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Abstract 

Methane is an important contributor to global warming and especially for dilute emissions, its 

oxidation to carbon dioxide can be difficult and expensive. Biofiltration of streams carrying 

methane at low concentration in air have been treated with biofilters inoculated with 

methanotrophic bacteria. However, the role of fungi in methane is not well understood.  

In this work, methane abatement was studied in a biofilter inoculated solely with the filamentous 

fungus Fusarium solani and compared to a biofilter inoculated with a consortium of 

methanotrophic bacteria (Methylomicrobium album and Methylocystis sp) and F. solani.  

Results showed that F. solani degrade methane as the sole carbon source, achieving a maximum 

elimination capacity of 42.2 g m-3 h-1, nearly half of the maximum elimination capacity of the 

fungal-bacterial consortium. Co-feeding o methane and n-pentane, a highly hydrophobic and easily 

degradable VOC, further improved the elimination capacity of both biofilters, with the elimination 

capacity of the fungal biofilter surpassing the one attained by the fungal-bacterial biofilter.  

A concise mathematical model of the biofilter together with the evaluation of the second 

Damköhler number indicated that under the operational conditions here applied, the fungal biofilter 

performance was bioreaction limited meanwhile external mass transport limitation was found on 

the fungal/methanotrophic bacteria biofilter. 

These results, and the estimated mass transfer coefficients, suggest that the beneficial effect of F. 

solani during CH4 biofiltration was mediated by biomass hydrophobicity rather than to the 

formation of aerial hyphae structures increasing the mass transfer area. 

Keywords: Methane abatement; Fusarium solani; Biofiltration; Mass transfer coefficient; 

Mathematical modeling. 
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1 Introduction 

Methane (CH4) is considered as a relevant greenhouse gas since its contribution to global warming 

in a 100 y horizon accounts for ~ 23%, while carbon dioxide (CO2) contributes to 70%. Besides 

CH4 has an average global warming potential 28 (in a 100 y horizon) times higher than CO2 [1]. 

Atmospheric CH4 concentration is increasing twice faster than CO2 concentration [2,3].  

 

In this context, biofiltration is a cost-effective alternative to control off-gas emissions of CH4 below 

the flammability point (5% v/v)[2,4].  Indeed, methanotrophs-based biofilters have been 

extensively applied during the past two decades to reduce CH4 emissions from landfills, livestock 

farms or even coal mines [5]. However, the low aqueous solubility of CH4 (dimensionless gas-

liquid Henry´s law constant of 29.4 at 1 atm and 25ºC) limits its cost-effective biological abatement 

[3]. Biofiltration systems typically contain mixed microbial populations (i.e. bacteria, fungi and 

yeasts) adapted to oxidize particular pollutants under ambient conditions (pH, temperature, 

moisture content, etc.). The use of fungi in biofilters may offer several advantages compared to 

conventional bacteria colonized-biofilters, such as a higher enzyme diversity  and tolerance to 

extremophile conditions (low nutrient availability, low water activity and low pH values) [6]. In 

addition, several authors have claimed that the empty bed fraction of biofilters can be colonized by 

aerial hyphae. This can enhance the elimination capacity of hydrophobic pollutants such as CH4 

based on the increase in the specific mass transfer area mediated by hyphae growth, which are 

covered by lyophilic proteins able to easily solubilize hydrophobic gases [7–9]. In this context, the 

co-culture of filamentous fungi with methanotrophic bacteria can increase the CH4 elimination 

capacity by increasing the partition coefficient of CH4 in the biofilm established in the biofilter 

packed bed (bioavailability) [10,11]. 
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The potential of fungi as a biological platform for enhancing the availability and biodegradation of 

methane has been reported by several authors [11–14]. Girard et al. [12] inoculated the fungi 

Candida ingens, Sporotrichum pruinosum, Coprinus sp. and Cunninghamella elegans in 

combination with methanotrophic bacteria in a biofilter treating methane, reaching a maximum 

methane elimination capacity  (EC) of 18.8 g m−3 h−1 at an inlet load of 46.7 g m−3 h−1. Lebrero et 

al. (2016) reported that Graphium sp. was able to degrade methane only when methanol was 

supplemented as a co-substrate. These authors evaluated also the performance and microbiology 

of a fungal-bacterial compost biofilter treating methane concentrations of 2% at empty bed 

residence times of 40 and 20 min under different irrigation rates, with daily mineral medium 

addition of 200 mL supporting EC of 37 g m-3 h-1. Recently, Vergara-Fernández et al. [11] reported 

the ability of Fusarium solani to biodegrade CH4 as the sole carbon source in microcosm 

experiments (0.3 g m-3 h-1 at 35°C and water activity of 0.95). To our understanding, this was the 

first report of methane consumption by fungi as the sole carbon and energy source. Moreover, F. 

solani could decrease the partition coefficient of methane up to two orders of magnitude compared 

with the partition coefficient of methane in water. 

 

Mathematical modelling represents a powerful tool to optimize the design and operation of 

biological gas-treatment units. In this context, several reactive-internal transport/external transport 

based mathematical models have been reported to describe CH4 oxidation in biofilters inoculated 

with methanotrophic bacteria under isothermal conditions [15,16] and under non-isothermal 

conditions [17]. However, to our knowledge, mathematical models describing fungi-based methane 

biofilters are  scarce, which limits the developments of these high-performance biofilters. 
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This work aims at characterizing for the first time the effects of CH4 inlet load and residence time, 

as well as n-pentane co- feeding, on the performance of a biofilter treating methane using the fungi 

Fusarium solani alone and in a consortium with methanotrophic bacteria. Secondly, the role of the 

fungal biomass as an enhancer of methane bioavailability in the biofilms was explored, both 

experimentally and through a mathematical model. 

