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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Biological CH4 oxidation can generate 
thermophilic conditions in compost 
biofilters.

• CH4 oxidation is performed efficiently at 
high temperatures by thermotolerant 
species.

• Sustained thermophilic conditions 
induced a shift of metabolism towards 
catabolism.

• Compost bed drying is likely the most 
critical parameter in decreasing CH4 
oxidation.

• Moisture monitoring and control are 
crucial for stable long-term CH4 
biofiltration.
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A B S T R A C T

Biological methane oxidation can sustain high temperatures in organic matrices, such as landfill covers and 
compost biofilters. This study investigates the temperature dynamics, methane removal efficiency, and microbial 
community responses in a pilot scale compost biofilter under three methane concentrations (2, 4, and 8 % v v-1 in 
air) with a 23-minute empty bed residence time. Complete methane removal was achieved at 2 %, with compost 
bed temperatures reaching 51 ◦C. At 4 % and 8 %, temperatures exceeded 60 ◦C, reducing methane removal 
efficiency to 97 % and 75 %, respectively, with maximum removal rates of 75 g m-3h− 1. Thermotolerant 
Methylocaldum dominated at temperatures above 50 ◦C. Elevated temperatures shifted microbial metabolism 
from anabolism toward catabolism, likely due to thermal stress, as indicated by outlet gas profiles. These findings 
highlight the importance of optimizing operating conditions, such as moisture control and heat extraction, to 
balance thermal performance and microbial activity for effective methane biofiltration.
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1. Introduction

Methane (CH4) is the second most predominant greenhouse gas 
(GHG) in the atmosphere. Its global warming potential (GWP, 100 years) 
is 27–30 times higher than carbon dioxide (IPCC, 2021). Methane pro-
duction is both related to natural processes and anthropogenic activities. 
According to estimations from the last decades, up to 70 % of the total 
emissions come from direct human activity (Saunois et al., 2020), 
including waste treatment. Specifically, anaerobic treatment technolo-
gies for solid and liquid waste management produce methane that can be 
used for energy production (heat or electricity). However, biogas 
handling is accompanied by fugitive emissions, such as pipe leaks, 
inefficient collection or burning, and dissolved methane in anaerobic 
effluents, not to mention the free venting of landfills, wastewater 
treatment ponds, and small anaerobic reactors unable to maintain reg-
ular biogas production. The main characteristics of this type of emissions 
are their low methane concentration and their very variable flows. In 
recent years, methane biofiltration has emerged as a promising tech-
nology in order to tackle some of these fugitive emissions (Fjelsted et al., 
2020; Huete et al., 2018; Turgeon et al., 2011). Biofiltration removes 
contaminants in a gas phase passing through a filter media containing 
microorganisms that carry out their metabolic process predominantly 
under aerobic conditions. The pollutants are transferred through con-
vection and diffusion processes from the gas to the liquid phase in 
contact with an active layer of microorganisms. In particular, methane 
biofiltration uses aerobic methanotrophic microorganisms such as 
Methylocaldum and Methylomicrobium to oxidize methane into carbon 
dioxide, biomass, and water (Smith and Murrell, 2009; Tikhonova and 
Kravchenko, 2019, Takeuchi et al., 2014), based on the following 
chemical reaction:

CH4 +2O2→CO2 +2H2O+HeatΔH◦

= − 890 kJ
mol (1)

The understanding of the biological oxidation process of methane 
and the factors influencing its operation have been widely addressed by 
carrying out experiments, mainly at laboratory scale (Gómez-Borraz 
et al., 2017; Gomez-Cuervo et al., 2016; Nikiema et al., 2005). However, 
these results may not be extrapolated and applicable on a real scale, 
considering the effect of variables, such as external temperature changes 
or rainfall, in open, full-scale biofilters (Hettiarachchi et al., 2011).

As a biological treatment, microbial activity is highly influenced by 
physical parameters such as temperature. The relevance of the effect of 
temperature on methane oxidation in a biofilter should be approached 
by considering the influence of external and internal temperature 
changes. The external temperature is related to seasonal changes and 
variations between day and night, which can be modified by the biofilter 
design and type of installation (insulated, covered, or outdoors). The 
internal temperature is associated with the generation of metabolic heat 
from microbial activity. The temperature gradient between the biofilter 
and the environment causes heat loss or gain through the walls. For this 
reason, recent research using pilot- and real-scale reactors included 
temperature monitoring in the packing bed. Huete et al. (2018)
described a compost bed biofilter (0.34 m3) to treat a low methane 
concentration gas flow (2–4 %) desorbed from an anaerobic effluent. 
Results of temperature monitoring showed an increase in the compost 
bed temperature with a mean value of 50 ◦C during the stable operation 
period. Similarly, Fjelsted et al. (2020) studied an open-bed compost 
biofilter (18 m3) to treat methane from an old landfill. They reported 
sustained high temperatures inside the compost bed, close to 50 ◦C even 
during winter. Methane oxidation, being an exothermic reaction (ΔH◦ =

− 890 kJ mol− 1, Salahudeen et al., 2022), is the main heat source; 
however, the contribution of all heat sources in a real methane bio-
filtration process is unclear, which also includes ambient conditions 
such as solar radiation and ambient temperature.

The relevance of controlling the temperature within the packing 
material remains a knowledge gap in the literature. That is mainly 
because a rise in temperature causes both drying of the filter bed and a 

decrease in the gas solubilities, which consequently reduces the already 
limited mass transfer rate and, therefore, its availability for microbial 
uptake and reaction. In this regard, the low methane solubility in water 
and its diffusion within the biofilm has been identified as the limiting 
step during methane biofiltration (Gómez-Borraz et al., 2017), which is 
accentuated at higher temperatures. Conversely, on the other hand, it 
can also promote a change in the microbial community for survival and 
acclimation, achieving a more effective conversion under thermophilic 
conditions (Scheutz et al., 2017). There are several reports about the 
causes of the temperature increase in biofilters (Huber-Humer et al., 
2009); among them, Gómez-Borraz et al. (2022) simulated several 
operating conditions using a calibrated mathematical model. They 
found that the prevailing high temperature at the center and upper zones 
of the biofilter inhibited their methanotrophic biomass, so methane 
oxidation was primarily accomplished at the inlet (bottom) and wall 
zones. To date, no systematic experimental studies have focused on the 
understanding of the phenomena in a physical prototype. Therefore, this 
work aims to determine the temperature dynamics and its effect in the 
compost bed at three different methane loading conditions, to better 
understand the causes and implications of the temperature increase in 
the performance, operation, and changes in the microbial communities 
during methane biofiltration at pilot scale.

