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A B S T R A C T   

The present work investigated for the first time the feasibility of the anoxic biodegradation of siloxanes (hex
amethyldisiloxane, L2; octamethyltrisiloxane, L3; octamethylcyclotetrasiloxane, D4; and deca
methylcyclopentasiloxane, D5) in a two-phase partitioning biotrickling filter (TP-BTF) using silicone oil as the 
organic phase. The influence of the silicone oil ratio and the inlet concentration of siloxanes were also evaluated. 
The highest removals were obtained for D4 (41–54%) and D5 (48–73%). Lower removals were recorded for L2 
(12–15%) and L3 (22–38%) as a consequence of their higher volatility. The best performance was obtained at a 
silicone oil content of 45%. Doubling the inlet load enhanced the elimination capacity of the TP-BTF by 50%, 
although the removal efficiencies did not vary. A specialized bacteria consortium dominated by the genera 
Parvibaculum, Zarvaz inia, KCM-B-11, Arenimonas, Moraxellaceae and Luteimonas was related to anoxic siloxanes 
degradation.   

1. Introduction 

Volatile methyl siloxanes (VMS) are organosilicon compounds 
increasingly employed in multiple industrial applications due to their 
unique and interesting properties, such as their high thermal stability, 
resistance to oxidation and compressibility or their low surface tension 
and viscosity (Gaj, 2021). Unfortunately, this increasing widespread 
utilization results in larger discharges of these compounds into the 
environment, which accumulate in land and water bodies due to their 
high mobility/volatility and persistence (Horii and Kannan, 2020). For 
instance, between 200 and 400 tons of VMS are estimated to be annually 
discharged to global municipal solid waste landfills, and an increase of 
78% is expected within the next 25 years (Tansel and Surita, 2017). The 
majority of VMS deposited in landfills end up in the biogas produced in 
such waste treatment facilities, exhibiting a wide concentration range 
(from 15 to 400 mg m− 3) (Horii and Kannan, 2020; Kuhn et al., 2017). In 
particular, hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), 
octamethylcyclotetrasiloxane (D4) and decamethylcyclopentasiloxane 
(D5) are the most abundant VMS. Indeed, D4 contributes to ~60% of the 
total content of VMS in biogas (Ruiling et al., 2017). During biogas 
combustion, VMS oxidize forming silica deposits that are responsible for 
severe damages in energy valorization systems. Thus, VMS 

accumulation increases the maintenance costs, decreases the perfor
mance of the combustion, and triggers higher emissions of air pollutants 
in these facilities. Whereas there is yet no legal restriction on the si
loxanes concentration released in atmospheric emissions, the maximum 
concentration required for the injection of biomethane into the natural 
gas grid as stated by European standards is ~1 mg Si m− 3 (Standardi
zation, 2016). Hence, VMS abatement is of utmost importance for biogas 
valorization. 

In this context, siloxanes are commonly removed from biogas and 
biomethane by physical-chemical processes. Adsorption on conven
tional materials such as activated carbon or silica gel, and chemical 
scrubbing with organic, acid or basic solutions have demonstrated the 
best abatement performances (Shen et al., 2018). Notwithstanding their 
potential, these technologies present high operating costs due to the 
short lifespan of the packing material, the complex treatment of the 
adsorbent, and the chemicals employed (Pascual et al., 2021a). In order 
to overcome these limitations, recent research has focused on improving 
the adsorption capacity of the sorbent materials (Meng et al., 2020; Tran 
et al., 2019) or using solid waste for the production of sustainable ad
sorbents (Papurello et al., 2018). Similarly, an important advance in 
absorption processes lies in the use of green solvents, such as deep 
eutectic solvents, characterized by their lower price, higher 
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biodegradability and lower toxicity (Słupek et al., 2021). 
Biotechnologies have recently appeared as an interesting substitute, 

due to their reduced operating costs and the fact that their environ
mental impact is up to 10 times lower compared to that of their physical- 
chemical counterparts (Pascual et al., 2021a). Among them, biotrickling 
filtration (BTF) represents the most studied biotechnology to treat VMS 
both aerobic and anaerobically. Overall, the transfer of VMS from the 
gas phase to the aqueous biofilm, where siloxane-degrading microbial 
community grows, represents the major limitation in biotechnologies 
due to the low solubility of these compounds (Pascual et al., 2022). 
Several strategies have been studied to improve the abatement of hy
drophobic volatile organic compounds (VOC) in BTFs. Some of these 
strategies include the addition of surfactants that reduce surface and 
interfacial tensions at the liquid-gas or liquid-liquid interfaces; or the 
implementation of fungal catalyzed BTFs, where the presence of 
hydrophobins and the mycelial growth increase pollutants mass transfer 
from the gas phase to the biofilm (Cheng et al., 2016). In the field of 
siloxanes abatement, Li et al. (2014) observed removals up to 74% in a 
BTF containing biosurfactants produced by Pseudomonas aeruginosa 
S240, hydrophobic compounds able to increase the availability of hy
drophobic contaminants to the degrading bacteria (Li et al., 2014). 