 

2 Materials and methods 

2.2 Microorganisms and inoculum 

The methanotrophic bacteria used in this work were Methylomicrobium album ATCC 33003 and 

Methylocystis sp. ATCC 4924. Bacterial propagation was performed in NMS (Nitrate-mineral salt 

medium, ATCC 1306) without agar at pH 6.8 as previously reported by Cáceres et al. [18]. 

Propagation of the filamentous fungi Fusarium solani B1 (CBS 117476) was carried out as 

described by Morales et al. [19] in potato-dextrose agar. Fungal preservation, cultivation conditions 

and spore production were similar to those reported by García-Peña et al. [20]. Cultures were 

incubated in a rotary shaker (Incu-Shaker Mini, Benchmark) at 30°C and 80 or 200 rpm for fungi 

and bacteria cultivation, respectively. 

 

2.3 Carbon source and mineral medium 

The carbon sources used as model hydrophobic contaminants in the different experiments were 

methane (Indura Chile, 99.99%) and n-pentane (Merck, 99%). Glycerol (Merck, 99.9%) and 

methanol (Merck, 99.9%) were used as alternative carbon sources to support microbial growth 

during the start-up period of the biofilters. The mineral salt medium used for fungal growth in 

liquid cultures and biofiltration columns was previously reported by Arriaga and Revah (2005): 

NaNO3 18 g L-1, KH2PO4 1.3 g L-1, MgSO4·7H2O 0.38 g L-1, CaSO4·2H2O 0.25 g L-1, CaCl2 0.055 
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g L-1, FeSO4·7H2O  0.015 g L-1, MnSO4·H2O 0.012 g L-1, ZnSO4·7H2O 0.013 g L-1, CuSO4·7H2O 

0.0023 g L-1, CoCl2·6H2O 0.0015 g L-1, H3BO3 0.0015 g L-1 and glycerol 10 mL L-1. 

The composition of NMS medium used for bacterial growth was as follows [22]: MgSO4·7H2O 

1.0 g L-1, CaCl2·6H2O 0.2 g L-1, KNO3 1.0 g L-1, KH2PO4 0.272 g L-1, Na2HPO4·12H2O 0.717 g 

L-1, 2.0 mL of chelated iron and 0.5 mL of a trace elements solution was additionally added to 1 L 

of NMS solution. The chelated iron solution contains: 1.0 g L-1 ferric (III) ammonium citrate, 2.0 

g L-1 EDTA sodium salt, 0.3 mL of HCl (concentrated), 100 mL of distilled deionized water. The 

trace element solution contains per liter of distilled water: EDTA 0.5 g L-1, FeSO4·7H2O 0.2 g L-1, 

ZnSO4·7H2O 0.01 g L-1, MnCl2·4H2O 0.003 g L-1, H3BO3 0.03 g L-1, CoCl2·6H2O 0.02 g L-1, 

CaCl2·2H2O 0.001 g L-1, NiCl·6H2O 0.002 g L-1, Na2MoO4·2H2O 0.003 g L-1.  

 

2.4 Experimental set-up for methane biofiltration  

A diagram of the experimental system is shown in Figure 1. Two identical biofilters were set up 

with PVC-clear columns (7.9 cm of diameter and 105 cm of height) divided into three equal length 

modules. Each module was filled with 82 g of vermiculite (empty bed 𝜖 of 69%), reaching a total 

packed bed volume (𝑉𝑝) of 2.35 L. Each module was periodically sampled at the inlet and the outlet 

of the gaseous stream from sampling ports. The moisture content of the solid support and the 

pressure drop in each module of the biofilter were determined with a ProCheck sensor read-out 

device (Decagon Devices, WA, USA) and a U-Tube manometer (using water as the manometric 

fluid), respectively. The moisture content in the airstream at the inlet and the outlet of biofilter were 

measured with a thermo-hygrometer (Testo 625, Testo, PA, USA). The biofilters were 

continuously fed with different mixtures of pre-humidified air and pure CH4 (99.99%, Indura 

Chile). The humidifier consisted of a PVC-Clear column (diameter of 7.9 cm and 40 cm height) 
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filled with 20 cm of water.  

 

Figure 1. Schematic diagram of the laboratory-scale biofilter system 

 

The performance of the methane biofilters was expressed in terms of methane elimination capacity 

(EC, g CH4 m
-3 h-1), and methane and n-pentane inlet loading rate (IL, g m-3 h-1), which were 

correlated with the empty bed residence time (EBRT): 

𝐸𝐵𝑅𝑇 =
𝑉𝑝

𝑄
           (1) 

𝐸𝐶 =
(𝐶𝑔,0−𝐶𝑔,𝑜𝑢𝑡)

𝐸𝐵𝑅𝑇
           (2) 

𝐼𝐿 =
(𝐶𝑔,0)

𝐸𝐵𝑅𝑇           (3) 

Where Q and Vp represent the polluted air flow rate (m3 h-1) and packed bed volume (m3), 

respectively, Cg,0 and Cg,out  the inlet and outlet methane concentrations (g m-3) in the polluted 
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airflow, respectively. 