2. Materials and methods

The study was carried out at the main Campus of the National 
Autonomous University of Mexico (UNAM) from October to December 
2020. The system was installed on the roof of the Environmental Engi-
neering building at the Institute of Engineering, UNAM campus (México 
City), under a 75 % shade cloth cover.

2.1. Compost biofilter set-up

The biofilter was made from a commercially available 0.45 m3 high- 
density polyethylene (HDPE) storage tank (1 m height, 0.85 m inner 
diameter). The filter was packed with 0.3 m3 of mixed compost obtained 
originally from the producing facility at UNAM, receiving plant and food 
waste collected from the university campus. The mixture was integrated 
with three different kinds of compost: mature, fresh, and used in a 
previous study for methane and H2S removal, in a volume ratio of 4:1:1, 
respectively. As a fraction of the compost was already acclimated to 
methane feeding, no inoculation of methanotrophic bacteria was 
considered. The compost was manually homogenized and moistened 
before its use in the biofiltration experiment.

Only air was fed to the biofilter during the first stage to start the 
operation of the biofiltration system. The addition of methane occurred 
after day 15. The pollutant gas stream, 0.78 m3/h, was made by mixing 
air and methane to reach the desired final concentration and an empty 
bed residence time (EBRT) of 23 min. Air was pumped using a dia-
phragm pump through two humidifier columns connected in series (0.9 
m height, 0.05 m diameter, each), one third filled with volcanic rocks, 
and tap water up to 0.65 m height. The excess moisture was removed in 
a water trap. Methane was supplied from a compressed gas cylinder 
(Praxair, 99 % v v-1l), and the flow was regulated and monitored using a 
peristaltic pump, needle valve, and rotameter. The mixture of both 
gaseous streams was done in a separate column before entering the 
biofilter (Fig. 1). The differential pressure was measured using a water 
column manometer. The biofilter included a 10 cm-height chamber at 
the bottom to allow gas distribution and leachate collection and drain. A 
couple of plastic film circular baffles (5 cm wide) were installed at the 
inner wall at 0.2 and 0.4 m of the packed bed height to prevent gas 
channeling next to the biofilter wall. A lid captured the treated gas at the 
top of the biofilter.

Additionally, a network of 30 temperature sensors (LM35, Texas 
Instruments, USA) was placed at the inlet (1 item) and outlet (1 item) gas 
lines and distributed in the compost bed (28 items). The temperature 
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sensors within the compost were arranged in 4 different levels: 5 cm 
(L1), 15 cm (L2), 35 cm (L3), and 50 cm (L4) from the supporting mesh 
at the bottom (inlet) of the biofilter. At each level, 7 sensors were allo-
cated at the 4 cardinal points, the radial center and 2 more inner points 
(see supplementary material, Fig. S1). These data were collected every 5 
min and stored using a data acquisition card model U3-LV (LabJack Co., 
USA) and a microcomputer Raspberry Pi 3 model B+ (UK).

2.2. Packing material characterization

The pH, apparent density, and porosity were estimated from the 
initial compost mixture. The pH was measured following the procedure 
reported by Blakemore et al. (1987) using a pH probe (Van London 
Phoenix Co., USA). Dry and wet apparent densities were calculated as 
the dry or wet mass ratio per volume unit of moistened compost. The 
compost porosity was estimated as described by (Gómez-Borraz et al., 
2017).

The moisture content (MC) was determined at the beginning and end 
of the experiment. For the initial MC, a compost sample (15 g) was taken 
from the mixed compost before starting the operation in the biofilter. 
The final MC was estimated from two samples (15 g each) collected at 
20 cm from the bottom of the compost bed (halfway between sensors 
levels 1 and 2, at the center and close to the biofilter wall), com-
plemented with a third sample at the top of the compost bed. The MC 
was evaluated based on the weight differences after drying the samples 
at 105 ◦C for 24 h. During the experiment, in addition to the humidifi-
cation of the gas inlet, a limited volume of tap water (3.72 L) was added 
manually at the top of the biofilter (see supplementary material, 
Table S1).

2.3. Biofiltration evaluation

The operational performance of the biofilter was assessed with the 
removal efficiency (RE), the elimination capacity (EC), and the miner-
alization ratio of methane (described in section 2.4). The RE is defined as 
the percentage of the initial pollutant concentration that is removed by 
the system, whereas the EC is the mass of the compound removed per m3 

of the reactor (packed bed) per time unit. In this work, the biofilter 
performance was evaluated at three methane loads (ML) and two only- 
air feeding conditions (initial and final stages, 1 and 5), as shown in 
Table 1. The methane loads and empty bed residence time (EBRT) were 
chosen according to previous work on removing methane desorbed from 
an anaerobic effluent at a pilot scale (Huete et al., 2018). The methane 
concentration in the air for the three methane stages (2, 3 and 4) were 2, 
4 and 8 % v v-1, respectively. Each stage duration relied upon the sta-
bilization of the methane removal rate by the biofiltration system, 
measured in terms of the methane elimination capacity (g m-3h− 1) and 
removal efficiency (%). Gas samples were taken from the inlet and outlet 
sampling points and stored in 10-L Tedlar bags. The gas composition, 

Fig. 1. Experimental arrangement of the pilot-scale biofiltration system.

Table 1 
Experimental conditions to evaluate methane removal at three different 
methane inlet loads.

