 
oil

4,310 ± 295 1.22 ±
0.09

V 35 Silicone oil 
(1,200 mL)

BRIJ 58 (160 
mg L-1) + 20 
% (v/v) 
silicone oil

4,188 ± 200 ± 0.06

1) SD is standard deviation
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co-workers [32] observed an increase of α-pinene removal from 26 % to 
95 % when treating a mixture of α-pinene and methanol in a thermo-
philic biofilter after addition of a mixture of non-ionic surfactants, 
including BRIJ 35 and BRIJ 58. On the other hand, although bioavail-
ability and biodegradation can be enhanced, the microbial growth rate 
can be inhibited at already relatively low BRIJ concentrations (< 1 CMC) 
as illustrated for BRIJ 30 [33].

The relatively small increase in methane oxidation rate observed in 
this study when TWEEN 60 was supplemented is consistent with find-
ings from other studies, where the effect of a surfactant from the TWEEN 
group was neutral or only minor (either positive or negative). For 
example, TWEEN 20 neither affected the RE nor affected the develop-
ment of the microbial community in a conventional biofilter treating 
toluene [34]. Similarly, it was observed that TWEEN 80 exerted an 
either neutral or a slightly positive effect on the mass transfer of con-
ventional biofilters [35]. This may be explained by the observed lower 
influence of TWEEN surfactants on the apparent gas–water partitioning 
coefficient constant of contaminants compared to other type of surfac-
tants [22]. Conversely, Ramirez and co-workers [30] showed an in-
crease between 19 and 35 % in methane removal in a conventional 
biofilter when adding TWEEN surfactants intermittently to the system as 
part of the nutrient solution.

In addition, the toxicity of non-ionic surfactants has shown to be 
higher as their molecular weight (MW) increases, which makes the 
surfactant TWEEN 60 (MW 1312) potentially less suitable compared to 

SDBS (MW 348) and BRIJ 58 (MW 1122). Similarly, the effect in terms of 
removal efficiency (positive, neutral, negative) has shown to be strongly 
dependent on the concentration of the TWEEN surfactant added, as 
illustrated by Wang and co-workers [18]. Their study showed that while 
an increase in the TWEEN 20 concentration from 3.7 mg L-1 to 7.4 mg L-1 

(~ 0.1 CMC) did enhance the RE of ethylbenzene in a biotrickling filter, 
a further increase to 37 mg L-1 and 74 mg L-1 (~ 1 CMC) resulted in a 
reduction of the RE. In a subsequent study, these authors observed an 
improvement in m-xylene removal in a biotrickling filter when TWEEN 
80 was added at a relative high concentration of 100 mg L-1 (~ 6.7 
CMC), but this was mainly attributed to the higher inlet m-xylene con-
centrations [36]. Deng and co-workers observed a 20 % increase of the 
hexane RE when treating hexane and dichloromethane in a biotrickling 
filter with TWEEN 20 at a relatively low concentration of 30 mg L-1 (=
0.5 CMC) in the recirculating liquid [37]. This increase in RE is com-
parable to the study of Amin and co-workers [39], who showed a slight 
(~14 %) improvement of xylene removal in a conventional biofilter 
when TWEEN 20 was applied daily as part of the nutrient solution at a 
concentration of 150 mg L-1 (= 2.5 CMC).

The highest specific methane removal rates for each surfactant in our 
study were observed at the lower rather than the higher surfactant 
concentration. This might also explain the large difference in specific 
methane removal rate in the bottles with the BRIJ 58 additive, with 
Bottle 5 containing half the concentration of Bottle 6. This observation 
supports reports from other studies regarding the risk of microbial 