The study of the influence of CH4 inlet load on biofilters performance was conducted by setting 

different concentrations of CH4 adjusting the flow rate of pure methane and humidified air. Both 

flow rates were controlled with mass flow controllers (Colepalmer, EW-32907-69, IL, USA). In 

the experiments where n-pentane or methanol were used, a stream of air controlled with a mass 

flow controller (Colepalmer, EW-32907-69, IL, USA) was bubbled in an evaporator with n-

pentane or with methanol (depending on the experimental stage), and subsequently mixed with a 

humidied air stream containing methane  

 

2.5 Operational strategies during CH4  biofiltration 

The two biofilters were operated in parallel. The fungal biofilter (BF) was inoculated with the 

fungus F. solani, while the Fungal-Bacterial Biofilter (FBB) was inoculated with a methanotrophic 

bacterial consortium composed of Methylomicrobium album and Methylocystis sp., and the fungus 

F. solani. All microorganisms used were previously grown in their respective mineral medium and 

glycerol at 4 g L-1. 

BF was inoculated with a mixture of 1000 mL of fungi (2.0 g L-1) in mineral medium and 400 mL 

of fresh mineral medium, which was recirculated for 7 days through the packed column to favor 

the attachment of the microorganisms. FBB was inoculated with a mixture of 500 mL of 

methanotrophic bacterial culture (1.0 g L-1) and 500 mL of fungal culture (2.0 g L-1). The cell 

suspension containing both fungi and bacteria was mixed with 400 mL of mineral medium and 

recirculated for 7 days through the packed column to allow the attachment of the microorganisms. 

A methane laden airstream was fed to the columns for 80 days at an inlet concentration of 25 g 

CH4 m
-3 and a gas flow of 0.181 L min-1 (EBRT equal to 13 min), corresponding to an inlet load 

of 115.4 5.2 g m-3 h-1. Methanol at a concentration of 1.0 g m-3 was supplemented to the CH4-
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laden emission from day 33 to 40 according to Lebrero et al.  [13] in order to foster microbial 

growth and CH4 biodegradation in the biofilters. At day 55, 100 mL of mineral salt medium with 

glycerol at 4 g L-1 was added to the biofilters according to Vergara-Fernández et al. [23] while 

maintaining the methane inlet load. 

 

2.5.1 Influence of CH4 loading rate and EBRT on the steady-state CH4 elimination capacity 

The influence of the methane loading rate on the elimination capacity of FB and FBB was assessed 

by increasing the inlet CH4 concentration from 6 to 94 g CH4 m
-3 at a constant EBRT of 12.2 (±0.9) 

min, which corresponded to loading rates between 31.6 and 437 g CH4 m
-3 h-1. On the other hand, 

the influence of the EBRT on the methane elimination capacity was assessed by varying the EBRT 

between 6.0 and 23.3 min at a constant methane inlet load of 437(±5.9) g CH4 m
-3 h-1. 

 

2.5.2 Influence of n-pentane supplementation on the CH4 elimination capacity 

The influence of n-pentane on the methane elimination capacity was evaluated by supplying n-

pentane loading rates ranging from 48.1 (±2.6) to 238.1 (±6.8) g n-pentane m-3 h-1 at a constant 

methane loading rate of 131.1 (±5.0) g CH4 m
-3 h-1. 

 

2.6 Estimation of Fusarium solani contribution to CH4 biodegradation 

Methane biodegradation tests in microcosms were performed in order to quantify the contribution 

of Fusarium solani towards the methane elimination in the biofilter. Samples of 2.0 g of vermiculite 

with biomass were withdrawn from the biofilters FB and FBB by day 80. The samples were mixed 

with 10 mL of mineral medium containing the antifungal amphotericin B at a concentration of 32 

μg mL-1. Control experiments without the addition of amphotericin B were also performed. The 

consumption of methane as the sole carbon and energy source was assayed at an initial 
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concentration of 27 (±1.5) g m-3 and 30°C for 15 days without stirring. The microcosms were 

established in 125 mL bottles hermetically sealed with 20 mm 3 mm laminated silicone-PTFE 

(0.13 mm) septa, and aluminum seals. 

 

2.7 KBa and Damköhler number estimation in biofilters treating CH4 . 

To determine the mechanism limiting CH4 elimination in FBB and FB, the second Damköhler 

number (eq. 4) was calculated under the corresponding operational conditions, assuming that the 

fungal-bacterial biofilm and fungal biofilm followed first-order kinetics and Monod type kinetics, 

respectively (see supplementary section). This dimensionless number defines the ratio between the 

maximum methane biodegradation rate and the maximum methane mass transfer rate for a given 

condition. A second Damköhler number higher than one indicates the occurrence of external mass 

transfer limitation in the biofilter, while values lower than one are encountered in bioreaction 

limited scenarios [24]. 