Stage Methane 
concentration 
(% v v-1)

Methane 
load 
(g m-3h− 1)

Gas flow 
(m3/h)

EBRT (h) Duration 
(h)

1 0 0 1.02 – 
1.14

0.27 – 
0.30

360

2 2.1 ± 0.2 26.2 ± 2.6 0.78 0.38 288
3 4.0 ± 0.1 51.4 ± 2.1 0.78 0.38 72
4 8.0 ± 0.4 102.6 ±

5.7
0.78 0.38 144

5 0 0 0.78 0.38 36
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including methane, carbon dioxide (CO2), oxygen (O2), and hydrogen 
sulfide (H2S), was measured using a handheld gas analyzer (Biogas 
5000, Landtec).

Pressure drop, a relevant monitoring parameter for biofilter opera-
tion, was recorded using a water column manometer located at the inlet 
of the biofilter during the whole experiment. The water balance in the 
system was estimated on the 38-day of operation, as shown in Equation 
2, considering the mass of water measured in the compost (initial and 
final moisture content, Wbed_init and Wbed_end), the moisture content in the 
gas stream assuming a 100 % water saturation (Winlet_gas and Woutlet_gas), 
the sporadic manual addition of tap water at the top of the compost bed 
(Wadd), the water produced by microbial activity (Wreaction), and the 
recovered leachate (Wleachate).

Wbed init +Winlet gas +Wadd +Wreaction − Wbed fin − Woutlet gas − Wleacheate =

0 (2)
The water amount in the saturated gas streams was estimated using 

the ideal gas law, considering their temperature (inlet and outlet) and 
water vapor pressure within the Antoine equation (Eq. 3); where Pi 
represents the vapor pressure for water, and Ai, Bi, and Ci, the 
component-specific constants related to the vaporization, enthalpy, and 
entropy.

log10Pi = Ai −
Bi

(T+273.15)− Ci 
(3)

Additionally, the amount of water generated by the biological re-
action was estimated based on the methane removed according to the 
accomplished EC.

2.4. Carbon fate

To evaluate the fate of carbon in the system, the uptake and release of 
this element were estimated through the changes of methane and CO2 at 
the inlet and outlet of the biofilter, during stages 2 to 4, so the accu-
mulated molar values for methane consumption and CO2 production 
were computed for the full experimental period. Besides, to assess the 
carbon mineralization ratio in the compost biofilter, the O2 and methane 
consumption and CO2 production were calculated based on the inlet and 
outlet gas composition and compared to the stoichiometric ratio for the 
methane oxidation reaction (Eq. 1), being 2 for O2/CH4, and 1 for CO2/ 
CH4 considering complete mineralization of the removed methane.

2.5. Microbial community analysis

Samples of the initial (IC) and final compost (FC) were analyzed to 
compare the changes in of the microbial community after exposing the 
biofiltration system to methane and the resulting thermophilic temper-
atures. Two days after the completion of the experiment, grab samples 
were taken at four different heights of the compost bed: 5, 15, 35 and 50 
cm and close to the filter wall; the samples were named L1, L2, L3 and 
L4, respectively. The DNA extraction was performed using the Power-
Soil® DNA Isolation Kit-QIAGEN (QIAGEN, Germany) and following the 
manufacturer’s instructions. With respect to the metataxonomic analysis 
for characterization of microbial communities; the samples were then 
sent to the Center for Comparative Genomics and Evolutionary Bioin-
formatics at Dalhousie University, Canada, where the massive 
sequencing of full 16S rRNA gene was performed with a PacBio Sequel II 
platform (Pacific Biosciences, USA). The bioinformatics analysis was 
done with the software QIIME2 version 2021.8 (Bolyen et al., 2019) and 
the pipeline of Comeau et al. (2017) available at https://github. 
com/LangilleLab/microbiome_helper/wiki using SILVA 138 database 
(Quast et al., 2013) as reference. Full 16S rRNA libraries are available in 
BioProject PRJNA1068161 of NCBI.

3. Results and discussion

3.1. Initial compost characterization as packing material

The initial values of pH, porosity and moisture of the compost were 
7.32, 0.5 %, and 47.3 %, respectively. These values are in accordance 
with previous reports of compost material for methane biofiltration 
(Gómez-Borraz et al., 2017; Morgan-Sagastume et al., 2003). Whereas 
for the wet and dry apparent density of the compost bed, the values 
obtained were 0.64 g/ml and 0.33 g/ml, respectively, which are in the 
range proposed by (Agnew and Leonard, 2003). Moreover, the flat 
temperature profiles inside the biofilter during the first 15 days of the 
operation fed with ambient air, together with the absence of CO2 in the 
outlet (≤ 0.1 % v v-1), evidenced that no relevant biological process was 
taking place and that the compost was mature, with no significant 
endogenous substrate.

3.2. Methane biofiltration performance evaluation

3.2.1. Elimination capacity and removal efficiency
Fig. 2 shows the biofilter performance during the three methane 

loads deployed during stages 2 to 4. Fig. 3 shows the relation between 
the ML and the EC for the biofiltration system. Once the methane was 
added to the system (day 15), the microbial community went through an 
acclimation period of a few days, exhibiting a presumably early pulse- 
type activation on day 17. On day 21, after 6 days of methane being 
fed to the system, the biofilter started consistently removing methane, 
showing an increase in the EC values from 1.3 to 5.3 gCH4 m-3h− 1. From 
day 22 onwards, the EC gradually increased to reach its highest value, 
with a mean ML of 25 ± 1.8 gCH4 m-3h− 1, and 100 % methane removal 
on day 23. From day 24 to 27, the system remained stable, removing all 
the methane fed to the system.

In stage 3, the ML doubled for an average of 51.4 ± 2.0 gCH4 m-3h− 1, 
and the RE was reduced to 97.5 ± 1.7 %, representing an EC of 50.1 ±
1.6 gCH4 m-3h− 1. For stage 4, where the ML was four times higher than 
stage 2 (102.6 ± 5.7 gCH4 m-3h− 1), the average RE in the system 
decreased drastically to 73 ± 8.7 % with an EC of 75.8 ± 8.7 gCH4 m- 

3h− 1. These values are similar to other studies for methane removal 
using compost biofilters. Streese and Stegman (2003) reported EC of 63 
gCH4 m-3h− 1 when the ML was 112 gCH4 m-3h− 1 but fed with lower 
methane concentration (0.2 and 2.5 % v v-1). Meanwhile, an average EC 
of 42 gCH4 m-3h− 1 from 4.3 % v v-1 methane concentration was achieved 
in a similar pilot-scale biofilter under the same EBRT (Huete et al., 
2018).