Fig. 2. Time course of the reduction of the methane concentration in the headspace of the bottles (upper graphic) and maximum specific methane oxidation rate 
(MOR) (lower graphic) after 10 weeks containing methane oxidizing microorganisms and different liquid phase additives. The controls (duplicate) in the upper 
graphic are shown in bold. The dotted lines were determined through exponential regression (R2 > 0.9 in all cases).
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inhibition by surfactants at higher concentrations [19,21,31].
The methane removal rate in the headspace of both bottles con-

taining only silicone oil (Bottle 9 and Bottle 10) only slightly increased 
when compared to the bottles containing no additive (Control Bottles 1 
and 2). The specific methane removal rate in the bottles containing 
silicone oil could not be confirmed because the biomass concentration 
was not determined. Nevertheless, it can be inferred that silicone oil had 
a limited beneficial effect in our set-up, which was probably attributed 
to the low degree of emulsification of the oil–water mixture. A high 
degree of emulsification entails that tiny droplets of oil stay suspended 
within the water phase, while a low degree of emulsification progres-
sively separates the oil from the water phase and forms an oil layer on 
top of the water phase. When properly emulsified, oil in tiny droplets 
would increase the methane liquid-oil and the gas-oil mass transfer due 
to its larger interfacial surface area.

This study confirms that surfactants can significantly improve 
bioavailability of dilute methane, with both BRIJ 58 and SDBS showing 
an increased bioavailability by one to two orders of magnitude at the 
concentrations tested. This improvement can be attributed to a reduc-
tion in the gas–liquid surface tension when the surfactant was added, 
and the formation of micelles that decrease the apparent Henry’s law 
constant of the contaminants [21,22]. On the other hand, surfactants 
can adsorb onto the bacterial cell or may increase the bacterial cell 
membrane hydrophobicity, which enhances the bioavailability of hy-
drophobic contaminants [17,21].

Therefore, the day after measuring the bioavailability in the bottles, 
the cell hydrophobicity of the microorganisms was determined after 
having grown on methane for ten weeks (Fig. 3). The cell hydropho-
bicity of the microorganisms grown in the presence of the surfactant 
BRIJ 58 was ~87 % regardless of the concentration, and for those grown 
in the presence of SDBS was around 75 %, both significantly higher than 
the cell hydrophobicity of the methane oxidizing microorganisms in the 
controls (44 %). In contrast, the cell hydrophobicity of the microor-
ganisms in the bottles containing TWEEN 60 was not enhanced, 
remaining at only 21 %. It was concluded that BRIJ 58 and SDBS in our 
experiment increased the cell hydrophobicity by nearly a factor of two 
when compared to the controls (without any additive), while TWEEN 60 
did not increase the cell hydrophobicity at the concentrations tested, 
which was actually lower when compared to the control (no surfactant).

3.2. Emulsion activity and stability of oil-in-water mixtures

The Emulsion Capacity and Emulsion Stability as well as the Foaming 
Potential were determined for oil-in-water mixtures containing the three 
selected surfactants. The water was in this case demineralised water 
containing a nutrient solution (mineral salt medium, as described in 
Section 2.1) and the oil was silicone oil (20 cSt). Fig. 4 shows the results 
for the different oil-in-water mixtures for increasing silicone oil con-
centrations and increasing surfactant concentrations. Figure S-1 (Sup-
plementary Material) shows photos of different oil-in-water mixtures.

The Emulsion Capacity and Emulsion Stability are 0 % when no 
surfactants are added, confirming that the oil-in-water mixture is not 
very stable when 20 cSt silicone oil and the medium solution are 
respectively used as oil and water phase. On the contrary, and as ex-
pected, the Emulsion Capacity increases with oil when surfactants are 
supplemented to the medium. In the particular case of BRIJ 58, the 
required surfactant concentration to form a stable emulsion does not 
need to exceed 80 mg L-1. This can be explained by its CMC value (~90 
mg L-1), beyond which the surface tension between the liquids does not 
further decrease and remains relatively constant. Similarly, the higher 
CMC of SDBS (~960 mg L-1) explains why the Emulsion Capacity in-
creases at the higher surfactant concentrations tested, as the surface 
tension between liquids reduces with increasing surfactant concentra-
tion up till the CMC of the surfactant. Furthermore, the Emulsion Sta-
bility is highest for BRIJ 58, while the Foaming Potential is negligible for 
both BRIJ 58 and TWEEN 60 but significantly higher for SDBS.