 

𝐷𝑎𝐼𝐼
𝑗
=

{
 

 
𝑘𝑋𝑏

𝑗
𝑉𝑏
𝑗

𝐾𝐵𝑎𝑗(1−𝜖)𝑉𝑝
,                    for 𝑗 = 𝐹𝐵𝐵

𝑞𝑚𝑎𝑥𝑋𝑏
𝑗
𝑉𝑏
𝑗
𝐻𝑗

𝐾𝐵𝑎𝑗(1−𝜖)𝑉𝑝
⋅
1

𝐶𝑔
𝑖𝑛  ,           for 𝑗 = 𝐹𝐵     

      Eq. 4 

 

A series of experiments were carried out in order to estimate the overall mass transfer coefficient 

based on the biofilm phase (KBa) for both biofilters and the corresponding biokinetic parameters 

of the fungal or fungal-bacterial biofilm. The experiments were carried out at three different flows 

rates (0.3, 0.6 and 0.86 L min-1). CH4 inlet concentrations of 19, 16.5 and 15.5 g CH4 m
-3 were 

used in the FB tests, while CH4 inlet concentrations of 28, 25 and 24 g CH4 m
-3 were used in FBB. 

All experiments were performed at 30 °C. The experimental procedure was as follows: Under 
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steady-state at the target inlet CH4 concentration, the flow of pure CH4 was interrupted until the 

outlet air stream reached a CH4 concentration equal to zero. Then, CH4 supply was restored.  

CH4 concentration was quantified off-line by gas chromatography (see Analytical methods) at the 

outlet of the biofilters. The time course and profiles of CH4  concentrations were adjusted to a 

comprehensive biofiltration mathematical model adapted from [25] (see supplementary material). 

 

2.8 Analytical methods 

CH4 gas concentration was determined from gas samples extracted using a 500 µL gas syringe 

(Hamilton). The samples were injected in a gas chromatograph (Shimadzu 2014) equipped with a 

TCD detector and a 60/80 Carboxen column (15 ft  1/8 in  2.1 mm). Injector temperature was 

maintained at 150°C, while oven and detector temperatures were kept at 200°C and 220°C, 

respectively.  n-pentane gas concentration was measured by FID-GC in a Shimadzu 2014 

chromatograph (detection temperature 220 ºC, injection temperature 80 ºC and column temperature 

200 ºC) equipped with a capillary column RTX-5 Restex UE (30 m  0.32 mm  0.25 μm), using 

helium as a gas carrier. 

 

2.9 Scanning electron microscope 

Samples of the vermiculite support with microbial consortium grown for 8 months were dried at 

105 ºC for 24 hours for scanning electron microscopy (SEM) imaging. Dried samples were 

mounted onto stubs and gold-coated using JEOL fine-coat ion sputter JFC-1100. Samples were 

visualized and micrographed using a scanning electron microscope (EVO MA 10 model, Zeiss), 

with an EDS Penta FET Precision detector (Oxford Instruments X-act) at 20 kV accelerating 

voltage. 
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3 Results and discussion 

3.1 Biofilter start-up 

The elimination capacities achieved in the biofilters during the first 80 days of operation are shown 

in Figure 2. During the first 20 days, both biofilters showed comparable EC, with average values 

of 6.6(2.2) g m-3 h-1. After 20 days of operation, an increase in the CH4 EC of FBB was recorded, 

reaching a stable average EC of 17.5 g m-3 h-1. Similar EC values were achieved in FB after 26 

days of operation. This delay could be attributed to the slower growth rate of fungi compared to 

bacteria. Interestingly, both biofilters experienced a decrease in the EC after 30 days of operation, 

reaching values close to 8.7 g m-3 h-1. The reason underlying the observed decrease in EC were not 

clear since temperature and humidity remained constant at the set points, and mineral medium was 

added once per week. Methanol was fed at a loading rate of 4.8 g m-3 h-1 from day 34 until day 55 

in an attempt to increase the biomass content in the biofilters. This allowed increasing the CH4-EC 

by 40% compared to the previous condition. 100 mL of mineral medium with 4 g L-1 glycerol were 

added at the end of day 55 to increase of biomass content in the biofilters. Figure 2 shows a rapid 

increase in EC in both biofilters following glycerol addition, reaching a maximum of 32.8 g m-3 h-

1 by day 60 and stabilizing at 28.4(2.2) g m-3 h-1 in FBB. An average EC of 21.8 g m-3 h-1 was 

achieved in BF from days 63 to 80. The increase in CH4 EC for both biofilters was likely due to 

the effectiveness of glycerol supporting a rapid growth of F. solani (F. solani was routinely grown 

in glycerol as sole carbon and energy source in our laboratory) in the biofilters. No growth 

enhancement was expected for the obligate methanotroph Methylomicrobium album ATCC 33003 

[26] or the facultative methanotroph (able to grow on acetate and ethanol) Methylocystis sp. ATCC 

4924 [27]. From day 80 onwards, the biofilters were operated with methane as the sole carbon and 

energy source (Figures 4, 5). 
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Figure 2. Time course of the methane elimination capacity of the biofilter inoculated solely with 

Fusarium solani and the biofilter inoculated with Fusarium solani and the methanotrophic 

consortium and operated at an inlet concentration of 25 g CH4 m
-3 and EBRT 13 min, corresponding 

to 115.4(5.2) g m-3 h-1. 

 

The maximum removal efficiencies recorded in FBB and FB were 26% and 17%, respectively, 

with EC comparable to those reported by Lebrero et al. [13] for a fungal-bacterial biofilter (35 g 

m-3 h-1). The EC achieved in this work was higher than the 16 g m-3 h-1 attained by Pratt et al. [28] 

in a biofilter inoculated solely with a methanotrophic bacterial consortium.  