Overall, the results demonstrated the system’s robustness in treating 
low-concentration methane-air streams at moderate EBRT and no oxy-
gen limitation (<9.5 % v v-1 methane in air, representing a molar ratio of 
2 molO2 molCH4

-1). The system could reach almost complete methane 
depletion when the methane load was below 60 gCH4 m-3h− 1. However, 
at higher volumetric mass flow (100 gCH4 m-3h− 1), the biofilter effi-
ciency was reduced to an average of 75 %, more likely due to a reaction 
limitation in the compost bed, triggered by the temperature increase 
affecting the entire filter media, including the upper level. Higher 
temperature conditions increase water evaporation, resulting in dryer 
compost and reduced water activity, impacting biological reactions; 
moreover, it also decreases the solubility of gases in water, affecting gas/ 
liquid transfer and methane diffusion in the biofilm (Bian et al., 2021; 
Gómez-Borraz et al., 2021). In this regard, Gómez-Borraz et al. (2017), 
based on a lab scale compost biofilter treating 4 % methane in air at 
mesophilic temperatures, found that diffusional mass transport in the 
biofilm was the limiting step over the biological reaction. Reducing the 
methane solubility in the water fraction of the compost may thus be the 
leading cause of the decrease in the removal efficiency at stage 4.

3.2.2. Temperature effect
Fig. 4 presents the temperature profile measured during stages 2 to 5, 
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using only the thermocouples located at the center of the biofilter for 
each level. It is evident that once methane is replaced by air in the 
system, the temperature inside the filter bed rises due to the microbial 
metabolism related to methane uptake (stage 2) and decreases when 
methane feeding is stopped (stage 5). Recent studies suggest that in a 
compost filtration bed, the temperature increase is caused by two 
heating biological-related generation processes: the heat generated 
during the catabolic conversion of methane into CO2 and the natural 
decomposition of the compost organic matter (Scheutz et al., 2017; 
Pearce, 2023), being the latter negligible when mature compost is used.

At each stage, the radial center of the biofilter at the four height 
levels reached the highest temperature of the corresponding level. 
Throughout the first methane-fed condition (stage 2) with 2 % v v-1 

methane in air, level 2 (15 cm from the inlet) reached 50 ◦C after the 
biofilter attained a semi-steady state operation with complete methane 
removal. Then, in stage 3 (4 % v v-1 methane in air), the EC increased to 
~ 50 gCH4 m-3h− 1, resulting in temperature rises in all levels above 0.15 

m but still maintaining nearly 100 % removal as in the previous stage. In 
this case, level 3 (at 0.35 m) showed the highest temperature, up to 
65 ◦C, while level 4 stayed below 50 ◦C. A similar behavior was found by 
Fjelsted et al. (2020) during diluted landfill gas oxidation (methane 
concentration from 4.4 to 9.2 v v-1) in a pilot-scale biofilter (18 m3), 
where sustained average temperatures of 50 ◦C were recorded.

At stage 4, the overall removal efficiency was reduced when methane 
concentration increased to 8 % v v-1, which is close to the stoichiometric 
balance in the methane oxidation reaction with air, corresponding to 
9.5 % v v-1 methane and 19 % v v-1 oxygen (71.5 % v v-1 nitrogen) (Eq. 
1). During this stage, all levels showed stable mean temperature values, 
except for level 2, in which temperature gradually decreased from 57 ◦C 
to 48 ◦C at the end of the stage. There is no evident explanation for the 
decoupling of the similar temperature behavior of levels 2 and 3 shown 
during the previous stages. At stage 4, the entire system operated under 
substrate saturation conditions, such as level 1 during the whole 
experimental period. However, MC (see section 3.2.4) was adequate at 

Fig. 2. Methane load (ML), elimination capacity (EC), and removal efficiency (RE) at an EBRT of 0.38 h for the three experimental stages fed with methane.

Fig. 3. Elimination capacity (EC) achieved at different methane inlet concentrations (% v v-1) and resulting methane loads (ML) at an EBRT of 0.38 h, with their 
corresponding removal efficiency (RE).
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the lowest level due to the humidity in the inlet gas, as well as at the 
highest level due to water condensation on the filter cover. Presumably, 
the methanotrophic biomass at level 2 was affected by a low MC, an 
effect accumulated during the experiment. It is possible that the 
generated metabolic heat and the convective transport of water vapor, 
dried the middle section of the biofilter, and level 2 in particular, 
reducing the microbial activity in this zone, as discussed by van Lith 
et al. (1997) and Morales et al. (2003). The temperature rise promotes a 
higher water evaporation rate in the packing material, decreasing the 
gases’ solubility in the liquid phase and, consequently, the gas/liquid 
transfer rate of methane and oxygen in the biofilm (Bian et al., 2021). 
Stein and Hettiaratchi (2001) observed an increase in methane removal 
when they increased the water content in the filter bed after 60 days of 
operation, supporting the importance of moisture monitoring and con-
trol in biofiltration systems (Bonilla-Blancas et al., 2024). On the other 
hand, level 4 presented a temperature rise to 60 ◦C, suggesting an 
activation of a previously inactive zone in the compost bed, due to 
limited access to methane at such level during stages 2 and 3. According 
to Gómez-Borraz et al. (2022), the highest-temperature zones do not 
necessarily correspond to the highest-metabolic activity areas. As a 
matter of fact, once the high temperature causes undesirable conditions 
in some zones of the compost bed, usually the center in a cylindrical 
reactor, the biologically active zone displaces to an area with more 
favorable temperature and moisture conditions (e.g. close to the reactor 
wall).