3.3. Abiotic mass-transfer rate in a single capillary channel

The gas-to-liquid mass-transfer rate of methane in a single capillary 
channel was measured under segmented (Taylor) flow regime condi-
tions at methane concentrations of ~5,000 ppmv (= 0.5 % v/v) in 
ambient air for different liquids: (1) water, (2) water + silicon oil, (3) 
water + BRIJ 58 and (4) water + silicone oil + BRIJ 58, with the oil at 
two concentrations (10 % v/v and 25 % v/v) and two viscosities (20 cSt 
and 200 cSt). The results are summarized in Fig. 5 and show that the 
addition of only BRIJ 58 or only silicone oil did slightly (<10 %) increase 
the gas-to-liquid mass transfer of methane in the capillary channel. The 
combined addition of surfactant (BRIJ 58) and 10 % (v/v) silicone oil 
(both 20 cSt and 220 cSt) did significantly (~70 %) increase the gas-to- 
liquid CH4 mass transfer in our set-up when compared to the control 
(water). The combined addition of the surfactant BRIJ 58 and 25 % (v/v) 
silicone oil (both 20 cSt and 220 cSt) did still increase the gas-to-liquid 
mass transfer, but less (~30 %) when compared with the control 
(water). Thus, it can be concluded that the addition of the surfactant 
BRIJ 58 can significantly enhance the gas–liquid mass transfer in the 
capillary channel but only when combined with silicone oil, which may 
be explained by the improved emulsion capacity as observed in the re-
sults obtained on emulsion capacity and stability (Fig. 4). The 
enhancement of the methane gas–liquid mass transfer in the capillary 
channel was most noticeable when the amount of silicone oil was 10 %, 
rather than 25 %, while the viscosity (20 cSt or 200 cSt) did not made 
much of a difference.

The slight increase (12 %) in methane mass-transfer when only 10 % 
v/v 20 cSt silicone oil was added may be explained by the lower gas-oil 
partition coefficient of methane (HGas/Silicone Oil = 0.82) compared to the 
gas–water partition coefficient of methane (HGas/Water = 28). It can be 
calculated that an oil–water mixture containing 10 % (v/v) silicone oil 
could theoretically provide a partition coefficient (HGas/Water-Silicone-Oil- 

Mixture) for methane of 25.3, which is 11 % lower than the gas–water 
partition coefficient of methane (HGas/Water) of 28 and thus corre-
sponding with the 12 % increase in methane mass-transfer measured in 
our study.

The observed 9 % increase in methane mass-transfer when only BRIJ 
58 (120 mg L-1) was added can only partly be explained by the ~4 % 
increase in methane solubility in water expected by adding the BRIJ 
surfactant, as discussed elsewhere [38]. The remaining increase may be 
attributed to experimental analysis error in our study, which is esti-
mated to be a few percent.

A larger increase in methane mass-transfer was observed when the 
surfactant and the silicone oil were combined, an improvement seen in 
all silicone oil combinations tested, regardless the volume of the oil or 
the viscosity of the oil. The explanation is most likely related to the 
improved emulsification of the oil in the water where the surfactant 
stabilises the oil-in-water emulsion maintaining smaller oil droplets in 
the water phase. Smaller oil droplets enhance gas-to-oil mass transfer, 

Fig. 3. The cell hydrophobicity of the microorganisms after growth on dilute 
methane in the presence of different surfactants.
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which creates higher methane carrying capacity because the HGas/Silicone 

Oil (= 0.82) is much smaller than the HGas/Water (= 28). The oil-in-water 
emulsion is a mixture of two liquids that are immiscible and are inher-
ently unstable and in which the oil tends to separate out from the water 

in the absence of the surfactant.
The enhancing effect of oil volume was larger than the effect of oil 

viscosity, as 10 % v/v volume provides better mass-transfer than 25 % v/ 
v volume (regardless the viscosity of the oil) and 200 cSt viscosity 

Fig. 4. The Emulsion Capacity (top), Emulsion Stability (middle), and Foaming Potential (bottom) of TWEEN 60 (left), BRIJ 58 (middle), and SDBS (right) at 
increasing silicone oil percentages.