A promising bioreactor configuration engineered to boost the mass 
transfer of hydrophobic pollutant from the gas to the bacterial com
munity are two-phase partitioning bioreactors (TPPBs). TPPBs consist of 
the addition of an organic phase to the aqueous media of a conventional 
bioreactor, which traps hydrophobic pollutants due to its higher affinity 
compared to water and improves their availability for the bacterial 
community. Thus, the implementation of TPPBs to remove VMS can 
enhance process performance in conventional BTFs and appears as an 
interesting and cost-effective alternative to abate these pollutants from 
biogas. In fact, a recent research demonstrated the superior VMS 
removal performance of a two-phase partitioning BTF (TP-BTF) 
compared with that of a conventional BTF under aerobic conditions 
(total VMS removals of 70% and <30%, respectively) (Pascual et al., 
2020). Both systems were operated at an empty bed residence time 
(EBRT) of 1 h with an organic phase (silicone oil) volume fraction of 
30% and an inlet VMS concentration between 600 and 700 mg m− 3. 
These promising results encouraged further investigation on the 
implementation of TP-BTFs for siloxanes abatement under anoxic con
ditions, thus covering the valorization of biogas into biomethane, where 
O2 concentration should not exceed 0.2–0.5% v/v (Muñoz et al., 2015). 

This work investigated the effect of different operating parameters 
on the removal of VMS in an anoxic TP-BTF using silicone oil as organic 
phase. Thus, the influence of the inlet VMS concentration and the per
centage of silicone oil on VMS abatement were evaluated, and the mi
crobial community responsible for VMS biodegradation under anoxic 
conditions was identified. 

2. Materials and methods 

2.1. Mineral salt medium 

The mineral salt medium (MSM) was prepared according to Pascual 
et al. (2021b) (g L− 1): KNO3, 3; K2HPO4⋅3H2O, 0.917; KH2PO4, 0.7; 
MgSO4⋅7H2O, 0.345; NaCl, 0.2; CaCl2⋅2H2O, 0.026; and 2 mL L− 1 of a 
micronutrient solution containing (g L− 1): EDTA, 0.5; FeSO4⋅7H2O, 0.2; 
ZnSO4⋅7H2O, 0.01; MnCl2⋅4H2O, 0.003; H3BO3, 0.003; CoCl2⋅6H2O, 
0.02; CuCl2⋅2H2O, 0.001; NiCl2 ⋅6H2O, 0.002; NaMoO4⋅2H2O, 0.003, 
(Pascual et al., 2021b). 

2.2. Experimental setup and operating procedure 

The TP-BTF system consisted of a 2 L cylindrical vinyl polychloride 
(PVC) column (8.4 cm diameter, 37.5 cm height), packed with poly
meric rings (Fig. 1) (Pascual et al., 2021b) and installed in a temperature 
controlled room at 25 ◦C. The inlet stream was prepared by injecting a 

liquid solution with equivalent volumes of L2, L3, D4 and D5 (98.5, 98, 
98 and 97% purity, respectively) purchased from (Sigma Aldrich, San 
Luis, USA) into a 33 ml min− 1 N2 stream by means of a syringe pump 
(Fusion 100, Chemyx Inc., USA). N2 was employed to simulate a bio
methane stream in order to simplify the experimental setup. The flow 
was regulated with a rotameter and was homogenized in a mixing 
chamber prior entering the column. The siloxanes-loaded inlet stream 
was fed at the bottom of the TP-BTF while the MSM mixed with the 
silicone oil and magnetically stirred at 300 rpm was recycled at the top 
of the TP-BTF from a 1 L glass vessel (nutrient reservoir) by a peristaltic 
pump (Watson-Marlow 313D) at a linear recycling liquid velocity of 2 m 
h− 1. Silicone oil was selected as the organic phase based on its 
outstanding properties, as it is non-biodegradable, biocompatible and no 
toxic effects to the bacterial community have been previously observed 
(Darracq et al., 2012). 