The temperature of the compost at the center of level 2 and 3 pre-
sented a pattern independent of fluctuations in the inlet temperature. In 
contrast, the pattern of level 1 was influenced by the inlet variations, but 
in an inverse behavior, after the temperature increase, ending on day 24. 
An explanation is that low ambient temperature during the night, and 
therefore lower temperatures of the inlet gas, led to more favorable 
conditions for the methanotrophic bacteria located below level 1 (5 cm 
height), increasing their metabolic activity and thus heat generation. 
This, in turn, increases the temperature at level 1, which is also influ-
enced by the convective heat transport of the gaseous flow, resulting in a 
daily cyclic pattern. In the case of level 2 (at 15 cm), the daily temper-
ature pattern was only partially visible in stage 4, when a possible 
decrease in microbial activity occurred due to a reduction in the mois-
ture content in this zone, as previously discussed. Regarding level 4, the 
influence of ambient temperature fluctuation was evident in stage 2, due 

to the proximity of the headspace and biofilter cover, and the absence of 
methanotrophic activity caused by the low loading conditions at this 
level due to full (stage 2) or almost full (stage 3) methane removal at 
lower levels.

Fig. 5 shows an example of the radial temperature profiles, based on 
5 equidistant thermocouples, in the compost bed at the four different 
levels during stages 2 (day 25), 3 (day 29) and 4 (day 35) at 6:00, 13:00 
and 18:00 h. The lowest ambient and inlet gas temperatures were 
registered at 6:00 h, while the highest temperatures recorded were at 
13:00 h. Temperature is shown using the horizontal (radial) distance of 
the biofilter, where zero represents the biofilter wall facing north, and 
0.85 m the opposite side facing south, which received more solar radi-
ation during the day. The highest radial temperatures recorded were 
found at or close to the center of the biofilter, regardless of the level. The 
parabolic shape is due to the heat exchanged at the biofilter wall be-
tween the compost media and the ambient temperature, which cooled 
the compost located at that area (Gómez-Borraz et al., 2022). Even so, 
temperatures exceeding 30 ◦C at the walls were found in the interme-
diate levels (2 and 3), sometimes well above the ambient and inlet gas 
temperatures, as in the case of 6:00 h, when those temperatures were 
only between 6 to 7 ◦C and 10 to 13 ◦C, respectively. The higher gas inlet 
temperature compared to the ambient was caused by the heat trans-
ferred from the air feeding pump.

Regarding the temperature profile along the biofilter height, the 
central zone of the biofilter (center of levels 2 and 3) may be considered 
thermally isolated from the outside. The heat produced in the perimeter 
and at the base (inlet) of the biofilter is primarily carried by convection 
in a vertical (axial) direction, with a lesser amount being conducted in a 
horizontal (radial) direction. As a result, the heat builds up in levels 2 
and 3 due to the compost’s heat capacity until it reaches the high values 
shown in Fig. 5. At the upper part of the biofilter (level 4), where heat 
exchange is favored as the compost is in contact with the headspace of 
the biofilter, lower temperatures were recorded, except for stage 4, 
receiving the highest methane feed (8 % v v-1). In this case, two 
important changes were introduced: methane reached the compost at 
the upper level, triggering the metabolic activity of the methane oxi-
dizers at that zone, and the high methane load produced additional 
metabolic heat in the whole system, which was transported by convec-
tion to the upper part of the biofilter, increasing the outlet gas temper-
ature from 16 ◦C (Stage 2 at 6:00 h) to 42 ◦C (Stage 4 at 13:00 h).

Fig. 4. Overall removal efficiency and temperature profiles during stages 2–5 recorded at the radial center of the biofilter at different levels: 1 (0.05 m), 2 (0.15 m), 3 
(0.35 m), 4 (0.5 m).
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It may be noticed that level 2 consistently reached the highest tem-
perature during stage 2, while at stage 3, level 2 and 3 showed similar 
behavior, shifting to level 3 at stage 4, as presented before. This data 
supports the previous discussion on the unexpected temperature drop of 
level 2 during stage 4, as this level was subject to the highest tempera-
tures for most part of the experiment, not being favored by the water 
content from the inlet, thus increasing compost drying. The low MC of 
the compost sample at the center of level 2 at the end of the experiment 
(27.2 %, presented below) is consistent with this explanation.

Lastly, during stage 5 (no methane feeding), the cooling of the 
compost bed relied mainly on the airflow (forced-convection heat 
transport). Additionally, conductive transport contributed to the 
reduction of the internal temperature, which depends on the thermal 
conductivity of the compost and the temperature gradient between the 
inside and outside of the biofilter. During the cooling period, the con-
centration of gases at the outlet was measured (see supplementary 

material, Fig. S2). Temperature at level 3 dropped from 60 ◦C to 24◦

after 46 h, taking the longest time (nearly 3 days) to reach ambient 
temperature (data not shown). At stage 5, methane concentration at the 
outlet decreased rapidly; in 25 min (1.08 times EBRT), it dropped from 
1.6 % to 0 % v v-1. On the other hand, the CO2 concentration had a 
slower decrease, taking 21 h (54.7 times EBRT) to go from 6.5 % to 0.4 % 
v v-1, still above its concentration in ambient air (0.04 % v v-1). Mass 
balance considerations in the gas and liquid-biofilm phases may explain 
the different behavior of methane and CO2. In the case of methane, once 
the gas stream is changed to air, the mass transfer from the gas phase to 
the liquid phase becomes zero. In contrast, the gradient for the opposite 
direction is insignificant due to the very low concentration in the liquid 
phase (~1.2 mg/L). Therefore, methane transportation is merely related 
to the gas convective flow through the compost bed. Hence, the time 
taken for methane to reach zero concentration value at the system outlet 
is essentially the EBRT. However, for the case of CO2, at least three 

Fig. 5. Temperature profiles at different levels across the biofilter during stages 2 (day 25), 3 (day 29) and 4 (day 35) and corresponding ambient and inlet tem-
peratures. The zero in the diameter distance represents the biofilter wall facing north (N), while 0.85 m represents the opposite side facing south (S).
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additional biological processes can occur simultaneously for residual 
CO2 production: endogenous respiration from compost material, resid-
ual methane oxidation in the biofilm, and residual metabolites from 
methanotrophs (e.g. methanol and formaldehyde). On the other hand, 
because of its greater solubility in water, the CO2 will desorb slower 
from the compost to the gas phase, if compared to the less soluble 
methane. Therefore, the outlet CO2 concentration decreases more slowly 
compared to the outlet methane concentration and will not necessarily 
reach the ambient concentration (0.04 % v v-1) in short term.