Fig. 5. Mass-transfer rate of methane in the single capillary channel with liquids containing different additives. Graphic in the top left corner showing an example of 
the gaseous methane concentration over time with t = 0 the start of the liquid recirculation.
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provides slightly better mass-transfer than 20 cSt (regardless the volume 
of the oil). The higher methane mass transfer observed with 10 % v/v 
silicone oil and surfactant compared to the 25 % v/v silicone oil with 
surfactant appears to be the result of a more optimal segmented flow 
patron. Increasing the silicone oil fraction from 10 to 25 % v/v made the 
length of the gas bubble (Lb) and the length of the liquid slug (Ls) 
combined become significantly longer (Lb + Ls = Lu which is also called 
the one total unit length). In our study, the average total unit length (Lu) 
increased from about 1 cm to more than 3 cm (see Figure S-3 Supple-
mentary Material). A shorter Lu may increase mass transfer as it re-
duces the risk that the liquid film surrounding the gas bubble get 
saturated, limiting further mass transfer as discussed elsewhere [10]. 
The higher viscosity of the oil provided slightly better mass-transfer 
(regardless the oil volume) and might be explained by the impact of 
viscosity on the liquid film thickness surrounding the gas bubbles. 
Increasing the liquid viscosity of the oil-in-water emulsion increases the 
liquid film thickness as explained elsewhere [39], which increases the 
methane carrying capacity of the liquid film each time a gas bubble 
passes it in the segmented flow in the capillary channel. The liquid film 
thickness flowing around gas bubbles is critical for gas–liquid mass 
transfer in a capillary channel under segmented (Taylor) flow regime. 
On the other hand, higher liquid viscosity can also hamper the 
gas–liquid mass transfer in a capillary channel under segmented (Tay-
lor) flow regime, with the optimum viscosity dependent on the operating 
conditions and the liquid surface tension [10]. Moreover, higher vis-
cosity increases the viscous drag forces relative to the surface tension 
forces, which may compromise capillarity. The Capillary number (Ca) 
represents this relation between viscous drag forces and capillary forces 
(Eq. (8): 

Ca( − ) = μ v/γ (8) 

where μ is the viscosity (Pa s), v the liquid velocity (m s− 1), and γ the 
surface tension of the liquid in the gas phase (N m− 1). Increased viscous 
drag forces slows down the internal liquid recirculation, the vortex that 
enhances mass transfer through convection rather than diffusion. Thu-
lasidas and co-workers [42] found that the liquid internal recirculation 
velocity reduces sharply and ultimately becomes zero with increasing 
the Ca number, with Ca > 0.6 being the theoretical value where the 
internal vortex becomes zero in a downward flow. In our experiments 
with the 20 cSt viscosity silicone oil the calculated Ca numbers were 
0.06 and 0.12 for the 10 % v/v and 25 % v/v oil, respectively, while with 
the 200 cSt viscosity silicone oil 0.5 and 1.1 for the 10 % v/v and 25 % v/ 
v oil, respectively. This assumes that the overall liquid viscosity is pro-
portional to the oil-liquid fraction and the gas–liquid surface tension is 
35.7 mN m− 1 as per Peters and Arabali [43]. This assumption is a 
simplification but shows that adding more silicone oil, and especially 
adding silicone oil with a higher viscosity, may increase the Capillary 
number beyond the threshold where internal recirculation is reduced, 
and mass transfer is compromised.