An abiotic test prior TP-BTF start-up was performed in subsequent 
steps: with the empty PVC column (Stage A1), with the PVC column 
packed with the sterile polymeric rings (Stage A2), after addition of 
sterile MSM (Stage A3) and after supplementation of sterile silicone oil 
at ratio of 15% (Stage A4). 

After the abiotic test, 200 ml of fresh activated sludge from waste
water treatment plant (WWTP) of Valladolid (Spain) with a concentra
tion of volatile suspended solids (VSS) of 5.76 g L− 1 were employed as 
inoculum. The pellet obtained after centrifugation at 10000 rpm for 10 
min was resuspended in 1 L of a mixture of fresh MSM and silicone oil 20 
cts (85:15% v/v). The TP-BTF was operated during 126 days main
taining an empty bed residence time (EBRT) of 1 h. The experiment was 
divided into four experimental stages (Table 1) of different duration, the 
corresponding operating parameter being modified upon reaching a 
steady VMS removal efficiency (standard deviation lower than 10%). 
300 mL of culture broth were weekly replaced with fresh MSM, 
returning to the system the recovered fraction of silicone oil in order to 
avoid the supply of fresh silicone oil. 

Fig. 1. Schematic representation of the experimental set-up. (1) N2 cylinder, 
(2) rotameter, (3) syringe pump, (4) mixing chamber, (5) inlet and (6) outlet 
gas sampling ports, (7) two-phase partitioning biotrickling filter, (8) nutrient 
reservoir, and (9) peristaltic pump. 

Table 1 
Experimental stages during the anoxic TP-BTF operation.  

Stage Silicone oil ratio 
(%) 

Time course 
(days) 

Inlet total VMS concentration 
(mg m− 3) 

S1 15 0–42 138 ± 14 
S2 30 43–56 118 ± 15 
S3 30 57–103 239 ± 22 
S4 45 104–126 219 ± 18  
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The inlet VMS-loaded stream was maintained at a total VMS inlet 
concentration between 110 and 140 mg m− 3 through stages S1 and S2. 
The silicon oil ratio was increased from 15% in S1 to 30% in stage S2. By 
day 56, the VMS inlet concentration was increased to 239 ± 22 mg m− 3 

(stage S3) in order to assess the influence of VMS concentration on the 
mass transfer of these pollutants from the intel siloxanes-loaded gas 
stream to the culture broth. Finally, the silicone oil fraction was raised to 
45% during S4. 

2.3. Analytical procedures 

All the parameters analyzed in the present study were carried out 
according to Pascual et al. (2021a,b). VMS concentration was deter
mined in an Agilent 8860 gas chromatograph (Santa Clara, California, 
USA) with a HP-5 column (15 m × 0.25 mm × 0.25 μm) and a flame 
ionization detector (FID). Both detector and injector temperatures were 
maintained constant at 250 ◦C. The oven temperature was initially set at 
40 ◦C for 2.0 min, then increased at 30 ◦C min− 1 up to 180 ◦C, main
tained for 1 min and increased again at 30 ◦C min− 1 up to 200 ◦C. He
lium was used as the carrier gas at a flow rate of 3.5 mL min− 1. 

CO2 and O2 concentrations were determined in a Bruker 430 gas 
chromatograph (Palo Alto, USA) equipped with a CP-Molsieve 5A (15 m 
× 0.53 mm × 15 μm) and a P-PoraBOND Q (25 m × 0.53 mm × 10 μm) 
columns and with a thermal conductivity detector (TCD). Oven, detector 
and injector temperatures were maintained constant at 45, 200 and 
150 ◦C for 5 min, respectively. Helium was used as the carrier gas at a 
flow of 13.7 mL min− 1. 

The total organic carbon (TOC), total inorganic carbon (IC), and total 
nitrogen (TN) of the cultivation broth were weekly monitored in a TOC- 
VCSH analyzer coupled with a TNM-1 chemiluminescence module 
(Shimadzu, Japan). Silicon was analyzed using an inductively coupled 
plasma optical atomic emission spectrometer (ICP-OES Radial Simulta
neous Varian 725-ES, Agilent). Nitrite and nitrate concentrations were 
monitored by means of HPLC-IC with a Waters 515 HPLC pump coupled 
with a conductivity detector (Waters 432) and equipped with an IC-PAK 
Anion HC column (4.6 × 150 mm) and an IC-Pak Anion Guard-Pak 
(Waters). Finally, the pH of the cultivation broth was measured in a 
pH meter with a glass membrane electrode PH BASIC 20 (Crison, Bar
celona, Spain). 