 

3.2 Influence of CH4 loading rate on the CH4 elimination capacity 

Figure 3 shows the CH4 EC recorded at the different methane loading rates applied in both 

biofilters. The results obtained for FB showed a methane EC of 17 g m-3 h-1 for a critical methane 

loading rate of 125 g m-3 h-1. On the other hand, it was not possible to obtain the critical methane-
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loading rate for FBB. CH4 EC of 75 and 37 g m-3 h-1 were recorded in FBB and FB, respectively, 

at the maximum methane loading rate applied 450 g m-3 h-1. The ECs at a loading rate of 125 g m-

3 h-1 in FB and FBB were more than two times higher than the values reported by López et al. [29] 

for a loading rate of 120 g m-3 h-1 (11.3 g m-3 h-1). Lebrero et al. [13] reported an EC of 70 g m-3 h-

1 for a methane loading rate of 120 g m-3 h-1 in a bacterial-fungal biofilter inoculated with Graphium 

sp. However, these authors reported that Graphium sp. was eventually displaced from the biofilter 

community and that the fungus was able to use methane only when methanol was also present. 

The higher EC obtained in the FBB operated in this study may be explained by the increase in the 

interfacial gas-biofilm contact area due to the presence of the filaments from fungi [30] and by the 

increase in the CH4 concentration gradient mediated by the hydrophobic properties of the fungal 

filaments [11,31]. These fungal mediated mechanisms could increase the bioavailability of 

methane in the whole methanotrophic biofilm, which ultimately supported higher CH4 degradation 

rates [14]. The later highlights the advantage of deploying methanotrophic fungal/bacterial 

consortia during CH4 biofiltration[11].  
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Figure 3. Methane elimination capacity vs loading rates for the biofilter inoculated with F. solani 

(FB) and biofilter inoculated with F. solani and a methanotrophic bacteria consortium (FBB). 

Model fits correspond to the solution of Eqs. S1-S3 with parameters shown in Table 1.  

 

3.3 Influence of the EBRT at constant CH4 loading rate on the elimination capacity  

Figure 4 shows the effect of the EBRT at a CH4 loading rate of 437(±5.9) g m-3 h-1 in the EC of FB 

and FBB. A decrease in CH4 EC was observed at increasing gas flow rates in both biofilters, which 

can be explained by the shorter contact time between methane and the methanotrophic biofilm at 

lower EBRT. The main decrease in CH4 EC in both biofilters was observed when the EBRT was 

reduced from 23.3 to 6.0 min, the greatest reduction being observed in FBB (13.4 g m-3 h-1 

decrease) in comparison with the FB (7.4 g m -3 h-1 decrease). When both biofilters were operated 

at EBRTs between 26 and 13 min, the EC stabilized between 26 and 16 g m-3 h-1 in FBB and FB, 

respectively. Despite FBB supported the highest EC, its performance was severely affected by 

shorter EBRTs. This may be related to either the microbial structure, the morphology of the 

methanotrophic biofilm, or a combination of both. Bacterial population in the biofilm exhibited a 

low methane mass transfer capacity, which might explain the mass transfer limitations recorded 

under low EBRTs in FBB. This lower methane mass transfer capacity of methanotrophic bacteria 

was recently reported by Vergara-Fernández et al. [11] during the assessment of the partition 

coefficients of methane in Fusarium solani and methanotrophic bacteria biomass (Cg/Cbiofilm of 

0.2631 and 2.192, respectively) under similar operational conditions than those used in the present 

study. On the other hand, the decrease in EBRT in FB entailed a less severe effect on CH4 EC, 

which may be related to the more homogenous hyphae biofilm growth. Thus, a decrease in EBRT 

would exert less impact on CH4 EC in a scenario of enhanced CH4 concentration gradients 

mediated by fungal hydrophobicity (Vergara-Fernández et al., 2016).  
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Figure 4. Influence of the EBRT on CH4 elimination capacity at a constant methane loading rate 

(437(±5.9) g m-3 h-1) in FBB and FB. 

3.4 Influence of n-pentane on the CH4 elimination capacity at a constant CH4 loading rate 

The addition of n-pentane aimed at providing an alternative carbon source to methane in order to 

foster the growth of Fusarium solani and to increase its surface hydrophobicity according to 

Vergara-Fernández et al. [8]. An increase in the CH4 EC was observed in both biofilters when the 

n-pentane loading rate increased at a constant methane loading rate of 60 g m-3 h-1 (Figure 5). This 

increase was likely due to the higher hydrophobicity degree of the fungal cell wall, which mediated 

higher mass transfer rates and bioavailability of CH4 for the fungal and fungal-bacterial biomass. 

While CH4 EC in both biofilters was approximately 12 g m-3 h-1 at a methane loading rate of 60 g 

m-3 h-1, the supplementation of n-pentane at 107 g m-3 h-1 at a similar methane loading rate increased 

the EC of  FB by 75% (211.0 g m-3 h-1) and by 34% in the FBB (161.1 g m-3 h-1). The higher 
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increase of  EC in FB during n-pentane supplementation could be explained by the increase in the 

gas-biomass contact area mediated by the enhanced hyphae growth of the fungus in the presence 

of a hydrophobic carbon source such as n-pentane (Vergara-Fernández et al., 2011). 

 

Figure 5. Influence of n-pentane loading rate on CH4 elimination capacity in FBB and FB. 