Part II – Methane treatment in capillary bioreactor

3.4. Dilute-methane treatment in the capillary bioreactor

BRIJ 58 was selected as the surfactant to be tested in the CBR because 
of its potential to enhance CH4 gas–liquid mass transfer in the presence 
of silicone oil (as illustrated in Section 3.3) as well as its ability to 
enhance the oil-in-water Emulsion Capacity and oil-in-water Emulsion 
Stability at a concentration low enough to eliminate the risk of microbial 
inhibition (as discussed in Section 3.2). Moreover, BRIJ 58 showed to 
enhance the cell hydrophobicity of methane oxidizing bacteria and to 
improve overall the bioavailability of dilute methane (as illustrated in 
Section 3.1).

Prior to the start of testing surfactant as an additive in the CBR, the 
microbiology had been exposed to methane as sole energy and carbon 
source for about six months in which optimal and stable process 

conditions of the CBR were established. At the start of the experiment 
the biomass concentration was measured multiple days and showed a 
total suspended solids concentration of 1.8 ± 0.3 g L-1, of which 82 ± 11 
% was volatile suspended solids. The pH and the conductivity of the 
recirculating medium at the start were 7.3 ± 0.0 and 5.1 ± 0.1 mS cm− 1, 
respectively, and stayed relatively constant during the entire test period 
of 120 days (7.4 ± 0.1 and 4.7 ± 0.2 mS cm− 1). The TN concentration 
was maintained between 40 and 90 mg N L-1 for the whole experiment 
and was on average 62 ± 15 mg N L-1. At the beginning of Stage I, the TN 
concentration was ~90 mg N L-1, slowly decreasing over time despite 
medium replenishment, reaching a concentration of 40 mg N L-1 by day 
60 after the start of Stage I. Thus, 50 mg N L-1 as sodium nitrate was 
added to restore the initial nitrogen concentration of 90 mg N L-1, 
steadily decreasing again to ~40 mg N L-1 by the end of Stage V. The 
TOC was measured once a week and was on average 189 ± 40 mg C L-1. 
TOC contains all soluble organic carbon including any methane me-
tabolites and may be an indication of metabolic product accumulation. 
The TOC slowly increased at the beginning of Stage I, then decreased 
gradually after the initial surfactant addition (Stage II). A slow increase 
of the TOC was again recorded, followed by another decrease after the 
second surfactant addition (Stage IV). This observation may be 
explained by previous studies indicating that surfactants can solubilise 
storage polymers, such extracellular polymetric substances (EPS) from 
biofilms, due to their detergent character, thereby limiting EPS accu-
mulation [30,36]. A slower decrease of the TOC was recorded after 
additional silicone oil (Stage V).

During Stage I, the methane removal rate during a step increase (by a 
factor of 1.4) in inlet methane concentration was monitored to elucidate 
whether the process was mass transfer or kinetically limited before 
supplementing additives to its liquid phase (Fig. 6a). The elimination 
capacity directly increased from ~225 to ~290 g m-3h− 1 (increase by a 
factor of 1.3) during this sudden methane load increase and decreased to 
previous steady state values when the inlet methane concentration was 
restored. This test confirmed that methane removal was mass transfer 
limited and not biologically limited. In addition, the determination of 
methane concentration in the liquid phase at the top reservoir of the CBR 
revealed a value of 0.0007 g m− 3, which is much lower than the theo-
retical equilibrium concentration of 0.0785 g m− 3 calculated by the 
Henry’s law, confirming that methane mass transfer from the gas to the 
liquid phase was the limiting mass transfer process.