2.4. Bacterial community analysis 

Samples of 20 mL of activated sludge from the WWTP (Inoculum) 
and of the biofilm obtained at the end of the TP-BTF operation 
(BTF_Final) were preserved at − 20 ◦C for prokaryotic population anal
ysis. DNA extraction in triplicate (biological replicates) and Illumina 
Miseq amplicon sequencing were carried out in the Foundation for the 
Promotion of Health and Biomedical Research of the Valencia Region 
(FISABIO, Spain) according to (González-Martín et al., 2022). Archaea 
communities were not targeted due to the lack of PCR amplification 
using Archaea specific primers (Pausan et al., 2019). The 16S rRNA gene 
sequences were processed and quality filtered using Mothur v1.44.3 
according to Pascual et al. (2021a,b) (Pascual et al., 2021b; Schloss, 
2020). The gene exangednce database, SILVA 16S rRNA (Version: 
138.1), was used to cluster the obtained sequences into Operational 
Taxonomic Units (OTUs) at 97% identity. The sequences analyzed in this 
research can be found as bioproject: PRJNA717278 (https://trace.ncbi. 
nlm.nih.gov/Traces/study/?acc=PRJNA717278). After taxonomic 
classification, diversity studies were developed using Mothur v1.44.3 
(Willis, 2019). The smallest representative library had 71377 reads 
(1000 randomizations) (Phandanouvong-Lozano et al., 2018). The In
verse Simpson Index was used to calculate the alpha diversity among 
triplicates, while beta diversity was calculated using the Jaccard Index 
and AMOVA at p < 0.05 (Schloss, 2008). The prokaryotic community 
structure was analyzed and plotted using R version 1.4.1(Team, 2016) 
and the package pheatmap (Kolde, 2019). 

3. Results and discussion 

3.1. Abiotic test 

During stages A1 and A2, no significant difference between the inlet 
and outlet VMS concentrations was observed working with the empty 
PVC column and the column filled with the packing material (Fig. S1). 
At the beginning of stage A3, the VMS outlet concentration slightly 
decreased when the MSM was recirculated through the BTF, which was 
associated to the initial absorption of the four compounds in the MSM. 
The outlet concentration rapidly increased to previous values following 
saturation of the aqueous recycling medium. Finally, a significant 
decrease in the outlet concentration of the VMS was recorded in stage 
A4, with the exception of L2, as a result of VMS absorption in the silicone 
oil. The steady increase in the outlet concentration of L3 and D4 sug
gested a gradual saturation of the recycling silicone oil. Additionally, no 
CO2 production was observed throughout the entire abiotic test, thus 
ruling out any biotic degradation of the siloxanes. 

3.2. Performance of the anoxic TP-BTF 

3.2.1. Linear siloxanes abatement 
During the start-up of the TP-BTF, large fluctuations in L2 concen

trations (Fig. 2) and thus in the removal efficiencies (REs) (Fig. S2) of 
this siloxane were observed. Inlet and outlet L2 concentrations roughly 
stabilized by the end of stage S1 at 31.3 ± 6.0 (Fig. 3A) and 29.0 ± 3.9 
mg m− 3, respectively, resulting in a poor removal efficiency (Fig. 3B and 
C). In comparison, higher removals were recorded for L3. The average 
inlet and outlet concentrations remained at 34.1 ± 5.5 and 25.4 ± 6.2 
mg m− 3, respectively, resulting in highly fluctuating REs and elimina
tion capacities (ECs) during the entire stage S1 (25.9 ± 20.8% and 9.3 ±
7.8 mg m− 3 h− 1, respectively). 

During S2, RE and EC values of 14.7 ± 14.6% and 3.7 ± 4.0 mg m− 3 

h− 1, respectively, were achieved for L2. On the other hand, a higher 
removal was observed for L3 compared to that of the previous stage, 
with average RE and EC values of 37.7 ± 12.0% and 10.0 ± 3.7 mg m− 3 

h− 1, respectively. The higher performance was associated to the increase 
in the silicone oil share in the recycling liquid (from 15 to 30%), which 
likely enhanced the mass transport of siloxanes through the interface 
gas/biofilm and therefore their availability for the VMS degrading mi
crobial community. Similarly, Pascual et al. (2021a,b) observed an 
improvement of the aerobic L3 removal from 21 to 58% when the sili
cone oil ratio was increased from 5 to 30% due to the higher mass 
transport interfacial area. (Pascual et al., 2021b). In this sense, the lower 
aqueous phase/organic phase ratio likely reduced the surface tension in 
the gas-liquid interphase, and therefore increased interfacial area 
available for mass transport of the target pollutants (Quijano et al., 
2010). 