3.2.3. Pressure drop performance
The pressure drop for the filter bed was recorded using a water 

column differential manometer. Fig. 6 shows the relation between the 
gas flow and pressure drop in the system. For equal gas flows, as is the 
case of this work in stages 2 to 5, the pressure changes can indicate 
compaction of the support bed, channeling that will allow preferential 
flows or biomass growth reducing the bed porosity (Morgan-Sagastume 
et al., 2003). During stage 1 (days 0 to 14), the biofilter operated at an 
EBRT between 16 and 18 min, so the higher pressure drop registered at 
such condition, compared to the subsequent stages (EBRT 23 min), 
would result from the higher flow applied in stage 1.

The average flow of stages 2 to 4 was 0.77 ± 0.01 m3/h. From stage 2 
to 3, there was a slight average increase in pressure from 13.9 ± 1.2 
cmH2O m− 1 to 16.3 ± 0.3 cmH2O m− 1, while in stage 4, a smaller in-
crease in the mean value (Δ = 1 cmH2O m− 1) was observed when the 
methane concentration was doubled at 8 % v v-1. In general, the trend of 
the pressure variation in the compost bed was positive and linear in the 
three stages with methane feeding. Huete et al. (2018) reported higher 
pressure drops for a similar biofilter (0.3 m3, 0.6 m compost bed height 
and 23 min EBRT): 29 cmH2O m− 1 during the first 12 days of operation, 
reaching 37 cmH2O m− 1 after 57 days (Δ = 8 cmH2O m− 1).

For stage 5, a reduction in pressure (5 cmH2O m− 1) was recorded 
despite maintaining the EBRT and gas flow velocity. In general, it can be 
assumed that preferential flow channels did not form in the compost 
bed, as there was no reduction in the pressure drop during the operation. 
On the contrary, the increasing trend may be associated with the 
compaction of the bed and/or biomass growth. Another assumption that 
can be made is that the pressure drops during the methane feeding 
stages, were, in part, due to the high temperature inside the compost 
bed, if compared to ambient conditions. Gases expand with temperature, 
increasing the pressure drop due to the higher flow resistance of the 
compost media. That would explain why when the gas composition 
changed, and there was no more methane in the system, the inner 

temperatures started dropping, and so did the pressure drop in the 
biofilter.

3.2.4. Moisture content
At the end of the experiment, the moisture content was determined 

with the average values at three sampling points, two at level 2, where 
most of the methanotrophic activity presumably occurred, and the other 
at the top of the compost bed. The first couple of sample points were 
located, one next to the biofilter wall and the other in the center, with 
MC values of 41.69 ± 1.25 and 27.20 ± 0.73 %, respectively. In 
contrast, the sample from the top of the compost bed presented a higher 
value of 54.79 ± 0.63 % compared with the initial moisture content of 
47.3 %. The latter was expected as the manual water addition (see 
supplementary material, Table S1), although scarce, was applied at the 
top of the compost bed, but the main reason can be related to the 
condensed water dripping from the biofilter cover. Bonilla-Blancas et al. 
(2024) and Morales et al. (2003) recommended to operate biofiltration 
systems around 40 to 50 % of moisture for hydrophobic compounds 
removal, such as methane. Lower humidity values will result in 
restricted microbial activity, while higher values will limit the gaseous 
contaminant transfer rate into the biofilm (Bonilla-Blancas et al., 2024). 
Therefore, the results obtained here highlight the need for considering 
moisture control, especially as temperature rise favors water evapora-
tion. It is noteworthy that drying negatively influenced the microbial 
activity in areas with higher temperatures (Morales et al., 2003), such as 
the center of levels 2 and 3 (Fig. 5), partially explaining the decrease in 
the EC during stage 4 and the corresponding temperature reduction at 
the center of level 2, as previously discussed.

Table 2 includes an overall estimate of the water balance for the 
system. The moisture content in the compost represents nearly 80 % of 
the initial and final water inventory. A very limited quantity of leachate 
(60 mL) was recovered from the bottom of the biofilter at the end of the 
experiment during stage 5 (cooling stage). The water balance shows a 
deficit of 12.6 %, referring to the initial values and the system water 
inputs. Nevertheless, during the final stage, the compost demonstrated a 
moisture profile that was apparently linked to the operational temper-
ature, and water condensation was observed at the top of the reactor. 
Therefore, the moisture content estimated with three samples was not a 
representative average for the entire compost bed, and the final moisture 
value was likely underestimated. Furthermore, the water from the 
methane oxidation reaction is overestimated since complete minerali-
zation was considered for its calculation, not considering the fraction 
used for biomass growth. However, this item is not significant (237 mL 

Fig. 6. Inlet gas flow and pressure drop correlation for the complete biofilter operation.
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that should be subtracted from the inlet part of the balance). This value 
was estimated with the mass of methane that was assimilated (6.6 mol of 
methane removed but not converted to CO2, based on carbon balance) 
producing biomass without water formation (net growth of 61.6 gbiomass, 

based on a growth yield value of 0.585 gbiomass gCH4
-1, according to 

AlSayed et al., 2018). Additional studies are needed to understand the 
role of moisture content in the methane biofiltration process.

3.2.5. Practical implications for improving methane compost biofilters
Although out of the scope of this work, it is worth mentioning the 

engineering solutions that have been proposed to reduce the negative 
effects associated with high temperatures, as discussed above. Several 
arrangements and devices have been developed aiming to recover heat 
from compost production (Smith et al., 2017; Fan et al., 2021; Malesani 
et al., 2021), some of them commercially available. Those include water- 
jacket tanks, coil tube heat exchangers in the compost bed or at the 
headspace of the composting unit, percolation water or low temperature 
technologies using low boiling-point fluids. However, there is scarce 
information on the application of temperature control devices for bio-
filters treating gaseous emissions, an issue that deserves further research 
efforts, especially in the case of compost biofiltration of methane. 
Possible improvements to enhance methane EC in biofilters may be an 
in-series vertical arrangement of compost trays of around 30 cm depth, 
separated by headspaces with coil exchangers and water spraying 
means; or metallic tubes placed inside the compost bed in a vertical 

Table 2 
Water balance in the compost biofilter at the end of the experiment.