The influence of the addition of surfactant and silicone oil as on 
methane removal was tested according to Table 2 (Section 2.5). The 
results of the methane removed in the CBR during the different phases 
are summarised in Fig. 7. During Stage I, when no additives were added, 
the operational conditions of the CBR resulted in a RE of 32.0 ± 4 %, 
corresponding to an EC of 156 ± 26 g m-3h− 1. The addition of the sur-
factant in Stage II did not result in any significant change in the RE and 
the EC, remaining at 34.3 ± 2.5 % and 159 ± 18 g m-3h− 1, respectively. 
In contrast, when the silicone oil was added in Stage III, both the RE and 
the EC increased by ~40 % up to 45.9 ± 4.4 % and 222 ± 45 g m-3h− 1, 
respectively. BRIJ 58 showed to enhance the gas–liquid mass transfer in 
a capillary channel, but only when combined with silicone oil. The 
surfactant enhanced emulsification of the oil in the medium, which 
appears to be the main mechanism rather than altering the gas–liquid 
partial coefficient of methane.

No significant enhancement on the methane removal performance 
was observed after the increased surfactant addition in Stage IV, with 
average RE and EC values in this stage of 47.0 ± 4.2 % and 214 ± 27 g 
m-3h− 1, respectively. However, increasing the silicone oil to 20 % (v/v) 
in Stage V did further increase, though slightly, the RE and the EC to 
52.8 ± 6.1 % and 231 ± 30 g m-3h− 1, respectively. This confirmed that 
the addition of silicone oil beyond 10 % v/v is beneficial in this case, 
especially since during this Stage V the inlet concentration was some-
what lower compared to the average concentration in earlier stages 
(4,195 ± 195 ppmv during Stage V vs 4,404 ± 250 ppmv on average 
during Stages I to IV).
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The removal capacities reported herein are high compared to con-
ventional biological gas treatment system treating dilute CH4 emissions, 
especially when considering the extremely short gas contact time and 
relatively low inlet concentrations [40]. All studies with conventional 
biological systems treating dilute CH4 required long gas contact times of 
several minutes and indicate that the bioavailability of the CH4 hampers 
these bioprocesses. This observation done in study are in line with ob-
servations done by Kennelly and co-workers [41] where a horizontal 
flow bioreactor operated at an empty bed gas contact time of 45–55 min 
showed that a surfactant combined with silicone oil can improve the 
removal of dilute methane.

After Stage V, the methane removal rate under a sudden increase in 
CH4 concentration by a factor of 1.93 was tested to elucidate the limiting 
mass transfer mechanisms (Fig. 6b). The elimination capacity directly 
increased from ~226 to ~417 g m-3h− 1 (increase by a factor of 1.85) 
during this sudden methane load increase and decreased to previous 
steady state values when the inlet methane concentration was restored 
to its original concentration. The determination of methane concentra-
tion in the liquid phase at the top reservoir of the CBR also revealed a 
value of 0.0016 g m− 3, which is much lower than the theoretical 

equilibrium concentration of 0.0941 g m− 3 calculated by the Henry’s 
law, confirming that methane mass transfer from the gas to the liquid 
phase was the limiting mass transfer process.

The carbon dioxide (CO2) production was measured at the end of 
Stage V. The results showed that about 76 ± 6.5 % of the methane 
degraded was recovered as CO2, with the remaining carbon incorpo-
rated as biomass or accumulated as metabolic products in the recircu-
lating liquid. Interestingly, the potential of silicone oil to act as a buffer 
for methane was confirmed in a test where the inlet methane load was 
interrupted for six days, while keeping the rest of the CBR operational 
without any changes. No deterioration in methane removal was 
observed following the methane supply interruption of six days, when 
measured 30 min after the restart of the methane supply to the CBR. The 
methane elimination before and directly after the six-day interruption 
were equal (the RE was 52 ± 2 % before vs 51 ± 1 % after and the EC 
was 219 ± 9 g m-3h− 1 before vs 227 ± 4 g m-3h− 1 after). This buffering 
capacity was further confirmed by the CO2 produced during the first few 
days after the six-day interruption, which increased to 122 ± 11.4 % of 
the amount of methane removed from the air stream, indicating more 
methane converted by the methanotrophic bacteria in the CBR than 
methane removed from the air stream by the CBR.