L2 inlet concentration was increased from 26.5 ± 4.3 to 56.0 ± 8.5 
mg m− 3 in S3 (Fig. 3A). No significant differences were observed in the 
RE compared to S2, remaining at an average value of 9.5 ± 10.1% from 
day 47–55, while the average EC increased to 5.1 ± 7.1 mg m− 3 h− 1 

(~25% higher compared to S2). The REs of L3 initially ranged between 
45 and 55% (Fig. S2) until day 76, when these values steadily decreased 
and stabilized at an average RE of 22.5 ± 8.0%. This behavior was 
associated to the saturation of the cultivation broth after the increase in 
the inlet VMS concentration. In fact, higher inlet pollutant concentra
tions typically boost the volumetric pollutant mass transfer rate by 
increasing the gas-liquid pollutant concentration gradient (Muñoz et al., 
2014). This effect progressively decreased as the silicone oil and the gas 
phase reached a thermodynamic equilibrium (Eq. (1)). Despite the lower 
REs recorded during S3, the higher siloxane load fed into the TP-BTF 
resulted in an average EC of 14.0 ± 5.9 mg m− 3 h− 1, which repre
sented an increase of 40% compared to that recorded in S2. This fact 
demonstrated that the performance of the system was hindered by the 
transport of the gaseous pollutants from the gas phase to the biofilm. 
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At the beginning of S4, a notable increase in L2 removal was 
observed, with a maximum RE of 43% and an EC of 24 mg m− 3 h− 1 

achieved by day 104, which was associated with the increase in the 
silicone oil ratio from 30 to 45%. Subsequently, a sharp decrease in the 
RE and EC values was recorded, likely related to the saturation of the 
silicone oil, to finally stabilize at 21.1% and 10.4 mg m− 3 h− 1, respec
tively. Similarly, a maximum RE of 54.6% was achieved for L3 by day 
106, corresponding to an EC of 39.1 mg m− 3 h− 1. The abatement effi
ciency progressively decreased to finally obtain average steady values of 
34.2 ± 5.2% and 20.0 ± 3.8 mg m− 3 h− 1 for RE and EC, respectively. 
The removals achieved in this stage were slightly higher due to the 
higher silicone oil ratio of 45% that increased the interfacial area 
involved in the mass transport of the VMS. 

Overall, the removals achieved throughout the entire experiment 
were lower than those previously obtained in aerobic TP-BTFs, espe
cially those reported for L3, with values that amount to 80% (Pascual 
et al., 2020, 2021b). However, it should be noted that the L3 inlet 
concentration treated in the aforementioned studies was considerably 
higher compared to those used in the present experiment (~200 mg m− 3 

vs. 30–60 mg m− 3). In this sense, according to Eq. (1), the concentration 

gradient 
(

CG
HG/w

− Cw

)
decreases when decreasing the inlet concentration, 

reducing the overall mass transfer. Thus, a lower VMS mass transfer rate 
is expected when treating low pollutant concentrations. 

FG/W =KG/W
L a

(
CG

HG/w
− Cw

)

(1)  

where FG/W is the gas-liquid volumetric pollutant mass transfer rate (g 
m− 3 h− 1), KL

G/Wa represents the overall volumetric gas-liquid mass 
transfer coefficient (h− 1), CG and CW are the pollutant concentrations (g 
m− 3) in the gas and aqueous phase, respectively, and HG/W the 

dimensionless Henry’s law constant (Muñoz et al., 2014). 

3.2.2. Cyclic siloxanes abatement 
The TP-BTF supported a higher abatement performance for the cyclic 

siloxanes compared to that recorded for the linear VMS. However, a 
similar response of the removal efficiency of the cyclic VMS compared to 
the linear VMS was observed throughout the different experimental 
stages (Fig. 4). The average RE values for D4 and D5 during S1 
accounted for 47.0 ± 3.4 and 54.1 ± 8.9%, respectively, corresponding 
to ECs of 14.8 ± 5.2 and 22.0 ± 6.6 mg m− 3 h− 1, respectively (Fig. 3B 
and C). 