 

3.5 Estimation of Fusarium solani contribution to CH4 biodegradation 

Figure 6 shows the results obtained for the biodegradation of methane in microcosm assays. When 

amphotericin B was added to the packing material drawn from the FB (only F. solani was 

inoculated), no biodegradation of CH4 was observed (Figure 6a). In the control microcosm (without 

amphotericin B) CH4 degradation was observed at a rate of 0.9 g m-3 d-1, indicating that F. solani 

not only promotes the mass transfer of CH4 to the biofilm but contributes to CH4 biodegradation. 

CH4 biodegradation as the sole carbon and energy source by Fusarium solani was previously 

observed by Vergara-Fernández et al. [11]. On the other hand, when amphotericin B was added to 

the microcosms with Fusarium solani and methanotrophic bacteria, CH4 biodegradation decreased 
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from 1.3 g m-3 d-1 to 0.6 g m-3 d-1 (Figure 6b). This finding confirmed the beneficial effect of using 

a fungal/bacterial consortium for the biodegradation of CH4. The methanotrophic bacterial 

consortium was able to biodegrade 46% of the initial CH4, while fungi biodegraded 54%. 

 

Figure 6. Effect of the addition of amphotericin B on the biodegradation of CH4 in biomass 

obtained from a) the fungal biofilter, b) from the fungal/bacterial biofilter. 

 

3.6 Characterization of the rate-limiting step: KBa, biokinetics parameters and second 

Damköhler number estimation  

Six dedicated experiments (three for the fungal and three for the fungal-bacterial biofilter) in 

duplicate were performed for the estimation of the global volumetric mass-transfer coefficient 

based on the biofilm phase (𝐾𝐵𝑎). The model coupling external mass transfer and bioreaction in 

the biofilter (Eqs. S1 to S3) was calibrated to the fungal and the fungal-bacterial biofilters CH4 

concentrations time-depended data presented in Figure 7 and the steady-state CH4 EC data 

presented in Figure 3.  
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Figure 7. Dynamic CH4-in/CH4 out experiments for the estimation of 𝐾𝐿𝑎 in a) FB and b) FBB.  

 

The fitted parameters are shown in Table 1. The biofilm volume (𝑉𝑏) in each biofilter was estimated 

based on the experimental biomass content and the dimensions of the packing material. The dry 

weight (ash-free) biomass content per mass of dry vermiculite was quantified as 102 ±

15 𝑚𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑔
−1 in FB and 99 ± 16 𝑚𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑔

−1 in FBB. Assuming a biofilm density of 

1000 𝑘𝑔 𝑚−1, this is equivalent to a biofilm volume (𝑉𝑏) of 8.4 ∙ 10−6 𝑚3 and 8.1 ∙ 10−6 𝑚3 for 

the FB and FBB, respectively. To ensure the feasibility of these values, biofilm depth was estimated 

by measuring the dimensions of 57 random vermiculite particles and estimating their volume as a 

parallelepiped. Assuming a biofilm density of 1000 𝑘𝑔 𝑚−1, the required biofilm depth to achieve 

the measured biomass contents per mass of vermiculite were 25.5 µm and 24.5 µm for FB and 

FBB, respectively. These biofilm thicknesses were comparable to the 40 µm measured in a 

bacterial biofilm of a biofilter degrading a mixture of benzene and toluene [33], but were smaller 

than the 240-280 µm reported by Cox et al. [34] for the biofilm formed in a biofilter degrading 

styrene (a less hydrophobic compound compared to CH4). 
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𝐾𝐵𝑎 values for each biofilter were directly proportional to the inlet air flow rate, with coefficients 

of determination of 0.997 and 0.954 for the FB and FBB, respectively. Despite data of global mass 

transfer coefficients for biofilters are scarce in the literature, the estimated 𝐾𝐵𝑎 values compared 

well with the values found by Nielsen et al. [35] for toluene biofiltration using lightweight 

aggregates (Leca® pellets) as support with 𝐾𝐿𝑎 values ranging from 9.7 to 38.2 h-1. Considering 

the aerial morphology of fungal hyphae compared to planar biofilms formed by bacteria (see Figure 

S4 and S5), an increase in the specific area for mass transfer could be expected, an observation 

previously reported in literature [9,30]. However, the mass transfer coefficients calculated in this 

study revealed that the 𝐾𝐵𝑎 values of FB are smaller than those estimated for FBB. On the other 

hand, n-pentane cofeeding experiments showed that CH4 EC was improved by the presence of a 

VOC known to increase the hydrophobicity of F. solani [36]. Moreover, the sensitivity analysis of 

the values estimated for the model parameters (see Figures S2 and S3) indicated that, with the 

exception of the 𝐾𝐵𝑎 values for steady state experiments, the sensitivity of the model towards the 

mass transfer coefficient values was low. In brief, these findings highlight the key role of 

hydrophobicity (decrease of the pollutant partition coefficient) over the potential enhancements of 

the morphological structure of aerial hyphae in fungal-based biofilters.  
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Table 1. Parameters obtained after calibrating the model of mass-transfer and reaction (Eqs. 4-6) 

using the experimental data presented in Figures 4 and 7.  