Water source Total water 
(L)

Inlet 
Initial moisture content in the compost mixture (47.3 %) 90.9
Water-saturated total inlet gas flow (after humidifier columns) 14.6
Manual tap water addition (see supplementary material, Table S1) 3.7
Water generated due to biological methane oxidation reaction 11.8
Total 121.1
Outlet 
Final moisture content in the compost mixture (41.2 %) 79.2
Water-saturated total gas flow treated (assuming 100 % water 

saturation)
26.6

Leachate 0.1
Total 105.9
Deficit 15.2 L (12.6 

%)

Fig. 7. Evolution of (a) accumulated carbon (resulting from the carbon mass balance at a given time) and (b) stoichiometric reaction ratios and removal efficiency 
(RE) measured in the compost biofilter during stages 2 to 4.
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position acting as heath dissipators or chimney drafts. In this context, 
effective process control may be achieved through temperature moni-
toring, acting on the heat exchange rate and moisture addition.

3.3. Carbon fate

A carbon mass balance was used to estimate the fate of carbon in the 
biofilter, during the experimental period. Methane was utilized for 
cellular synthesis, resulting in biomass accumulation within the bio-
filter, and/or oxidized to CO2. This gas exited the system together with 
the CO2 produced by the degradation of additional internal carbon 
sources, such as cellular reserves (endogenous respiration). Thus, the 
trend of the accumulated carbon (positive or negative) provides insight 
into whether the system is primarily incorporating or losing carbon at 
any given stage. For that purpose and based on the corresponding 
chemical reaction (Eq. 1), two molar stoichiometric ratios (CO2/CH4 
and O2/CH4) were calculated based on the monitoring results of the 
outlet gas composition.

Fig. 7a presents the carbon accumulation within the compost bio-
filter, whereas Fig. 7b shows the evolution of the CO2/CH4 and O2/CH4 
ratios during stages 2 to 4 and the corresponding methane removal ef-
ficiency. An interpretation of the combinations of these two represen-
tative ratios with the associated possible causes is presented in the 
supplementary material (Table S2).

As previously mentioned, an acclimation phase of six days was 
observed for the methanotrophic community, commencing on day 15. 
But from day 21, the system started to actively remove methane, 
resulting in the growth of methanotrophic biomass (carbon accumula-
tion) and an increase in CO2 production and O2 consumption, with a 
CO2/CH4 ratio starting at 0.5, reaching the stoichiometric value of 1 on 
day 24. At the same time, the O2/CH4 ratio remained between 0.7 and 
1.2, below the stoichiometric value of 2. These molar ratios correspond 
to an intensive cell growth phase, where carbon is being accumulated in 
the biofilter as new biomass (see Fig. 7a); however, at the end of stage 2, 
the CO2/CH4 ratio was higher than 1, indicating the shift from anabolic 
to catabolic reactions, while the O2/CH4 ratio reached 1.5, still below 
the stochiometric value of 2. When the methane concentration increased 
to 4 % (stage 3), the CO2/CH4 ratio briefly dropped below 1 before 
increasing and stabilizing at 1.2 until the end of that stage, as shown in 
Fig. 7b, indicating that cell growth was favored for a short period (less 
than 6 h, Fig. 7a) due to more available substrate reaching previously 
unfed compost (upper) zones. This assumption is supported by the shift 
in the trend of carbon accumulation (day 28), which finally led to a net 
carbon release period, from day 31 until the end of the experiment. This 
behavior may be linked to a microbial community shift from anabolism 
to catabolism due to temperature increase in this stage (Fig. 5). Under 
optimal conditions and substrate availability, bacteria tend towards 
anabolism for growth and replication (stage 2). In contrast, unfavorable 
conditions, such as extreme temperatures, may prompt a prioritization 
of catabolic processes to sustain themselves and ensure survival until 
conditions improve (Dai et al., 2020). Then, it is likely that the syn-
thesized methanotrophic biomass, accumulated during stage 2, once 
exposed to adverse temperature conditions (around 60 ◦C in stage 3), 
switched its metabolism to become mainly catabolic (CO2 production), 
making use of their endogenous reserves accompanied by carbon 
release, explaining the high CO2/CH4 ratio (1.2 average value). A 
similar behavior was registered when methane concentration in the inlet 
increased to 8 %, represented by a sharp drop in the CO2/CH4 ratio, 
accompanied by a peak of accumulated carbon and temperatures up to 
62 ◦C. However, after this short biomass growth-related behavior, the 
trend of carbon release persisted, supporting the assumption of meta-
bolic stress due to factors such as the prevailing high temperatures, the 
reduced gas solubility and the increased drying of the biofilter bed. It is 
worth mentioning that in stage 4, the average methane removal effi-
ciency was 75 %, indicating that substrate was available in all the 
compost media, but no additional biomass growth was evidenced due to 

the referred unfavorable conditions.

3.4. Microbial community analysis

After quality filters, five 16S rRNA gene libraries of 108 to 596 se-
quences were obtained (see supplementary material, Table S3). The 
most abundant bacterial groups in the microbial community of the 
initial compost (IC) and at four different biofilter levels at the end of the 
experiment are presented in the taxonomic categories of Phylum, Order 
and Genus (see supplementary material, Fig. S3). During the operation 
of the biofilter, the initial bacterial community changed at the different 
levels (L1 to L4). The dendrogram based on the relative abundance of 
sequences (RAS) at the Phylum taxonomic category shows a change in 
the structure of the bacterial communities, IC being segregated from the 
samples taken at the end of the experiment at levels L1, L2, L3 and L4 
(see supplementary material, Fig. S3). In the taxonomic category of 
Genus, there was a clear increase in the RAS of Methylocaldum at all 
levels, unclassified Anaerolineaceae (except L1), S0134_terres-
trial_group, and Steroidobacter (except L1), while Sulfurifustis was iden-
tified only at the middle levels of the biofilter (L2 and L3). Genus 
Steroidobacter, AKYG587 and unclassified Gammaproteobacteria and 
Suttereliaceae were identified only at the end of the experiment, 
particularly at L4. This was accompanied by a drastic decrease in the 
relative abundances of bacterial genera such as Saccharimonadales and 
Cellvibrio, while Methylomicrobium and Ohtaekwangia increase their RAS 
only in L1. Other studies (Milkereit et al., 2021; Wang et al., 2022; 
Zhang et al., 2020) have reported these bacteria, except Methyl-
omicrobium, in compost and soil (rhizosphere). It is also worth 
mentioning that the compost-associated genus Chryseolinea 
(Loakasikarn et al., 2021) was among the most abundant in the IC and 
the biofilter final samples at the four levels.