During S2, no improvement in the performance of the system was 
observed when the silicone oil/recycling solution ratio was increased 
from 15 to 30%.In fact, the REs obtained for D4 and D5 were slightly 
lower, reaching values of 40.8 ± 8.2 and 48.1 ± 6.4%, corresponding to 
ECs of 10.3 ± 2.3 and 18.9 ± 3.4 mg m− 3 h− 1, respectively. 

The VMS inlet load increase during S3 (corresponding to average 
inlet concentrations of 53.9 ± 5.1 mg D4 m− 3 and 68.7 ± 7.7 mg D5 
m− 3, Fig. 4) supported steady REs of 42.4 ± 4.2 and 54.4 ± 6.0% for D4 
and D5, respectively (Fig. 3). These values were slightly higher 
compared to those recorded in S3, thus leading to a significant increase 
in the D4 and D5 ECs up to 23 ± 3.9 and 37.4 ± 6.2 mg m− 3 h− 1, 
respectively. 

The best abatement performance was recorded during S4, which was 
associated with the increase in the silicone oil fraction (45% silicone oil- 
55% MSM). D4 removal increased by 26% compared to the previous 
stage, which entailed an average RE of 53.6 ± 4.8% and an EC of 27.8 ±
3.9 mg m− 3 h− 1. Similarly, D5 removal increased by 33%, resulting in an 
average RE of 72.7 ± 3.8% and an EC of 45.9 ± 5.9 mg m− 3 h − 1. This 
unprecedented positive effect of the increase in the silicone oil per
centage was related to the concomitant increase in VMS concentration 

Fig. 2. Time course of inlet (●) and outlet (○) concentrations for L2 and L3 in the TP-BTF during the different experimental stages: silicone oil percentage of 15 (S1), 
30 (S2, S3) and 45% (S4). Vertical lines represent standard deviation from triplicate measurements. Vertical dotted lines separate different stages. 
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implemented during S4. Thus, despite the silicone oil fraction was also 
increased from S1 to S2, the positive effect of the lower HG/W was 
counterbalanced by the low concentration gradient, thus reducing the 
beneficial contribution of the non-aqueous phase (Eq. (1)). Nevertheless, 
the maximum REs achieved for D4 and D5 were still lower to those 
previously obtained by Pascual et al. (2020, 2021b), where values up to 
80 and 90% for D4 and D5 were recorded. As above explained, this was 
associated to the significantly lower VMS inlet concentrations tested in 
this study, thus reducing the overall mass transfer (Pascual et al., 2020, 
2021b). 

A comparable abatement performance was achieved for D4 (up to 
74%) in a conventional BTF operated at 50 mg D4 m− 3. In this experi
ment, the presence of biosurfactants (rhamnolipids) produced by Pseu
domonas aeruginosa was identified as the critical factor responsible for 
the enhanced availability of D4 in the biofilm (Li et al., 2014). However, 
the performance of the system decreased to less than 3% at D4 con
centrations of 140 mg m− 3 likely due to an inhibitory effect of the high 
D4 load provided to the microorganisms. In this context, a two-phase 
system usually shows a higher robustness due to its inherent capacity 
to absorb pollutants surges compared to a conventional BTF. 

Despite the total VMS concentration in raw biogas can range between 
0 and 400 mg m− 3 (Nguyen et al., 2021), the typical content emitted in 
the biogas from both landfills and anaerobic digesters is around 50 mg 
m− 3 (Golmakani et al., 2022). Therefore, this study provides a new 
insight in the removal of siloxanes via TP-BTF, despite better perfor
mances have been reported in previous studies working at higher VMS 
concentration. However, further investigation should be performed in 
this field. For instance, the supplementation of activated carbon to the 
BTF packing material has been recently tested by (Santos-Clotas et al., 
2019) as a novel strategy to enhance siloxanes abatement. In this case, 
an increase in the D5 RE from 20 to 45% was achieved working at an 
inlet concentration around 100 mg m− 3. A combined technology using 
activated carbon as packing material and adding an organic phase to the 
BTF could significantly increase the abatement of these hydrophobic 
compounds. 