Parameters Units Fungal biofilter 

(FB) 

Fungal bacterial biofilter 

(FBB) 

𝑲𝑩𝒂𝟎.𝟑 𝐋𝐏𝐌 ℎ−1 2.5 8.5 

𝑲𝑩𝒂𝟎.𝟔 𝐋𝐏𝐌 ℎ−1 6.9 12.3 

𝑲𝑩𝒂𝟎.𝟖𝟔 𝐋𝐏𝐌 ℎ−1 10.2 19.1 

𝑲𝑩𝒂𝑺𝑺−𝟎.𝟏𝟗𝑳𝑷𝑴 ℎ−1 0.6 2.7 

𝑲𝒔 𝑔 𝐶𝐻4𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
−3  0.3 - 

𝒒𝒎𝒂𝒙 𝑔 𝐶𝐻4𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠
−1 ℎ−1 4200 - 

𝒌 𝑚3𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠
−1 ℎ−1 - 914 

    

 

Figure 8 shows the effect of the gas flow rate over the Damköhler number on FB and FBB. In FBB, 

the Damköhler number was independent of the inlet CH4 concentration as a result of the first-order 

kinetic assumption (see Eq. 7). However, the inlet CH4 concentration influenced the Damköhler 

number in FB and this effect is also shown in Figure 8. Interestingly, our calculations suggest that 

FBB was mass transfer limited regardless of the inlet flow tested, which agreed with observations 

reported in section 3.3. On the other hand, FB seems to be bioreaction limited except at low CH4 

concentrations and low gas flow rates (0.19 L min-1 equivalent to an EBRT of 12.4 min), an 

observation supported by the influence of EBRT on CH4 EC (see Section 3.3). Gomez- Borraz et 

al. [16] concluded that the performance of a compost bacteria-colonized biofilter was limited by 

the mass transport instead of by the bioreaction at a similar EBRT of 19 min and an inlet CH4 

concentration of 21 g m-3. 

The sensitivity analysis of the model parameters over a wide range (0.5 to 1.5 times the optimal 

value) indicates that for the FBB the parameter with the highest sensitivity was  𝐾𝐵𝑎𝑆𝑆−0.19𝐿𝑃𝑀, 

while the mass transfer coefficients for the experiments performed at higher gas velocities have 

little impact on model fit (see supplementary material, Figures S2 and S3). Interestingly, the model 
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fit showed little sensitivity towards the first-order reaction rate constant. A similar trend was found 

in FB, albeit in this case the model was found to be sensitive to the maximum specific uptake rate 

(𝑞𝑚𝑎𝑥) values. The sensitivity analysis confirmed the trends highlighted by the analysis of the 

Damköhler numbers. 

 

Figure 8. Estimated second Damköhler numbers at different inlet flow rates (logarithmic scale). 

For both biofilters, the flows 0.3, 0.6 and 0.86 L min-1 corresponded to the dynamic assays (Figure 

7). Values shown for 0.19 L min-1 were obtained at steady-state under different inlet CH4 

concentrations (concentrations C1 to C12 in g m-3: 6, 19.2, 31.9, 44.6, 57.2, and 94.0). 

4 Conclusion 

This work confirmed that the filamentous fungi Fusarium solani can degrade CH4 as the sole 

carbon and energy source. The CH4 elimination capacities of a biofilter inoculated with F. solani 

and bacterial methanotrophic consortium were higher than those recorded in a biofilter inoculated 

only with fungi regardless of the inlet loads and EBRTs tested, except when n-pentane was co-fed 

along with CH4. The exposure of the fungal biomass to n-pentane, a highly hydrophobic and easily 
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degradable VOC, during CH4 biofiltration further improved the CH4 EC likely due to an increase 

in the surface hydrophobicity and transport area of fungal hyphae. Overall, the fungal filter 

performance was bioreaction limited, while mass transport limitations were encountered in the 

fungal/bacterial biofilter. Finally, the estimated mass transfer coefficients and Damköhler numbers 

suggest that the beneficial effect of F. solani during CH4 biofiltration was mediated by biomass 

hydrophobicity rather than to the formation of aerial hyphae structures increasing the mass transfer 

area. 
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Supporting Information 

A comparative assessement of the performance of fungal-bacterial 

and fungal biofilters for methane abatement 

 

Alberto Vergara-Fernández1*, Felipe Scott1, Felipe Carreño1, Germán Aroca2, Patricio 

Moreno-Casas1, Armando González-Sánchez4 and Raúl Muñoz3 

 

A simplified version of the mathematical model of a biofilter proposed by Deshusses et al. [25] 

was applied for the estimation of the global volumetric mass transfer coefficient (KBa). In the 

original work of Deshusses et al. [25], the gas phase in a biofilter was modeled as a cascade of 

stirred tank reactors (STRs). In the present work, each STR containing gas phase was connected 

not only to the previous and the following gas-phase STR, but also to the a STR representing the 

biofilm where bioreactions occur (see Figure S1). The super-script j stands for each biofilter. 

 

Assumptions: 

 Each subdivision of the gas-phase and the biofilm-phase is ideally mixed. 

 The i-th gas phase STR has a volume equal to ϵVp/N, where N is the number of reactors 

aling the height of biofilter. 

 The i-th layer is fed from the i-1 stage at a rate QGi−1
j

 and the methane mass flow exiting 

this stage is QGi
j
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 Methane from the i-th gas-phase stage is transferred to the i-th biofilm phase at a rate Ji =

KBa(1−ϵ)Vp

N
(
Gi
j

H
− Bi

j
), where Bi

j
 is the dissolved methane concentration in the i-th layer of 

the j-th biofilter. 