During the last few days of the overall experiment the surfactant 
concentration was further increased from the 160 mg BRIJ 58 L-1 pre-
viously added to determine how a sudden increase of surfactant con-
centration would reduce methane removal in the CBR. Additional BRIJ 
58 surfactant was added according to the following schedule: 80 mg L-1 

on day 305, 160 mg L-1 on day 306, and 320 mg L-1 on day 307. The 
results showed that the methane RE dropped from 51 % to 44, 38 and 37 
% after the addition of 80, 160 and 320 mg L-1, respectively (see 
Figure S-4 Supplementary Material). Excessive foam formation was 
observed after the addition of the 160 mg L-1 and 320 mg L-1 dosages, 
which is indicative of major microbial cell lysis. These observations are 
in line with the observations done in the Methane Bioavailability Test 
(see Section 3.1), where BRIJ 58 at a concentration of 112 mg L-1 

significantly enhanced methane bioavailability and methane oxidation 
rate, but it did not at the higher BRIJ 58 concentration of 224 mg L-1, 
likely due to microbial inhibition.

3.5. Microbial characterisation

Metagenomic amplicon sequencing revealed that the use of surfac-
tants and silicone oil, along with the high bioavailability of methane, 
promoted a strong specialization by the end of the operation of the 
Taylor flow bioreactor (Figure S-5, Supplementary Materials). This 
effect has been observed in previous studies that used silicone oil to 
enhance methane transfer in continuous stirred tank reactors [14]. This 
diversity is phylogenetically represented in Fig. 8 and S-6.

By the end of Phase I, during reactor operation without the addition 
of surfactants and silicone oil (BR), the most abundant aerobic meth-
anotroph belonged to the genus Methylosarcina, a gammaproteobacterial 
(Type I) methanotroph, comprising 6 % of the total relative abundance. 

Fig. 6. Methane (●) elimination capacity (EC) and the methane (■) inlet load (IL) in the capillary bioreactor during the mass transfer limitation test before (Stage I, 
Fig. 6a, left) and after (Stage V, Fig. 6b, right) the supplementation of additives to the liquid phase.

Fig. 7. Methane removal efficiency (upper) and methane elimination capacity 
(lower) in the capillary bioreactor during the different experimental stages.
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However, after transitioning to operations that included surfactants and 
silicone oil (TR), this population declined to 3 % relative abundance. 
Previous studies have demonstrated that the presence of silicone oil can 
significantly impact methanotrophic communities, often promoting the 
growth of certain genera, such as Methylosarcina, due to its capacity to 
form aggregates adhered to silicone oil [14]. However, the findings from 
this experiment indicate that the relative abundance of proteobacterial 
methanotrophs decreased when silicone oil and surfactants were intro-
duced. Interestingly, in the later stages of operation, there was a marked 
increase in the relative abundance of Lacunisphaera. This genus is known 
to play a role in the dynamics of methanotrophic communities, and some 
species, such as L. limnophila—the species detected in our study— has 
been recently recognized as a potential verrucomicrobial methanotroph 
[42]. This increase may indicate a shift in the methanotrophic com-
munity dynamics driven by the addition of surfactants and silicone oil. 
In addition to these shifts, there was a notable rise in methylotrophic 

populations, particularly within the genus Hyphomicrobium. This genus 
is capable of oxidizing methanol and formaldehyde using unique de-
hydrogenases, enabling it to utilize these carbon sources without 
requiring NAD(P). The likely scenario here is that Hyphomicrobium cross- 
fed on methanol and formaldehyde, byproducts of the methane oxida-
tion process, thereby contributing to the detoxification of the reactor 
environment. This cross-feeding likely had a synergistic effect, 
enhancing overall methane oxidation rates [43,44]. By the end of phase 
V, other microbial genera such as, Edaphobaculum, Parvibaculum, and 
Obscuribacter also showed increased abundance. These genera are 
known for their ability to degrade a wide array of complex carbon 
sources, suggesting they may have metabolized not only the byproducts 
of methane degradation but also the surfactant added during reactor 
operations [45]. In fact, the main predicted functions obtained by the 
end of the operation, outside of pathways necessary for basic meta-
bolism, consisted of metabolic pathways related to fatty acid oxidation, 