Overall, the total VMS RE remained close to 35% in stages S1, S2 and 
S3 (34.6 ± 9.1, 36.6 ± 7.3, 33.0 ± 4.3% respectively), increasing to 
45.2 ± 2.2 during S4 mediated by the higher silicone oil content in the 
recycling liquid. Similar to these results, Pascual et al. (2021b) observed 
a positive response when the silicone oil ratio increased to 45%, 

Fig. 3. Average VMS inlet concentration (A), removal efficiencies (B) and elimination capacities (C) in the TP-BTF in the different experimental stages: S1 operated at 
15% of silicone oil (blue bars), S2 at 30% of silicone oil (red bars), S3 at 2-fold inlet VMS concentration and 30% of silicone oil (green bars) and S4 at 2-fold inlet VMS 
concentration and 45% of silicone oil (purple bars). Vertical lines represent standard deviation from measurements under steady state. 
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resulting in the improvement of the total VMS removal from 35 to 52% 
(Pascual et al., 2021b). ECs remained at 47.7 ± 15.5 and 42.9 ± 9.2 mg 
m− 3 h − 1 during S1 and S2, increasing to 79.5 ± 15.7 and 100.8 ± 10.8 
mg m− 3 h − 1 in S3 and S4, respectively, when the TP-BTF was operated 
at higher inlet concentrations and silicone fractions. 

The lower performance observed throughout the entire experiment 
for the linear VMS, especially for L2, was associated to their high vapor 
pressure compared to that of the cyclic VMS (L2: 5.626 Pa, L3: 0.52 Pa, 
D4: 0.132 Pa and D5: 0.023 Pa; at 20 ◦C), which limited their solubility 
in the organic phase and also promoted their subsequent desorption to 
the treated gas stream (Surita and Tansel, 2014). Similar findings have 
been reported in physical-chemical technologies for VMS abatement, 
such absorption or cryogenic condensation, where the higher volatility 
of linear VMS hindered their condensation and promoted their desorp
tion at elevated gas flow rates (Nyamukamba et al., 2020; Ruiling et al., 
2017). 

3.3. Short-term fate of carbon 

The CO2 production associated to the biodegradation of VMS fluc
tuated throughout the experiment (Fig. S3). The CO2 production initially 
increased to 2618 mg m− 3 h− 1 by day 36 mainly due to the cell debris 
and organic carbon degradation from the fresh WWTP inoculum, along 
with the degradation of VMS. This value gradually decreased and sta
bilized at 400 ± 77 mg m− 3 h− 1 during S2. At the beginning of S3, no 
variations were recorded until day 71, when the production of CO2 
suddenly increased up to 2967 mg m− 3 h− 1. This increase was associated 
to the presence of trace concentrations of O2 in the new N2 cylinder used 
to mimic biogas (Fig. S4), which could have triggered the activation of 
aerobic heterotrophic metabolisms and the subsequent degradation of 
recalcitrant dissolved organic compounds (since no increase in VMS 
degradation was recorded). By day 103, the N2 cylinder was replaced 

again and the CO2 production decreased to 300 mg m− 3 h− 1, remaining 
constant for the rest of the experiment. 

During the first 71 days, average TOC, Si and IC concentrations in the 
trickling solution of 12.6 ± 4.2, 1.8 ± 0.5 and 4.0 ± 2.4 mg L− 1, 
respectively, were measured (Figs. S5 and S6). A gradual increase in 
TOC and Si concentrations was observed by day 77, reaching maximum 
values of 237.2 and 7.86 mg L− 1 by day 104, decreasing afterwards to 
63.3 and 2.3 mg L− 1 by the end of the experiment. This behavior was 
associated with the higher VMS concentration supplemented during S3, 
which resulted in an enhanced mass transfer and subsequent degrada
tion of these compounds. Likewise, the IC concentration remained at an 
average value of 5.0 ± 2.4 until day 77, when a gradual increase up to 
46.3 mg L− 1 by day 104 was observed due to the higher CO2 production. 

3.4. Bacterial diversity and community structure 

The analysis of the bacterial community in the sample set displayed a 
total of 508843 sequences that belonged to 6418 OTUs affiliated with 
bacterial genera. Bacterial richness differed significantly between sam
ples according to the alpha diversity analysis (Fig. S7). The inoculum 
consisted of 3307 total species, while the richness of the community 
present in the TP-BTF at the end of the experiment dropped down to 
1074 total species (BTF_final, Fig. S8). In fact, both communities shared 
less than 10% of the species which indicated bacterial specialization 
towards organisms related to biological siloxane degradation. In 
accordance to this result, bacterial beta diversity was significantly 
higher in the inoculum (AMOVA, p < 0.05), and highly dissimilar be
tween the two different samples studied. 