 Equilibrium and non-accumulation are assumed at the interface, hence the Ji is also the 

rate at which methane enters to the i-th biofilm section with volume Vb/N. 

 In each section of the biofilm, no net growth of biomass is assumed during the experiments 

used for model calibration. Therefore, the biomass concentration Xb
j
 is constant and 

experimentally assessed. This assumption is justified since KLa estimation experiments and 

inlet load effect experiments (Figures 4 and 8) lasted three weeks. 

 Moreover, it is assumed that the biocatalyst is homogeneously distributed throughout the 

biofilm. 

 Finally, based on the results obtained in the experiments where inlet-load was changed, a 

first-order reaction kinetic was assumed to represent the activity of the biocatalyst in the 

biofilm for  FBB and a Monod type kinetic for FB. 

 Qs
j (Cb) = {

kXb
j
Bj,                    for j = FBB

qmaxXb
j Bj

Ks+Bj
,   for j = FB     

      Eq. S1 
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Figure S1. Schematic description of the mathematical model for one section of the biofilter. The 

CH4 laden air flows through the gas phase and CH4 is transferred from each subdivision of the gas 

phase to its corresponding section of the biofilm. 

 

The acronym  represents the empty fraction of the bed, AT the cross-section of the reactor, Q the 

gas flow, K𝐵a
j  the global volumetric mass transfer coefficient based on the volume of biofilm and 

Hj the air-biofilm methane partition coefficient. The partition coefficient for the fungal biomass was 
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directly taken from a previous work by the authors [11], while the partition coefficient for the fungal-

bacterial biofilms was estimated as 0.46 times the partition coefficient of the bacterial biomass and 

0.64 times the partition coefficient of the fungal biomass. The factors 0.46 and 0.64 correspond to 

the contributions of bacteria and fungi towards methane degradation in the microcosms inoculated 

with biomass withdrawn from the FBB (see Section 2.6). 

A non-steady state methane mass balance to the gas phase leads to (Eq. 5). 

dGi
j
 

dt
=

Q⋅N

ϵ⋅AT⋅L
[Gi−1

j (t) − Gi
j(t)] − KBa

j (1−ϵ)

ϵ
(
Gi
j
(t)

Hj
− Bi

j
(t))   Eq. S2 

With boundary conditions: 

Gi
j(0) = 0 for i = {1, … , N}  (empty initial reactor) 

Gi
j(t) = {

Gin (feed concentration during steady state)                 
0 (during kLa experiments when methane flow is off)

 

 

A methane balance to the i-th section of the homogenous biomass phase yields: 

dBi
j

dt
= KBa

j(1 − ϵ)
VR

V
b
j (

Gi
j
(t)

Hj
− Bi

j
(t)) − Qs

j
(Bi

j
)      Eq. S3 

The initial condition for this equation is either Bi(0) = 0, for all sections (empty reactor), or the 

steady-state concentration per stage calculated using the operating conditions. The model 

parameters KBa
j value is dependent on the gas flow velocity. Therefore, a unique set of biokinetic 

parameters k, Ks and qmax was estimated for all the experiments, but eight values of KB𝑎 were fitted 

to account for the different gas flow rates (see Table 1). Parameters were estimated using non-linear 

fitting (patternsearch, MATLAB®). The steady-state simulations were obtained by dropping the 

differential terms in Eqs. (S2) and (S3). 
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Sensitivity analysis 

Model fit was sensibilized for each parameter in an interval where the minimum value was 50% of 

the best fit of a parameter and the maximum value was 1.5 fold. The sensitivity analysis was carried 

out by varying two parameters at a time, one of the parameters being the maximum substrate uptake 

rate (𝑞𝑚𝑎𝑥) for the fungal biofilter or the first order coefficient for the fungal-bacterial biofilter (𝑘). 

The second parameter was a mass transfer coefficient. A full factorial approach was used, thereby 

each response surface is formed by 100 combinations were the average distance between the 

predicted and experimental values was calculated. The average distance was defined as 
√𝑆𝑆𝐸𝑗

𝑁𝑚
𝑗  , 

where 𝑆𝑆𝐸 = (𝜖𝑗)𝑇𝜖𝑗 was the sum of the squared error and was calculated as the product of the 

vector 𝜖𝑗 = 𝐺𝑚
𝑗
− 𝐺𝑜𝑢𝑡

𝑗,∗
, where 𝐺𝑚

𝑗
 was the vector of the measured methane concentrations in the 

outlet of each biofilter j and 𝐺𝑜𝑢𝑡
𝑗,∗
 the vector of methane concentration predicted by the model for 

the optimal set of estimated parameters. Finally, 𝑁𝑚
𝑗

 denoted the number of experimental 

measurents used for each biofilter. 
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Figure S2. Sensitivity analysis of the optimal parameter values estimated for the FB.. 
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Figure S3. Sensitivity analysis of the optimal parameter values estimated for FBB. 
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Scanning electron microscopy. 

  

Figure S4. Scanning electron microscopy of the packing material withdrawn from the fungal-

bacterial biofilter. The scale bar of A and B is 10 µm, C is 200 nm. Photographs A and B show the 

characteristic chlamydospores of F. solani. Photograph C shows two macroconidia next to what 

appears to be a crystal. 
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Figure S5. Scanning electron microscopy of the packing material withdrawn from the fungal 

biofilter. The scale bar is 10 µm. The image shows the characteristic hyphae and microconidia of 

F. solani. 
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