Their contribution to methane oxidation was assessed based on a 
bibliographic review of the reported metabolic abilities of the different 
bacterial genera identified (see supplementary material, Fig. S3; 
Table 3). In general, it was observed that the most abundant bacteria 
groups detected in the biofilter can contribute to both assimilative and 
dissimilative oxidation of intermediates from methane oxidation 
(formaldehyde and formate). Chryseolinea is a genus member of the 
family Microscillaceae, which, together with the family Anaerolinea-
ceae, have been found in abundance in biofilter samples, comprising 
chemoheterotrophic bacteria known for degrading complex carbon 
compounds (Lee et al., 2019; Loakasikarn et al., 2021; Milkereit et al., 
2021). The main methanotrophic bacteria in the biofilter were Methyl-
ocaldum and Methylomicrobium (see supplementary material, Fig. S3; 
Table 3). These bacteria can oxidize methane using the enzymes 
methane monooxygenase (MMO), methanol dehydrogenase (MDH), and 
the enzymes of the ribulose monophosphate (RuMP) cycle and serine 
cycle. In the biofilter, it was observed that Methylomicrobium was present 
only at L1 (temperatures around 45 ◦C), with a similar abundance than 
Methylocaldum at that level which, however, increased its presence to 
become the more abundant genus at higher levels (L2 to L4), where 
temperatures exceeded 50 ◦C and even 60 ◦C in level 3 during stages 3 
and 4. This predominancy could be due to the thermotolerant capacity 
of Methylocaldum (Smith and Murrell, 2009; Takeuchi et al., 2014) 
compared to Methylomicrobium, which grows mainly under mesophilic 
conditions (Tikhonova and Kravchenko, 2019). Moreover, assuming 
that the initial compost contained nitrates (Hoang et al., 2022), Meth-
ylocaldum and Sulfurifustis could contribute to autotrophic denitrifica-
tion coupled with the oxidation of methane and sulphur, respectively 
(Qian et al., 2023). Further studies focused on the analysis of genes and 
metabolites of these bacteria may provide valuable information on the 
metabolic pathways and adaptive capabilities to thermophilic temper-
atures and reduced moisture conditions in compost biofilters.
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4. Conclusions

The influence of temperature in a pilot-scale compost biofilter under 
different methane loadings was assessed, achieving over 75 % removal 
efficiency in thermophilic conditions (>50 ◦C), attributed to thermoto-
lerant methanotrophs such as Methylocaldum. The carbon balance indi-
cated a transition from anabolic biomass growth to catabolism and 
endogenous respiration, due to the metabolic stress caused by sustained 
high temperatures (50 to 60 ◦C). Elevated temperatures adversely 
affected moisture content within the compost, particularly at the center, 
creating unfavorable dry conditions for methanotrophic communities. 
Thus, monitoring and regulation of moisture content are imperative for 
the stable long-term operation of the system under thermophilic 
conditions.
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Table 3 
Metabolic capabilities of the most abundant bacterial groups in samples of the initial compost (IC) and four levels (L1-L4) of the compost media at the end of the 
experiment.

Taxonomic assignment at 
the genus level

Relative abundance of sequences 
(%)

Metabolic capabilities based on bibliography References

IC L1 L2 L3 L4 MMO 
and 
MDH

RuMP Serine 
Cycle

DI Other

Methylocaldum 2.0 12.2 43.4 25.6 34.3 X X X X Denitrification (Cheng et al., 2022; Smith 
and Murrell, 2009; Takeuchi 
et al., 2014)

Chryseolinea 7.1 17.1 5.6 8.8 22.2    X chemoheterotrophic (Loakasikarn et al., 2021b; 
Milkereit et al., 2021)Unclassified Microscillaceae 8.6 18.9 0.0 1.7 0.0    X chemoheterotrophic

Unclassified 
Anaerolineaceae

0.7 0.0 9.9 10.9 3.7    X chemoheterotrophic (Loakasikarn et al., 2021b)

Unclassified 
Actinomarinales

2.5 3.7 7.3 3.4 0.0     * 

Methylomicrobium 0.5 10.4 0.0 0.0 0.0 X X Partial X  (Fu et al., 2017; Yu et al., 
2021)

Steroidobacter 0.3 0.0 0.7 4.2 5.6     chemoheterotrophic (Montecillo, 2023)
Sulfurifustis 0.0 0.0 3.6 5.5 0.0     denitrification and S 

oxidation
(Qian et al., 2023)

Unclassified 
Gammaproteobacteria

0.3 0.0 0.0 0.8 6.5     * 

Saccharimonadales 7.4 0.0 0.0 0.0 0.0     chemoheterotrophic (Wang et al., 2022)
Cellvibrio 6.4 0.0 0.0 0.0 0.0     Chemoheterotrophic 

Assimilatory sulfate reduction
(Zhang et al., 2020)

Methane oxidation to methanol by methane monooxygenase (MMO), methanol oxidation to formaldehyde by methanol dehydrogenase (MDH), ribulose monophosphate (RuMP) 
cycle, dissimilation of intermediates (DI) (formaldehyde and formate oxidations to CO2). * The order Actinomarinales and the class Gammaproteobacteria comprise very diverse 
groups of microorganisms and therefore their possible metabolic roles are also very diverse.
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