The analysis of the bacterial taxonomic classification showed that the 
continuous exposure to siloxanes promoted a specialized consortium 
highly different from the original inoculum (Figs. S7 and S8). As shown 
in Fig. 5, in BTF_final the most representative bacteria were the 

Fig. 4. Time course of inlet (●) and outlet (○) concentrations for D4 and D5 in the TP-BTF during the different experimental stages: silicone oil percentage of 15(S1), 
30 (S2, S3) and 45% (S4). Vertical lines represent standard deviation from triplicate measurements. Vertical dotted lines separate different stages. 
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Alphaproteobacteria members of the genus Parvibaculum (22.1 ±
0.21%) and Zavarzinia (7.7 ± 0.3%), followed by Gammaproteobacteria 
representatives from the genus KCM-B-11 (6.2 ± 0.2%), the genus Are
nimonas (5.9 ± 0.3%), uncultured members of the family Moraxellaceae 
(5.1 ± 0.2%) and the genus Luteimonas (4.1 ± 0.2%). Other abundant 
bacteria belonged to the class Phycisphaerae and Betaproteobacteria, 
such as the genus Phycisphaeraceae_SM1A02 (5.3 ± 0.4%) and the genus 
Aquabacterium (4.1 ± 0.2%). Recent studies in a BTF supporting silox
anes degradation under aerobic conditions found a clear specialization 
of the genus Acidithiobacillaceae_KCMB-112 (20–73% of the population) 
after 8 months of operation (Pascual et al., 2021b). However, the lack of 
oxygen in this study promoted the growth of the genus Parvibaculum 
over KCMB-112, even if the presence of Parvibaculum members was 
almost negligible in the inoculum. Members of the species Parvibaculum 
have been pointed as able to grow on complex organic compounds as the 

only carbon and energy source, such as alkylbenzenesulphonates (Dong 
et al., 2004; Rosario-Passapera et al., 2012). However, they have not 
been identified yet as siloxanes degraders. Previous research has 
detected the enrichment of members of this genus after long exposure to 
siloxanes under aerobic conditions, but always at abundances lower 
than 5% (Pascual et al., 2020). Although most members of this genus are 
considered aerobic heterotrophs, some uncultured species have been 
found under anoxic conditions. Thus, in this study the operational 
conditions at very low oxygen levels and in the presence of complex 
organic compounds may have helped the growth of this genus over 
others (Blöthe and Roden, 2009). Nevertheless, the most plausible sce
nario is that a consortium of different organisms was responsible of si
loxanes degradation based on the changes on bacterial diversity and the 
dominance of species that were not detected in the inoculum. 

Fig. 5. Heat map of the relative abundance per sample of the most representative bacterial genera (99% of the total genera) in the inoculum and after operation (in 
triplicate). Hierarchical clustering of the sample replicates is indicated with a dendrogram. 
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4. Conclusions 

The present research evidenced for the first time the technical 
feasibility of anoxic siloxanes abatement in TP-BTF. While a slight in
crease in the removal efficiency was recorded for the linear VMS (L2: 
12–15% and L3: 26–38%) when the organic phase fraction was raised 
from 15 to 30%, no significant variations in the abatement of the cyclic 
VMS (D4: 47-41% and D5: 54-48%) were observed. However, an in
crease in the EC was recorded for both linear and cyclic VMS (L2: 
3.7–5.1 mg m− 3 h − 1, L3: 10–14 mg m− 3 h − 1, D4: 10.3–23 mg m− 3 h − 1 

and D5: 18.9–37.4 mg m− 3 h − 1) when their inlet concentration was 
doubled. These results supported the fact that the performance of the TP- 
BTF was hindered by the VMS gas phase/biofilm transport. Finally, the 
highest REs and ECs (54% and 27.8 mg m− 3 h− 1 for D4 and 73% and 
45.9 mg m− 3 h− 1 for D5, respectively) were recorded when the silicone 
oil fraction was increase to 45%. The inferior removal performance 
recorded for the linear VMS was related to their higher vapor pressure 
and volatility, that reduces the solubility of these compounds in the 
organic phase. The organic carbon and silicon concentrations in the 
aqueous phase along with the CO2 production evidenced the biological 
degradation of the VMS. In this sense, a specialized bacteria consortium 
was identified in the TP-BTF with Parvibaculum (22.1 ± 0.21%), Zar
vazinia (7.7 ± 0.3%), KCM-B-11 (6.2 ± 0.2%), Arenimonas (5.9 ± 0.3%), 
Moraxellaceae (5.1 ± 0.2%) and Luteimonas (4.1 ± 0.2%) as the most 
representative bacteria. The promising results obtained in the present 
work, along with the reduced operating cost and low environmental 
impact of this biological alternative compared to the physical-chemical 
technologies available, could boost the implementation of sustainable 
biotechnologies for the removal of VMS from biomethane. 
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