Fig. 8. Heatmap showing the comparison of each taxon in the inocula (InAS and InCS), at the end of Phase I (BR) and at the end of Phase V (TR). The rows show the Z 
value obtained by standardizing the relative abundance of each row of genera.
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which could be related to the degradation of the surfactant (Figure S-7). 
However, further studies, including gene upregulation and multiomics, 
should be performed to corroborate the degradability of the surfactant 
under the conditions present in the CBR.

No accumulation of biomass on the walls of the capillary glass 
channels was observed during the entire period of more than 300-days 
operation of the CBR. This observation can be explained by the rela-
tively high shear forces inside the channels and is consistent with the 
observations in other long-term studies where no biofilm attachment 
was observed inside capillaries [46,47].

4. Conclusions

In Part I of this study, different experiments were undertaken in 
which the liquid phase was altered for dilute methane treatment in a 
capillary bioreactor. The surfactants BRIJ 58 and SDBS, in contrast to 
TWEEN 60, both showed to be able to significantly enhance bioavail-
ability of dilute methane at the concentrations tested. The lower 
apparent gas–liquid partition coefficient of methane and the enhanced 
cell hydrophobicity of the methane oxidizing consortium appear to be 
the main mechanism. The surfactant concentration required to obtain 
the maximum emulsion capacity of oil-in-water mixtures was low 
enough to prevent microbial inhibition for BRIJ 58 and TWEEN 60, but 
not for SDBS. This make SDBS less beneficial as additive in a bioreactor 
with silicone oil as non-aqueous phase, also because the foaming po-
tential of SDBS is significantly higher than that of BRIJ 58 and TWEEN 
60. BRIJ 58 was found to enhance the gas–liquid mass transfer in a 
capillary channel, but the effect was significant only when combined 
with silicone oil. The enhanced emulsification of the oil by the surfactant 
appeared to be the main mechanism for this enhancement, rather than 
the modification of the gas–liquid partial coefficient of methane.

In Part II, a capillary bioreactor containing silicone oil and BRIJ 58 
successfully treated dilute methane (~4,500 ppmv) at an elimination 
capacity of 231 ± 30 g methane per m3 internal capillary channel per 
hour at an efficiency of 51 ± 2 % at an empty channel gas contact time of 
23 s, which is one order of magnitude lower than the empty bed gas 
contact time of conventional biological gas treatment methods treating 
dilute methane. The improved emulsification capacity of the oil-in- 
water emulsion combined with enhanced cell hydrophobicity 
appeared to be the main mechanism. The optimised liquid phase con-
sisted of water containing nutrients, silicone oil (20 % v/v, 20 cSt), and 
BRIJ 58 (160 mg L-1 = 1.8 CMC). The silicone oil acting as a buffer for 
methane was confirmed in a test that showed no deterioration in 
methane removal in the CBR following the methane supply interruption 
of six days. The use of surfactants and silicone oil, along with the 
improved bioavailability of methane, promoted a strong microbial 
specialization by the end of the operation of the CBR with the most 
abundant aerobic methanotroph belonging to the genus Methylosarcina 
with an increase in the relative abundance of Lacunisphaera. No accu-
mulation of biomass on the walls of the capillary glass channels was 
observed during the entire period of more than 300-days operation of 
the CBR. It appears that a CBR with an optimized liquid phase, when 
operated with internal gas recirculation and thus decoupling optimal 
conditions for mass transfer from the gas contact time, may be a useful 
platform for further exploring the abatement of dilute methane.
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